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The effect of drying conditions on harpagoside (HS) retention, as well as the use of near-infrared
spectroscopy (NIRS) for rapid quantification of the iridoids, HS, and 8-p-coumaroyl harpagide (8oCHG)
and moisture, in dried Harpagophytum procumbens (devil’'s claw) root was investigated. HS retention
was significantly (P < 0.05) lower in sun-dried samples as compared to tunnel-dried (60 °C, 30%
relative humidity) and freeze-dried samples. The best retention of HS was obtained at 50 °C when
evaluating tunnel drying at dry bulb temperatures of 40, 50, and 60 °C and 30% relative humidity.
NIRS can effectively predict moisture content with a standard error of prediction (SEP) and correlation
coefficient (r) of 0.24% and 0.99, respectively. The HS and 8oCHG NIRS calibration models established
for both iridoid glucosides can be used for screening purposes to get a semiquantitative classification
of devil's claw roots (for HS: SEP = 0.236%, r = 0.64; for 8oCHG: SEP = 0.048%, r = 0.73).
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INTRODUCTION 6). HS concentrations vary from 0.7 to 3.0% 6), and 8&CHG

Harpagophytum procumbensommonly known as devil’'s concentrations vary from 0.03 to 0.13%){

claw, is a prostrate, perennial herb, indigenous to Southern Poukens-Renwart et al.1Q) suggested that a suitable
Africa (1). The tuberous secondary roots are purported to possesdlinimum level of 1.2% HS should be enforced for standardiza-
antiinflammatory and analgesic activities~3). An infusion, tion of the roots, as stipulated in both the Swiss Eharmacopoela
prepared from powdered, dried root, is used against a range of2"d Pharmeuropa. Usually, high-performance liquid chroma-
ailments, including inflammation, headaches, rheumatism, and t°9raPhy (HPLC) analyses are used to determine the iridoid
indigestion (3,4). The powdered tubers can be used either content of the root§, 11). However, for quality control, a rapid,

directly in a tea infusion or as pills produced by pharmaceutical Y&t Still accurate, method is needed to ensure that dried root
companies. It has been suggested that a second speleies, ~ cONtains specified minimum levels of HS. o
pagophytum zeyheri, shows similar activities %3, Although If the level of the measured analyte is sufficient, quantitative
both species have similar chemical compositithgrocumbens ~ analyses by near-infrared spectroscopy (NIRS) may be suc-
has traditionally been preferred and many authors contend thatcessfully achievedl2—14). Baranska et allb) used NIR-FT-
this species exclusively has medicinal value &37). Raman spectroscopy to characterize distribution and quantify
The medicinal value is attributed to compounds of the iridoid HS in secondary roots dff. procumbens. NIRS analyses of
family (8, 9). Compounds of interest are the iridoid glucosides, NyPericin inHypericum perforatunSt. John's Wort) extracts
i.e., harpagoside (HS) and@ecoumaroyl harpagide (£HG), (16), ginsenosides iRanax qumquefollur_(Amerlcap gmseng)
which are concentrated in the secondary rhizoidal ro®tg extracts {2), and polyphenols and alkaloids@amellia sinensis
8). Typically, HS is present in higher concentrations (ca. 2.0%) (9reen tea) (13) have been performed successfully.

than 8pCHG (ca. 0.06%) in dried roots Bf procumbeng3, The roots are harvested by hand, sliced, and then typically
sun-dried and exported without further processing. The final
* To whom correspondence should be addressed. (E.J.) F& 21 moisture conten_t of the exported dried root i_s not_ regulated,
809 3444. Fax:+27 21 809 3400. E-mail: jouberti@arc.agric.za. (M.M.) but 10% or less is recommended to prevent microbial spoilage.
Tel: 42721 808 3511. Fax:t27 21 808 3511. E-mail: mman@sun.ac.za.  Very little information is available on the stability of the major
ARG Infruitec- Nietvoorbij active compound, HS. Burget?) linked the formation of blue

* Stellenbosch University. - b o ! ! !
8 Federal Centre for Breeding Research on Cultivated Plants (BAZ). black discoloration in the cortical zone, during drying, to
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polymerization reactions or acid lability of the aglycone moiety

Joubert et al.

