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A rapid quantification method was developed and validated for simultaneous and nondestructive
guantifying the constituent sugar concentrations of intact apples using Fourier transform near-infrared
(FT-NIR) spectroscopy in diffuse reflectance mode. Multiplicative scatter correction (MSC), the second
derivative of Savitsky—Golay, and mean centering were used as spectral preprocessing options.
Calibration models were established by the partial least squares (PLS) regression analysis, and
validation of the method was performed according to the high-performance liquid chromatography
(HPLC) chromatographic method. Spectral range and the number of PLS factors were optimized for
the lowest root-mean-square error of prediction (RMSEP) and correlation coefficient of determination
(P. The best models showed satisfactory predictions as measured by the RMSEP and r values:
glucose, 0.201 and 0.950; fructose, 0.298 and 0.968; sucrose, 0.335 and 0.969, respectively. FT-
NIR analysis of constituent sugar concentrations in the intact apple form was found to be more flexible
and much faster than performed with the HPLC method.

KEYWORDS: Constituent sugar concentrations; HPLC; FT-NIR spectroscopy; multivariate analysis; apple
fruit

INTRODUCTION papers have been published on the NIR analysis of constituent
sugar concentrations in agueous solutions of fruit juice. Mea-
surements of inner components for growing Japanese pear fruit
were reported byYamaki et ab<{7) for sugars, hemicellulose,
and cell-wall polysaccharides and monosaccharides, but these

L ; . : were complex chemical analyses and therefore impractical
mination of constituent sugar concentrations in food are based methods for use in the orchard
on refractive index methods, which provide information about ) ' .
the amount of dry matter present in a juice and give a quick Measurements of constituent sugars of agricultural products
appraisal about the total sugar. Alternatively, different volu- 2Y NIR were reported by Kawano et ag)(for sucrose content
metric procedures provide information about the total sugar N Sugar cane juice, by Lanza and (9)(for sugar content in
content and the amount of glucose and fruct@eTo quantify (Uit juices, and by Giangiacomo and Dull@) for individual
the specific concentration of each carbohydrate, several moderrSU92ars in agueous mixtures. Tanaka and Takaylkj devel-
instrumental methods can be employed, including enzymatic oped the NIR-momtormg techniques fqr the growth penod'o.f
analysis, chromatographic methods, and electrochemical orJapanese pear fruit based on the constituent sugars in the juice.
spectrometric method8,(4). While chromatographic techniques ~ HHowever, the NIR spectra measurements were only for pear
are very accurate, they are tedious and time-consuming and/U/C€S by diffuse transreflectance, and therefore, this method is
require extensive sample preparation. impractical in the online system or in the orchard.

The low molar absorptivity of near-infrared (NIR) bands In this research, a comparison of an high-_performance liquid
permits the measurement of solid samples with little or no chromatography (HPLC) method and Fourier transform near-
sample preparation, thus avoiding manipulation errors. Someinfrared (FT-NIR) analysis for quantification of glucose,

fructose, and sucrose in intact apple fruit were investigated.

* To whom correspondence should be addressed: College of Biosystems Multlpllcatlve scatter correction (MSC)_’ the second derivative
Engineering and Food Science, Zhejiang University, 268 Kaixuan Road, Of Savitsky—Golay, and mean centering would be used as
ggg%zggg I%]é?(p2368Féeg$1eésﬁg7el%u8t)5liCEoltngirI]'inal:.\ Le'e@?;‘.onga %?]86'571' spectral preprocessing to find the robust calibration models for

t Zhejiang University, ' - ybymgzi.edu.en. glucose, fructose, and sucrose. Validation of the method would

* Jiangxi Agriculture University. be performed according to the HPLC chromatographic method.

The determination of individual sugar contents in fresh fruits
and their juice products is an important food nutrition analysis
means for evaluating quality and detecting adulteration or
contamination I). Several conventional methods for the deter-
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Table 1. Statistic Values of Calibration and Validation Sets of Apple Cultivated in 20042

calibration set validation set
property nb range mean SDe nb range mean SDe
glucose (%) 97 4.50-1.92 3.10 0.60 30 4.49-2.20 3.13 0.56
fructose (%) 97 10.41-4.68 7.24 121 30 9.51-5.10 7.52 112
sucrose (%) 98 4.78-0.13 1.49 0.97 30 4.05-0.28 1.48 1.02

aUnit used, % (g/100 g). ® n = number of samples. ¢ SD = standard deviation.

