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Abstract. Herbs have been long known to provide health-promoting benefits and are
demonstrated to have antioxidant, anti-inflammatory, antibacterial, analgesic, and
antitumor activities. This study evaluated the effects of drying conditions and extraction
protocols on the biochemical activity of three culinary and medicinal herbs: rosemary
(Rosmarinus officinalis), motherwort (Leonurus cardiaca), and peppermint (Mentha
piperita). Leaf tissues were dried by sun, oven-dried at 40 8C, or oven-dried at 70 8C and
extracted using 80% methanol or 80% ethanol. Total polyphenol (TPP) using the Folin-
Ciocalteu reagent method and antioxidant capacity using the Trolox-equivalent antiox-
idant capacity (TEAC) assay were determined. Both drying and extraction conditions
significantly impacted TPP content and TEAC in the three herb species. Sun-dried or
40 8C oven-dried herbs exhibited significantly higher TPP content and TEAC capacity
than fresh samples, suggesting low-temperature drying may be a good postharvest means
to store medicinal/culinary herbs. Exposure to 70 8C oven-drying caused significant
antioxidant loss. In addition, the current study showed that with fresh tissue, 80% ethanol
extraction had significantly higher TPP and TEAC than 80% methanol extraction for all
three herbs, yet for dried herbs, the efficacy of ethanol/methanol extraction varied with
different drying treatments.

Herbs and spices have been used not only
as food preservatives and flavoring, but also
as traditional medicines for thousands of
years. Two-thirds of the world’s population
still relies on traditional medicines with herbal
medicines the most common form. The World
Health Organization (2010) estimates that
80% of the population in some Asian and
African countries depends on traditional medi-
cines for primary health care. In the United
States, the Centers for Disease Control and
Prevention estimates �38% of adults use
complementary and alternative medical treat-
ments. Scientific evidence increasingly sup-
ports the potential health benefits of herbs
with plant extracts displaying antioxidant, anti-
inflammatory, antibacterial, analgesic, and an-
titumor activities.

Oxygen-free radical induced oxidation of
cellular components is believed to be one of
the major factors in the development of heart
disease and cancer (Berger, 2005). Oxidizing
agents, often in the form of free radical com-
pounds, can cause damage to numerous cellular
components, including membranes, proteins,
and nucleic acids (Knight, 2000). Dietary intake
of herbs and spices with high antioxidant
contents may improve our resistance to free
radical damage and thus reduce risk of heart
disease and cancer (Kaefer and Milner, 2008).

Studies show that herbs generally contain
higher levels of antioxidant content than fruits,
vegetables, and nuts (Konczak et al., 2010;
Zheng and Wang, 2001). More and more peo-
ple have realized the health benefits of herbs
and the use of herbs is increasing (Kaefer and
Milner, 2008).

The drying of spices has been used for
disinfestations, microbial decontamination, and
long-term preservation (Schweiggert et al.,
2007). Although reports are limited, studies
indicate that drying conditions can impact the
chemical and biological activities of herbs
(Capecka et al., 2005; Lim and Murtijaya,
2007). The Mint family, Lamiaceae, is a group
of�210 genera and some 3500 species. Many
members of the family have high phenolic and
antioxidant content such as basil (Ocimum
basilicum), lemon balm (Melissa officinalis),
sweet marjoram (Origanum majorana), oreg-
ano (Origanum vulgare), peppermint, rose-
mary, sage (Salvia officinalis), and thyme
(Thymus vulgaris) (Dragland et al., 2003; Yi
and Wetzstein, 2010). Systematic evaluations
of drying and extraction conditions on bio-
chemical activities of this group are lacking.
The objectives of this study were to evaluate
the effects of drying conditions and extraction
protocols on total phenolic content and anti-
oxidant capacity of selected herbs.

Materials and Methods

Plant materials, harvesting, and drying.
Three herbs, rosemary (Rosmarinus officina-
lis), motherwort (Leonurus cardiaca), and

peppermint (Mentha piperita), were grown
in a greenhouse at the University of Georgia,
Athens, GA, from Feb. 2009 to Apr. 2009.
Herbs were planted in 30-cm wide pots with
Fafard 3B soil and grown under natural light
conditions at 21 ± 2 �C. The plant heights
at harvest were: peppermint, 35 to 40 cm;
motherwort, 45 to 55 cm; and rosemary, 40
to 45 cm. For all species, tissue samples were
collected from the apical portion of branches
and consisted of the youngest, fully expanded
leaves. None of the plants were flowering.
Average leaf sizes were: peppermint, 1.7 cm
wide · 2.7 cm long; motherwort (collected
without petioles), 7.0 cm wide · 7.2 cm long;
and rosemary, 0.34 cm wide · 3.2 cm long.