Nine replicates were performed per drying temperature, with the

of HS. Because discoloration takes place during sun drying, it replicates balanced between the three drying tunnels to avoid intertunnel
is possible that degradation of HS occurs. The extent of HS variation. A total of 27 individual samples (@ 3 temperatures) were
degradation would depend on climatic conditions, creating a therefore prepared. To ensure that all samples were dried to ap-

need for controlled drying to obtain a more constant and higher

quality product.

This study evaluated the relative effect that three drying
methods (sun, tunnel, and freeze drying) and tunnel drying
temperature (40, 50, and 8Q) had on the HS content of devil's
claw. The ability of NIRS to predict the HS,08HG, and
moisture contents in dried, grouil procumbensoot was also
investigated.

MATERIALS AND METHODS

Preparation of Samples FreshH. procumbensecondary roots from

proximately the same moisture content, different drying times for each
temperature were used. Termination of tunnel drying was estimated
from drying curves calculated after drying in a small-scale experimental
dehydrator. Fresh devil's claw root (ca. 1.3 kg per sample) was spread
on 30 mesh stainless steel trays (370 mr310 mm) and dried at 40,
50, and 60°C, respectively. The trays were mounted in a cage,
suspended from two single-point Tedea-Huntleigh 1040 load cells
(Loadtech Ltd., Centurion, South Africa), the output of which was
digitized using an Advantech Adam 4011 analogue input module
(ProMicro cc., Bryanston, South Africa). Computerized data acquisition
was achieved via an Adam 4520 RS-232/485 converter (ProMicro cc.)
with changes in mass recorded at 2 min intervals.

Drying Rate Curves. Drying rate curves were generated from MS-

cultivated plants were obtained in three batches from Grassroots NaturalExcel 2000 spreadsheets and approximated by polynomial least-squares
Products (Plant Improvement Centre, Gouda, South Africa). Before they fitting. The drying times were estimated from a plot of moisture content

were sliced, the roots were rinsed with tap water to remove the dirt.

vs time. Once drying in larger tunnels with roots harvested at a later

The roots were sliced transversely into 6 mm thick disks (Rheninghaus stage commenced, these times proved too short and were subsequently

polony cutter, Italy), which were then cut into three triangular sectors

adjusted to 17 h folpg of 40 °C, 11 h forTpg of 50 °C, and 6 h for

of approximately the same size. The three sectors were randomly Tpg of 60 °C.

divided between the three drying treatments to minimize influences
from any inter- and intraroot HS variation. Additional samples for
development of NIRS prediction models were prepared from individual
roots [sliced and tunnel-dried at 6C at 30% relative humidity (RH)

for 24 h.

The dried samples were vacuum-sealed (Geiger & Klotzblicher
Multivac, South Africa) in aluminum-laminated pouches to avoid any
moisture uptake after drying and before grinding. Grinding of the
samples was accomplished using a Retsch rotary mill fitted with a 1

Moisture Determination. The moisture content was determined
gravimetrically in duplicate. The dried, ground sample was weighed
into nickel moisture dishes before drying under vacuum (ca. 90 kPa)
for 16 h at 70 °C.

Extraction of Iridoids. The relative extraction potential of 100%
MeOH and 70% MeOHH,0 was evaluated. A duplicate set of 12
dried, ground samples (ca. 0.15 g) was extracted, each with one of the
solvents (15 mL), in sealed glass vials in a water bath £tCl€r 60
min. The extracts were manually shaken at 15 min intervals, cooled to

mm sieve size. The ground samples were stored in 30 mL plastic screwambient temperature in tap water for-105 min, and centrifuged at

cap vials and sealed in large plastic containers with anhydrous,CacCl
as desiccant until analysis.

Drying Conditions. For sun drying, the samples were spread directly
after slicing onto wooden drying trays (890 ms 600 mm), and
covered with a high-density polyethylene (HDPE) net (2 mm mesh,
Netlon, Tensar International, United Kingdom). A second net was
placed on top of the samples and weighed down with bricks to avoid

4000 r/min (1788.8g) for 12 min in a Universal 16 centrifuge (Hettich
Zentrifugen, Germany). The supernatants were stored in glass vials with
Teflon-lined screw caps at ca’€ until analyzed. The samples obtained
during drying experiments and development of the NIRS calibration
model were extracted with the 70% MeOH »® mixture.