MATERIALS AND METHODS Table 2. Regression Statistical Data of Standard Samples at Six

Samples.A total of 130 “Fuji” apples cultivated in 2004 were used Different Constituent Sugar Concentrations

in this research. The “Fuji” apples came from-14-year-old tree

orchards in Shandong and Shanxi provinces in the northeast region of

China. These apple samples were stored for 2 days a€28d 68% glucose = 5704.5x— 3676.70 0.9996

relative humidity to equilibrate before being examined by the FT-NIR frucose y= 6160.2x - 2556.4 0.9998

measurement and presented a broad range of variation for the calibration sucrose y = B451.9x~ 3146.67 09999

purposes. Because apple tissue samples would deteriorate rapidly, all

measurements including reference analyses and spectr:_a acquisitionﬁuctose’ 0.035; and sucrose, 0.032. The values measured by HPLC

were cgrrled out on the same or next (_jigb_le 1 summarizes the were of sufficient accuracy for the FT-NIR analysis.

respective sugar concentrations of the calibration and validation samples. Multivariate Data Analysis. Calibration models for the FT-NIR
ReaggntsAnhydrouso(+)—gIucosep(—)—frgctose,_ and sucrose, all spectral data were constructed by using the partial least squares (PLS-

of a_nalytlcal grade, were purchased f'_“’m Sigmddrich (Sigma, St. 1) algorithm. All calculations were performed in TQ analyst (version

Louis, MO), and standard stock solutions were preparexh fsog of 6.21, Thermo Nicolet). All data matrices were mean-centered and

the appropriate sugar dissolved in 50 mL of Milli-Q distilled water. ¢, her transformed with the multiplicative scatter correction (MSC)

Eure solutions gf ea(;]h on?_tc))f the standard constituent sugar concentrag, «ocond-derivative method according to the algorithm proposed by
tions were used to the calibration sets. Savitsky and Golay.

Spectroscopic Measurements and SoftwareDiffuse reflectance The 130 original samples were split into two groups. A total of 30

spectra of intact apple; were measufed usmg a Nexus F,T'NIR samples were for external validation, and the rest of the 100 samples
spectrometer (Thermo Nicolet Corporation, Madison, WI) equipped e ysed for calibration. The samples presenting extreme values for
with a NIR flberqptlc probe, an |nterfer0meter, a cooled InGaAs each property were included in the calibration set. Full cross-validation
detector, and a Wld_e-band quartz halogen I'gh.t source (50 W). Appl_es following the leave-one-out procedure was performed to determine the
were placed steadily upon the fruit holder, with the stem-calyx axis o i m number of factors for the model and to detect any outliers

horizontal (12). On each apple, a diffuse f.ef'e"taF‘Fe spectrum was (15). External validation was performed, and the models with best

measured on three evenly spaced equatorial positions and only thep o ictive abilities were selected on the basis of the root-mean-square

averaged spectrum of three spectra per apple was used for ._analysis. Rrror of prediction (RMSEP) (eq 1), the lowest mean percent error
the head of the bifurcated cable, the source and detector fibers were(MPE) (eq 2), and the higher validation correlation coefficient (eq 3)

arranged randomly. Light was guided to the sample by the source fibers,

and the diffusely reflected light from the sample was detected and was

then received by the detector fibers to the Nexus FT-NIR spectrometer,

which has a spectral range of 46002 500 cntl. The mirror velocity RMSEP=

was 0.9494 cm/s, and the resolution was 16 tmihe total number of

data points was 1228 for each spectrum. Prior to calibration, the FT-

NIR reflectance data were mean-centered, smoothed with a 25-point (19 — villy)

polynomial-fit Savitsky-Golay function. The spectrometer was equipped MPE = | x 100% (2

with the software package from Thermo Nicolet, including OMNIC P

version 6.1a for spectral acquisition and TQ Analyst version 6.2.1 for ~ 5

spectral processing and chemometric analysis (13). Z(Yi ~Y)
HPLC Analysis. Prior to the FT-NIR measurement, all samples were = T

sugars regression R

10 i
D X (Al 1)
-

®

identified by the reversed-phase HPLC to avoid using mislabeled

samples. Tissue samples of 50 g were then cut from each apple \/sz(y)sz(g/)
separately, from the marked areas close to the regions in which the