HPLC Analysis. HPLC separations were carried out, in duplicate,
using a Waters LC Module 1 plus system, equipped with a single

dried samples being blown away. These trays were placed daily on awavelength UV-visible detector and controlled by Millennium work-
tarred drying court from 08:00 to 16:30 and then removed to a shed station software (version 2.15, Waters Corporation, United Kingdom).
where a fan provided additional air movement during the night. Samples The HPLC method of Feistel and GaedcKe) was followed after
were considered dry when brittle. Weather data were obtained from slight modifications; that is, the solvent program was lengthened from

the automatic weather station at the Nietvoorbij experimental farm
(ARC Infruitec-Nietvoorbij, Stellenbosch, South Africa).

For comparison of the drying methods, ca. 450 g of fresh root was
dried per sample, with eight replicates performed. A total of 24
individual samples (& 3 drying conditions) were therefore prepared.
The conditions for tunnel drying were set at a dry bulb temperature
(Tog) of 60 °C and RH of 30%, i.e., a wet bulb temperatulg) of
39.72°C. A purpose-built experimental dehydrator was used for drying
at an air velocity of 3 m/s. The system was computer-controlled with
isothermal temperature control of both thigs and theTwg values by
CAL 3200 Autotune temperature modules (Ana-Digi Systems, Bellville,
South Africa). The total drying time was fixed at 24 h.

Samples that were freeze-dried were initially frozen-20 °C in
plastic trays (170 mnx 115 mmx 30 mm). The frozen samples were
then dried for 5 days in an Atlas pilot-scale freeze-drier (Denmark
model, Copenhagen, Denmark) at a shelf temperature 640

For comparison of the effect of drying temperature on the retention
of HS during tunnel drying, the conditions at 30% RH were used as
follows: Tpg of 40 °C (TWB of 26.09°C), Tps of 50°C (TWB of 32.32
°C), andTpg of 60 °C (Tws of 39.72°C). After they were sliced, the

60 to 70 min to allow better equilibration of the column with the
aqueous phase before the next injection. Separations were carried out
on a Phenomenex Prodigy 5 ODS-2 column (150 mm.60 mm, 5

um particle size) equipped with a Jour-Guard RP/Ca&bard column

at 40°C and a flow rate of 0.7 mL/min. The solvent gradient consisted
of water and methanol (HPLC grade, Chromasolv, Merck, Cape Town,
South Africa), degassed in-line with a Jour Research X-ACT degasser.
The column, guard column, and degasser were supplied by Separations
(Cape Town, South Africa). Purified water (Modulab water purification
system, Separations) was further treated with a Milli-Q Académic
ultrapure water system (Millipore, Ireland) for HPLC use.

An aliquot of the extract supernatant was filtered through a 0.45
um HV type filter (13 mm, Millipore) before injection (1Q.L).
Absorbance was measured at 278 or 312 nm for the detection of HS
and 8pCHG, respectively8( 11). A dilution series of pure HS
(Extrasynthese, Genay, France) for the development of a calibration
curve (0.5—2.4ug/10 uL) was prepared with HPLC grade methanol
(Chromasolv, Merck). Two concentration ranges (0-68823 and
0.388—2.4259/10 uL) were used for the quantification ofp8HG.

The pure standard was supplied by PhytoLab (Addipharma) (Hamburg,

samples (ca. 450 g each) were immediately spread onto stainless steeGermany).

mesh drying trays (870 mmt 600 mm), covered with an HDPE net,

Near Infrared Spectroscopy Measurements.The Perkin-Elmer

and dried. Three purpose-built experimental dehydrators, one controlled Fourier transform near-infrared (FT-NIR) spectrophotometer, Spectrum

by the CAL 3200 Autotune temperature modules (Ana-Digi Systems)

IdentiCheck, fitted with the IdentiCheck Reflectance Accessory (ICRA),

and the other two configured as described by Hansmann and Van Noortwas used to collect near-infrared (NIR) reflectance spectra from all

(18), were used. The air velocity of the last two driers was controlled
at 4 m/s.

samples prepared during the duration of the study. Samples were
presented to the instrument in 4 mL Chromacol borosilicate glass vials



Harpagoside Content in Harpagophytum procumbens Root J. Agric. Food Chem., Vol. 53, No. 9, 2005 3495

. HO OH 3 Ky on
1407 . Harpagoside -
9] o o o]

] CH=CH—(”?—" I 0.p.D-Glucoside CH:C“_ﬂio M 0 p D Glucosiae
_. 040
= 4 on
E ]
2 o3 &p-Coumarayl HPLC Conditions
D ; harpagide ]
| Column; Phenomenex Prodigy 5 ODS-2 (150x4.6 mm)
o Detection: 312 nm (0 min to 38.5 min) &
3 0.20 - 278 nm (38.5 min to 70 min)
= T Flow Rate: 0.70 mL.min™
= |
S 1 Injection Volume: 10 uL
I |
= . o,
=R Column Temperature: 40°C

oo 4—
T—_—— rr-r’*1rrrrr 1 rrrr1rrrr rrr o1
000 000 2000 000 0 00 50,00 60,00 7000

Retention Time {min)

Figure 1. Typical HPLC chromatogram of H. procumbens extract (70% methanol-water) with program conditions and chemical structures of HS and
8pCHG.

with screw caps. Spectra were measured (16 accumulations) from 10000Table 1. Effect of Drying Method on Moisture and HS Contents of
to 4000 cnt! (1100—2500 nm) at a resolution of 16 chresulting in Devil's Claw Root
701 data points. Spectral measurements were converted from wave-

number to wavelength to be in accordance with current NIRS practice. _d7ying method moisture HSarybasis HSrybasis range
NIRS Calibration Development. Calibrations (n= 100) were sun 6.17+£0.72 a7 1455+0.362a 1.098-2.082
developed (The Unscrambler version 6.11, CAMO ASA, Norway) for tunnel 343+0.66b 1526 £0.396 b 1.149-2.198
freeze 5.08+1.05c 1.565+0.394 b 1.169-2.170

guantification of moisture, HS, angp@HG contents using partial least
squares (PLS) regression. Preprocessing of spectral data included
multiplicative scatter correction (MSC), to eliminate variances caused ~ Values expressed as percentage are means + SD. Values within the same
by particle size differences, and Savitsky-Golay 1st derivatives to column with different letters are significantly different (P < 0.05).

enhance slight spectral differences. The independent validatiomsets (

= 50) were selected to represent samples across the entire range oplvent. A typical chromatogram oftd. procumbengxtract is
available reference values. Every third sample was chosen from ghown inFigure 1.
ascending sorted references values of the complete data set%0)

with the samples with the highest and lowest reference values remaining  .~. . . L
in the calibr;tion set. g gor|g|nal shape of the root disks (little or no wrinkling) and the

Results were evaluated by means of the standard error of predictionpale yellow color very 8|mllar to that of the fresh root. BOt_h
(SEP). Either the SEP or the root-mean-square error of prediction the sun-and the tunnel-dried samples shrunk and became twisted
(RMSEP), which both reflect the ability of a calibration to predict during drying. Light to dark brown discoloration occurred with
accurately and precisely the analyte values of the independent validationthe sun-dried samples having the darkest color. Some samples
set (19), can be used. The SEP, however, is corrected for bias. Theshowed a greenish to blue—black discoloration in the cortical
performances of the various calibrations were evaluated by comparisonzone of the disks, indicative of possible polymerization or
of the SEP to the corresponding standard error of laboratory (SEL) for degradation reactions (17).
the respective reference methods and evaluation of the RPD [ratio of
standard deviation (SD) to SEP]. For any calibration, the aim is to

reduce the SEP (or RMSEP) to approach the SEL of the reference
method and for the RPD to be as large as possible. atures (24 h) across all days ranged from 17.55 to 2501

Statistical Analyses Statistical comparisons of data from drying ~(M€an= SD: 21.82% 2'209 °C), with ROH values varying
experiments were preformed after analysis of variance, where replicates?€tween 53.11 and 81.31% (70.899.58%). The sun-dried

were treated as blocks, and Studett'SD test (least significance level samp_les had th_e highest moisture content (&H.O).?Z%) of
= 0.05) was performed (SAS, version 6.12). the different drying methods followed by the freeze-dried (5.08