FT-NIR readings had been taken, and were macerated with a manualwhere RMSEP is the root-mean-square error of predictiois, the

fruit squeezer. Samples of the filtered juice were then measured for correlation coefficient between the estimated and predicted values;
constituent sugar concentrations (glucose, sucrose, and fructose) by the?(y) and (%) are, respectively, the variances for the measured and
HPLC method. A 10 mL aliquot of apple juice was diluted 6 times by predicted values for the propeny Vi is the predicted value of thiéh
adding 50 mL of water, centrifuged at 1000 rpm for 20 min to remove observationy; is the measured value of tlign observation, and, is
solids, and passed through a Ou4B porosity filter. The injected sample  the number of observations in the prediction set.

volume was 1QiL. The HPLC settings were as follows: Hypersil NH2 Variable Selection Techniques.Wavelength selection is about
(150 x 4.6 mm i.d.) column, mobile phase ¥{acetonitrile)/V(water) selecting a subset of spectral regions with which the established
= 80:20, flow rate of 1.0 mL/min, run time of 10 min, column calibration model gives the minimum errors in prediction. Wavelength
temperature of 38C, and refractive index detection (model 2414).To selection not only enhances the stability of the model resulting from
check the reproducibility of the HPLC measurements, each sample wasthe collinearity in multivariate spectra but also helps in interpreting
measured twice (14). Three calibration curved gR0.9996) were the relationship between the model and the sample compositions. The
established for glucose, fructose, and sucrose respectively, from selection of an appropriate portion of the spectra is also crucial to the
duplicate determinations of three standard samples at six different performance of a calibration model.

constituent sugar concentratioribaple 2). The HPLC method was In this research, according to our FT-NIR spectrometer, the spectra
developed using a computer-assisted optimization program, DryLab2000were divided into three regions and calibrations were performed for
(LC Resources). The standard errors of HPLC values (%, g/100 g) of each spectral region as well as for combinations of them K&pare

each constituent sugar concentration were as follows: glucose, 0.042;2A). Region one ranged from 4000 to 6000 ¢mregion two from
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Figure 1. Splitting original spectra as a variable selection method for
calibration.

6000 to 8000 cm, and region three from 8000 to 12 000 chigure

1 shows that each region has at least one peak and one shoulder. Fo

each region, PLS models with—R0 factors were investigated. The

Liu et al.
RESULTS AND DISCUSSION

Spectral Features. Figure 2Ashows the 130 original spectra
collected for the 130 apple samples. The spectra of all samples
were quite homogeneous, and no outliers were identified a priori
by visual inspection. Consistent baseline offsets and bias were
present. These are quite common features in NIR spectra
acquired by diffuse reflectance techniqué&8)( In the original
spectra, the prominent absorption bands around 6896 and 5154
cm! were attributed to water absorption. The third absorption
band around 8300 cni was also found in the original spectra.
Vertical differences of absorption among each spectrum were
detected around the water absorption baids (n the second-
derivative spectraRigure 2D), several absorption bands in
addition to water absorption were observed from 1000 to 6896,
6250 to 5208, and 5000 to 4000 cin Noticeable spectral
changes in in each spectrum were observed for the wavenumber
region from 5000 to 4000 cm, and the spectral differences in
this regions in intact apple spectra depended upon sugar
gbsorption.

To clarify the absorption difference between different orchard

optimal spectral range and model size were then selected on the basigpples, the second-derivative difference was based on all of

of the minimum prediction residual error sum of squares (PRESS)
computed from the calibration sets with the following equation:

PRESS= % (5 — W)’ @

MPE corresponds to the prediction error obtained when the model is
applied to an independent validation set of products, which are not

samples of calibration sets (Figure 2D).