+ 1.05%) and tunnel-dried (3.48 0.66%) samples. The high
moisture content of the sun-dried samples is attributed to the
relatively low average drying temperatures, as compared to the

Extraction of Iridoids. The large range of solvents used in higher tunnel temperatures. The larger the difference between
other studies3, 8, 20) for the extraction of HS ikl. procumbens ambient and drying temperatures, the larger the driving force
prompted the testing of two solvents with different polarities, for removing the water21). A further factor was the much
i.e., 70% MeOH-H,0 and 100% MeOH. As the 70% MeOH higher ambient RH values that would also have reduced the
H>O mixture resulted in significantlyq < 0.05) better extraction  drying potential of this method. The respective average moisture
of HS, the method was standardized to use this mixture asand HS contents are given irable 1.

Drying Conditions. The freeze-dried samples retained the

Sun drying required 35 days per sample, depending upon
the prevalent weather conditions. The overall average temper-

RESULTS AND DISCUSSION
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Figure 2. Percentage moisture content (wet basis) of devil's claw samples (6 mm disks), measured at three Tpg values, as a function of drying time.
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Figure 3. Drying rate of devil's claw samples, measured at three Tpg values, as a function of the moisture content (dry basis) during drying.

Sun drying resulted in significantlyP( < 0.05) lower HS plant enzymes; especially polyphenol oxidase and glucosi-
concentrations (1.45% 0.362%) as compared to the other two dases have been implicated in degrading reactions in plants
methods. The large SD reflects the relatively large HS range (23, 24).
across the nine replicateBgble 1) that is indicative of the inter- As expected, freeze drying was the least detrimental drying
root HS variation. It is assumed that the extent to which HS technique because of the low drying temperature and the fact
content decreased during sun drying is related to the durationthat reduced pressure caused the water component to change
of drying time. Slow drying, due to the high ambient RH values directly from a solid to a vapor phase (i.e., sublimation). The
(ca. 70%), could have increased the incidence and degree oflack of extensive discoloration in the freeze-dried samples
enzymatic degradation, by maintaining the water activity) (@ indicates that neither enzymatic nor nonenzymatic chemical
above 0.7 for an extended period of tim22). Under these  reactions occurred. Operating a freeze drier for commercial
conditions, the initial stages of drying would be characterized drying purposes could, however, prove costly. Tunnel drying
by high levels of free water in the root, a prerequisite for would be the preferred method, as an acceptable product
enzymatic reactions. The ambient drying temperatures (aver-(minimal decrease in HS content as compared to freeze drying;
age: 21.82C) would also be within the optimum range of many Table 1), at a lower cost, could be produced.
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Table 2. Effect of Tunnel Drying Temperature on the Moisture and HS
Contents of Dried, Ground Devil's Claw Root

temp (°C) moisture HSas is? HSpg?
40 9.13+1.16a° 1.553+0.389 a 1710+ 0.426 a
50 8.84+1.00a 1.597 + 0.406 b 1.750+0.438 b
60 871x121la 1573+ 0.410ab 1.723 £ 0.444 ab

@HSssis = HS concentration (%) on a “moist mass” basis. ® HSpg = HS
concentration (%) corrected for moisture (%, dry basis). ¢ Values within the same
column with different letters are significantly different (P < 0.05).

Table 3. Reference Data for Moisture, HS, and 8oCHG Contents of
Dried, Ground Devil's Claw Root

moisture HSas is? 80CHGas is
(n=150) (n=150) (n=150)
range (%) 2.44-10.43 0.693-2.244 0.027-0.310
mean (%) 447 1.348 0.152
SD 1.58 0.299 0.073
SEL? 0.14 0.035 0.010

2Ranges, means, and SDs for HS and 8pCHG are given on a moist mass (“as
is") basis. ? Reference method.

Drying Rate Curves. Drying curves were generated for the

three tunnel drying temperatures, i.€g of 40, 50, and 60C

at 30% RH. The main purpose of such curves is the modeling
of the drier and the parameters of drying. This becomes
important in the design of a drier, especially if product specific
drying is required 25). One of the important drying parameters

J. Agric. Food Chem., Vol. 53, No. 9, 2005 3497

Initially, the calculated drying times were ca. 9, 7, and 5 h
for 40, 50, and 60C, respectively. Roots harvested at a later
stage required longer drying times, i.e., 17, 11, and 6 h each at
the respective temperatures, even though the air velocity was
slightly higher. It is possible that changes in the cellular structure
of the roots, due to seasonal influences, could have increased
the water-binding capacity of the samples. Stachyose, a tet-
rasaccharide, which would affect water-binding capacity, is
abundant in the root with up to 46% occurring in dried material
(26).

A plot of the drying rate of a sample as a function of its
moisture content is depicted iRigure 3. Two drying rate
periods are clearly visible on the plot, namely, induction,
characterized by an increase in sample temperature, approaching
Tws, and the falling rate period. No clear constant rate period
was obtained, indicating that the air velocity in the drying tunnel
(2 m/s), the relatively large temperature differentials at constant
30% RH, i.e., 13.9EC for Tpg of 40 °C, 17.68°C for Tpg of
50 °C, and 20.28C for Tpg of 60 °C, and the relatively large
surface area of the samples resulted in an evaporation rate higher
than the rate of mass transfer.

Even though no clearly discernible constant rate drying was
observed for any of the temperatures, drying at@@rovided
the closest approximation to this period. Mild temperatures and
a high free water content during this period of drying are ideal
for possible enzyme reactions to occ@d). It was, therefore,
desirable not to have an extended constant rate drying period,
since enzymatic reactions during this period could possibly have

required for this study was the termination time that would @ N€gative impact on the HS content of the root.

produce samples of similar moisture content for each drying

temperature.

Figure 2 shows the moisture content (wet basis) plotted
against drying time at 40, 50, and 80. The three curves were
normalized by using an average €n 18) solids content of
12.73%. FromFigure 2, drying times required to produce

The falling rate periods of all three temperatures approximated
a linear curve between moisture contents of ca. 0.5—3.5 kg
water/kg solids. This linear decline indicates that no sudden
changes, such as case hardening that would have been charac-
terized by a decrease in the drying rate, occurred in the sample
matrix (27,28).

products of ca. 7% moisture content can easily be estimated. Comparison of Drying Temperature. Temperature signifi-

At this moisture content, microbial spoilage and overdrying will

cantly (P < 0.05) affects the HS contenitgble 2) with drying

be prevented. Commercially, overdrying would be undesirable at 50°C, the most beneficial for the retention of HS, suggesting
from a production point of view as additional costs would be that the evaporation and mass transfer of water from samples

incurred with a prolonged drying period.
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Figure 4. Histogram of the distribution of moisture content between samples of dried, ground devil's claw root (n = 150).
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Table 4. Prediction Results for the Independently Validated Moisture, HS, and 8oCHG Content FT-NIR Calibrations of Dried, Ground Devil's Claw
Root

moisture (n = 150) HSasis (1= 150) 8pCHGgsis (1= 150)
calibration validation calibration validation calibration validation
set set set set set set
range (%) 2.53-10.43 2.44-9.60 0.803-2.244 0.693-2.129 0.027-0.310 0.033-0.303
mean (%) 4,50 4.40 1.354 1.337 0.152 0.151
n 100 50 100 50 100 50
SEP? (%) 0.24 0.236 0.048
bias 0.01 -0.048 0.002
r 0.988 0.641 0.731
PLS factors? 4 7 5

ap = number of samples used in the calibration or validation sets, respectively. ? Independent validation set. ¢ r = correlation coefficient. ¢ PLS factors = number of
factors used to develop the calibration model.