Spectral Pretreatment and Calibration Models.Generally,
noise and systematic behavior are undesirable features in the
spectra. To solve these probrems, the original spectra were
preprocessed by mean smoothing (noise and variable number
reduction, Figure 2B), followed by MSC (offset reduction,
Figure 2C) and the second derivative (offset and bias removal,

employed for calibration. Once obtained, the optimal parameters were Figure 2D). The smoothing window chosen reduced the number

applied to the full calibration data set to obtain the final calibration

of variables and did not eliminate important features of the

model. Model performance was evaluated by comparing the standardsSpectra. It is also noticeable froRigure 2D that the second-

error of calibration and standard error of prediction calculated.
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Figure 2. (A) Original spectra of the 130 intact apples. (B) Smoothed spectra by averaging, using a 21-point window. Preprocessed spectra by (C) MSC

and (D) the second derivative after smoothing.
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Table 3. Calibration Models for Apple Properties with Different Preprocessing Methods for Full Spectra

property model number pretreatment factors RMSEC RMSEP Fal outliers
glucose (%) 1 MSC 14 0.185 0.185 0.954 3
2 second derivative 11 0.141 0.211 0.930 3
fructose (%) 3 MSC 10 0.274 0.333 0.956 3
4 second derivative 9 0.226 0.369 0.946 3
sucrose (%) 5 MSC 10 0.361 0.315 0.953 2
6 second derivative 7 0.309 0.360 0.954 2

Table 4. Summary of Best Calibration Models for Apple Properties by Using the Selected Spectra Region of Full Spectra

property model number pretreatment factors RMSEC RMSEP Rl
glucose (%) 7 MSC 8 0.275 0.201 0.950
8 second derivative 9 0.181 0.187 0.943
fructose (%) 9 MSC 7 0.290 0.298 0.968
10 second derivative 8 0.166 0.322 0.960
sucrose (%) 11 MSC 10 0.315 0.323 0.953
12 second derivative 6 0.254 0.335 0.969

has added any noise to the spectra, which, as shown later,
resulted in relatively poor calibration models. The preprocessed
full spectra (no variable selection) were submitted to the PLS-1
calibration for total sugar content, fructose content, glucose
content, and sucrose contefiable 3 shows the results from
different spectral pretreatment to the calibration models.

Good calibration models were obtained by using the full
spectra (4000—12 000 cny Table 3). The models (1, 3, and
5) from the MSC-processed spectra were consistenly better than
those models (2, 4, and 6) from the second-derivative spectra,
as measured by RMSEP ang,, with the exception of model
1, whoser,y was not the same as that for model 2. However,
models 1 and 5 used a higher number of factors than others.
Second-derivative preprocessing presented no good models
(models 2 and 6), with the only exception being model 1. For
all three sugars, the models from the MSC-pretreated spectra
had a greater number of factors than those from the second-
derivative spectra.

Selection of the Optimum Calibration Models. Different
calibration models were investigated to find the optimum model.
The quality of these models was evaluated by the root-mean-
square error of calibration (RMSEC) and the RMSEP. Fhe
test (¢ = 0.01) was applied to determine the statistical
significance of outliers. Two or three outliers were found in
the calibration setsT@ble 3). The optimal spectral regions,
number of factors, RMSEC, and RMSEP for each sugar are
summarized irfrable 4.

Results from fragments of the spectra presented better
predictive abilities than their counterparts with full spectra
(Table 4). For this property, models 1, 3, and 5 had shown
better predictions for the validation samples than models 2, 4,
and 6. Again, the second-derivative preprocessing did not result
in good calibration models compared to those from MSC.
Figure 3 shows the HPLC-measured values versus FT-NIR-
predicted values from the best calibration model for each
property. The black solid circles represent calibration samples,
and the open circles represent prediction or validation samples.

Calibration models for the glucose component are different
to those for fructose, in that calibration models are ob-
tained from both a combination band and short wave-
length spectra, from 4000 to 6000 chand from 8000 to 12 000
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cm L. Glucose was measured very well with the RMSEC and Figure 3. Correlation statistics between the measured data by the FT-
RMSEP values of 0.181 and 0.187%, respectively. The corre- NIR and HPLC methods. (A) Glucose (model 1), (B) fructose (model 9),
sponding concentration correlation plots are present&dyure and (C) sucrose (model 12). (@) Calibration samples, and (O) external
3A. validation samples.
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Table 5. Comparison of the Data Obtained by the HPLC and FT-NIR constituent sugar concentrations of fruit juices by NIR spec-
Methods troscopy were reported by Kawano et &) for sucrose in sugar
cane juice, by Lanza and L9 for sugar content in fruit juices,
sugars _ glucose (¢/100g) _ fructose (9/1009) ~ _ sucrose (/100 ) by Giangiacomo and DulllQ) for individual constituent sugar
number HPLC FT-NIR bias HPLC FT-NIR bias HPLC FT-NIR bias concentrations in agueous mixtures, and by Ramla etl@). (
1 255 253 -0.02 7.08 7.05 -0.03 207 158 —0.49 for total sugar, glucose, fructose, and sucrose in aqueous
2 339 317 -022 714 682 -032 133 106 -027 solutions of fruit juices.
2 g'gg 5'481(7) _8'% é;g Z'éi :8?2 (1)'22 (l)'gi _8'3‘7' In the above-mentioned studies, NIR spectra were collected
5 371 364 —007 773 741 -032 083 098 015 from juices samples held in a sample holder by using transmit-
6 331 331 000 576 58 012 120 091 -0.29 tance or diffuse transreflectance measurement. Aqueous solu-
7 273 298 025 553 585 032 064 047 -017 tions of sugar mixtures (glucose, fructose, and sucrose) were
8 276 31l 03 652 658 006 119 169 050 used to create calibration and validation sets. In the paper by
9 399 367 -032 822 831 009 055 08 027 . .
10 283 265 -018 660 667 007 071 110 039 Tanaka and Takayuki, NIR diffuse transreflectance spectra were
11 289 278 -011 818 777 -041 124 116 -0.08 collected from 9090 to 4000 cmh with an aluminum cell for
12 283 297 014 732 724 -008 160 18 025 liquid sample (0.1 mm thickness). Similarly, the Rodriguez-
13 449 414 035 783 778 -005 211 163 -048 Saona paper involved collecting spectra over the 16-G@DO

14 344 333 -011 510 515 005 028 049 021

_l - .

15 1383 374 —009 62 626 006 155 086 —069 cm™ spectral range with a Q.5 mm optical path Igngth.
16 284 313 029 802 753 -049 099 094 -0.05 Limitations of the above-mentioned researches are different
17 35 358 002 817 768 -049 167 172 0.5 optical path length, NIR detection devices, sample preparation
18 332 329 -003 865 842 -023 052 08 030 methods, and wavelength spectral regions. It is impossible to
19 373 354 -019 66 668 008 216 191 025 : : -

get the best analytical performance by using a single path length.
20 309 318 009 767 774 007 037 068 031 ) .
91 331 312 -019 7.08 666 —-042 148 194 046 Therefore, the performance of calibration models are different,
22 353 329 -024 74 721 -019 032 018 -0.14 and the calibration models lack robust and stability. Of all of
23 363 335 -028 844 846 002 21 182 -0.28 the limitations, the major limitation is the fact that aqueous
24 288 29 002 718 762 044 175 208 033 solutions or fruit juice of constituent sugar concentrations was
25 348 369 021 721 74 019 051 043 -008 d for developing th librati dels. Thus far. th id
26 22 207 -013 951 88 -069 093 092 -0.01 used for developing the calibration models. Thus far, the rapi
27 326 362 036 949 88 -069 364 376 012 guantification of constituent sugar concentrations in intact apples
28 221 221 000 937 966 029 405 392 -013 by FT-NIR spectroscopy has not been reported in the literature.

29 223 210 -013 908 919 01l 289 304 0I5 Our results from intact apple fruit are comparable to those

of the above papers from fruit juicesl, (10, 17). The
n performance of the FT-NIR method is comparable to that of
the reference HPLC method, but the former is much faster and
easier to carry out. The models presented here are already in
use at the Zhejiang University with satisfactory performance.

The calibration model 9 gave excellent fructose predictio
results with the MPE of 2.90%. Fructose was measured very
well over the 6000—12 000 cm spectra region with the
RMSEC and RMSEP values of 0.290 and 0.298%, respectively
(Figure 3B). The optimal spectral range includes a unique
absorption peak for fructose at 6318 tinCalibration models LITERATURE CITED
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