11

SEP = 0.24%
10 Bias = 0.01%
s r = 0.988

factors = 4

Measured (reference) moisture content (%)
[¢2]

1 2 3 4 5 6 7 8 9 10 11
Predicted (NIRS) moisture content (%)

Figure 5. Scatter plot of the validation samples (n = 50) for the FT-NIR moisture content calibration model of dried, ground devil's claw root. Measured
(reference) values are plotted against predicted (NIRS) values.

of possible enzymatic degradation reactions in the presence ofcalibration consisted of 100 samples in the calibration set
free water. Furthermore, the sample temperature remained low(range: 2.44-10.43%) and the remaining 50 in the independent
enough so as not to increase the reaction rate of any chemicablalidation set (range: 2.53.60%) [Table 4). For this particular
degradation dramatically. calibration, preprocessing involved the use of Savitzky—Golay
It is probable that the slow drying at £4C created a more  1st derivative (segment size5) after MSC was applied to the
ideal environment, with high enough water activity for enzy- spectra. The moisture content of devil's claw samples could be
matic reactions to occur, than at either 50 or°@Y) resulting successfully predicted by NIRS analysis. The SEP for the
subsequently in the lowest HS content. During the initial stages moisture content calibration was determined as 0.2%8&ble
of drying, the sample temperature would remain lower than the 4), and this value compared acceptably well with the SEL of
Tos (i.e., closer to th&wg) and within the optimum range (ca. 0.14% (Table 3). Furthermore, a small bias of 0.01% and an
25—35°C) for enzyme activity. The lower HS content at 60 excellent correlation coefficient) of 0.988 were also observed
°C than at 50°C could be due to the enhancement of (Figure 5). The RPD of 6.58 confirmed that the accuracy of
temperature-dependent, nonenzymatic chemical reactions. Pothe calibration model is adequate for it to be used during quality
lymerization reactions with free amino acids may lead to the control. The performance of this model compared adequately
production of other intermediates that can possibly cause theto NIRS moisture calibrations on ground wheat samples with
reduction of HS content (26). The change in HS retention SEP values of 0.15 (range: 8:5%2.70%) (29) and 0.19%
with drying temperature also indicated that the observed (12.5-14.7%) @0). Even though these values appear to be much
differences in drying rates are important. lower than for the current study, the better performances of the
NIRS Calibration Development. A summary of the refer- wheat calibrations can partially be attributed to smaller moisture
ence data for moisture, HS, and@HG contents of the ground,  content ranges used.
dried devil's claw root is given imable 3. From a quality control perspective, the rapid prediction of
Moisture Content. The distribution of moisture content of  moisture content in dried devil’s claw root is paramount to the
the sample set is shown iRigure 4. The moisture content  storage stability of the product. Microbial spoilage that could
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Figure 6. Scatter plot for the validation samples (n = 50) for the FT-NIR HS content calibration model. Reference HS values (determined by HPLC) are
plotted against predicted NIRS HS values.
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Figure 7. Histogram of the distribution of HS content between samples of dried, ground devil's claw root (n = 150).

possibly be detrimental to the HS content or could result in the quantitative purposes but rather for screening to confirm the
formation of mycotoxins would occur rapidly if the moisture presence of HS in the root and to classify the product into
content was too high. Prediction of the moisture content by specified ranges (semiquantitative measurements). This is also
NIRS methods would assist in ensuring the export quality of indicated by the RPD of 1.27. Slight improvement in the

this indigenous product. prediction accuracy for HS content (SEP0.195%) in devil's
HS Content. The best performance for the HS model resulted claw has recently been demonstrated with NIR-FT-Raman
from the 1st derivative (SavitzkyGolay, segment size 11)- spectroscopy (15).

treated data after MSC correction was applied. The NIRS HS The main reason for the relatively poor prediction by
model had an SEP of 0.236%, a bias9.048%, and an of FT-NIR is that the HS content range in this sample set is limited.
0.641 (Table 4and Figure 6). A total of seven PLS factors The HS range also shows a near-Gaussian distribufiuge

were used. The SEP did not compare well with the calculated 7) due to the randomness with which sample selection and
SEL of 0.035% (able 3), but the NIRS model was not expected preparation had occurred. This type of distribution will produce
to be as sensitive as the HPLC reference method. Predictionaccurate estimations of HS close to the sample mean (ca. 1.4%)
with this NIRS model should therefore not be used for but less accurate results for samples near the extremes of the
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Figure 8. Histogram of the distribution of 8oCHG content between samples of dried, ground devil's claw root (n = 150).
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Figure 9. Scatter plot of the validation samples (n = 50) for the FT-NIR 8poCHG content calibration model. Reference 8oCHG values (determined by
HPLC) are plotted against predicted NIRS 8poCHG values.

range (31). Although any future samples are also likely to have devil’s claw root is shown iifrigure 8, and the samples showed
a Gaussian distribution, the robustness and accuracy of the HSa more even distribution of 8oCHG than for HS content. An
model would best be increased if sample selection had createdeven distribution facilitates the development of accurate NIR
an even distribution. The results of this study also showed models across a larger range of the estimated and&{fe The
promise for the use of NIRS technology as a classification tool best NIRS model had a SEP of 0.048%, a bias of 0.002%, an
for the medicinal potency of devil's claw as linked to its HS r of 0.731, and a RPD of 1.52, which indicate that the calibration
content. Although it is suggested that a suitable minimum level model is also adequate for screening purpoJesle 4 and
of 1.2% HS be enforced for standardization of the roots, there Figure 9).
is a need for further classification. It would be advantageous if  Loading Plots. Typical spectra oH. procumbensoot are
dried devil's claw samples could be classified as having HS shown inFigure 10. After exclusion of particle size variation
contents of<1.2, between 1.2 and 1.6, between 1.6 and 2.5, or by MSC and application of the SavitzkyGolay 1st derivative,
>2.5% for specific markets and premium priced roots. the largest remaining contributor to spectral variability is
8-p-Coumaroyl Harpagide Content. A histogram of the moisture content. The plot of the weights against wavelengths
distribution of CHG content between samples of dried, ground (loadings) for the first three principle components (PCs) shows
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Figure 10. Typical NIRS spectra of dried, ground H. procumbens root.
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Figure 11. Plot of weights against wavelengths (loadings) for the first three PCs of dried, ground devil's claw root.

strong absorption at ca. 1400 nm~@ stretch 1st overtone) large with 87, 6, and 4% explained by PC1, PC2, and PC3,
and 1900 nm (G H stretch+ O—H deformation) (Figure 11). respectively.

These wavelength regions correspond most strongly to the Sun drying of devil's claw root is detrimental to the retention
absorption of water, indicating that most of the information of HS, and tunnel drying provides a means of improving HS
about moisture content is contained in the 1st PC (PC1). retention. NIR analysis may provide a rapid and easily used
Similarly, most of the information about HS and@HG seems method to quantify moisture content and screen devil's claw
to be contained in the 2nd and 3rd PCs as shown by strongroot for minimum HS levels during quality control.

absorption at ca. 1968 €0 stretch 2nd overtone), 2144
(=C—H stretch+ C=C stretch), and 2192 (Gtasymmetrical ABBREVIATIONS USED

stretch+ C= stretch) nm in PC2. These bonds are present in  80CHG, 8p-coumaroyl harpagide; FT-NIR, Fourier transform
HS and 8pCHG (Figure 1). Strong absorption is also shown in near-infrared; HDPE, high-density polyethylene; HPLC, high-
PC3 at ca. 2016 (2 O—H deformation+ C—0O deformation), performance liquid chromatography; HS, harpagoside; ICRA,
1416 (2x C—H stretch+ C—H deformation), and 1344 (R IdentiCheck reflectance accessory; MSC, multiplicative scatter
C—H stretch+ C—H deformation) nm. As expected, the relative correction; NIR, near-infrared; NIRS, near-infrared spectros-
contribution of the first three PCs to the spectral variability is copy;r, correlation coefficient; PC, principle component; PLS,



3502 J. Agric. Food Chem., Vol. 53, No. 9, 2005 Joubert et al.

partial least squares regression; RH, relative humidity; RMSEP, (14) Steuer, B.; Schulz, H.; Lager, E. Classification and analysis of
root-mean-square error of prediction; SEL, standard error of citrus oils by NIR spectroscopyzood Chem2000, 72, 113—
laboratory; SEP, standard error of prediction; SD, standard 117.

deviation;Tpg, dry bulb temperaturéfuws, wet bulb temperature. (15) Baranska, M.; Schulz, H.; Siud.a, R.; Strehle, M. A.; Résch, P.;
Joubert, E.; Manley, M. Quality control dflarpagophytum

procumbensand its related phyto-pharmaceutical products by
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