Freshly harvested leaf tissue was sub-
jected to one of three drying methods: 1)
sun-dried in the greenhouse; 2) oven-dried at
40 �C in a forced-air oven; or 3) oven-dried at
70 �C in a forced-air oven. Tissues were dried
for 4 d. The moisture content of the tissues
was calculated using a subset of tissues dried
under 70 �C in a ventilation oven. Fresh sam-
ples served as a control.

Chemicals. Pure standards of gallic acid,
2,2#-azinobis(3-ethylbenzothiazoline-6-sul-
fonic acid) diammonium salt (ABTS), Trolox
(6-hydroxy-2,5,7,8-tetramethychroman-
2-carboxylic acid), and Folin-Ciocalteu re-
agent were purchased from Sigma (St. Louis,
MO). Ethanol [high-performance liquid chro-
matography (HPLC) grade], methanol (HPLC
grade), and potassium persulfate were pur-
chased from Fisher Scientific (Norcross, GA).

Extraction. Extraction procedures fol-
lowed a previous report of Yi and Wetzstein
(2010). Fresh leaf samples, sun-dried sam-
ples, 40 �C oven-dried, or 70 �C oven-dried
samples (each replication was on 3 g of a fresh
weight basis) were homogenized with a frozen
mortar and pestle in liquid nitrogen. Tissues
were extracted for 2 h at room temperature
under darkness in 50 mL of 80% methanol
or 80% ethanol with agitation on an orbital
shaker at 200 rpm. The crude extract solutions
were centrifuged at 8000 g for 15 min and
supernatants were collected. Tissues were re-
extracted for 1 h in the same solvent for two
more times. The extracts were combined and
then further passed through 0.2-mm nylon
filters.

Total polyphenol measurement. TPP was
measured according to the Folin-Ciocalteu
reagent method (Singleton and Rossi, 1965).
Sample solutions were mixed with Folin-
Ciocalteu reagent and 7.5% sodium carbon-
ate (w/v) and allowed to stand for 30 min.
Absorption at 765 nm was measured using
a spectrophotometer (Spectronic 21D; Milton
Roy, Rochester, NY). The total phenolic
content was expressed as milligrams of gallic
acid equivalent per gram of dry extract (GAE
mg�g–1) using a standard curve generated
with 50, 100, 200, 300, and 400 mg�L–1 of
gallic acid.

Antioxidant capacity measurement. The
antioxidant capacity was measured following
a slight modification of the method reported
by Re et al. (1999). In the modified procedure,
30 mL of extract was added to 2970 mL of
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ABTS (Yi and Wetzstein, 2010). For calibra-
tion, Trolox (6-hydroxy-2,5,7,8-tetramethychro-
man-2-carboxylic acid, a vitamin E analog)
standards of 0, 300, 600, 900, 1200, and 1500
mM were used. The TEAC of the sample was
calculated based on the inhibition exerted by the
standard Trolox solution at 6 min. Absorption at
734 nm was measured using a spectrophotome-
ter (Spectronic 21D; Milton Roy). TEAC anti-
oxidant capacity was expressed as TE mM�g–1,
which stands for micromolar of Trolox equiva-
lent per gram of dry extract.

Statistical analysis. Statistical analysis
was conducted using the General Linear Model
(SAS 9.1; SAS Inst., Inc., Cary, NC). The TPP
content, TEAC antioxidant capacity of three
selected herbs under different drying, and
extraction conditions were assessed by Stu-
dent’s t test and compared by Duncan’s mul-
tiple range test at a = 0.05.

Results

The TPP content and TEAC antioxidant
capacity of rosemary under different extrac-
tion and processing conditions are shown in
Figure 1A–B. Among the four different drying
conditions, the highest TPP value was ob-
served with sun-dried leaves. The TPP was
39.6 GAE mg�g–1 when extraction was con-
ducted using methanol, and 34.3 GAE mg�g–1

when extraction was conducted using etha-
nol. With methanol extraction, fresh, and
oven-drying at 40 or 70 �C resulted in similar
TPP values; with ethanol extraction, oven-
drying at 40 and 70 �C resulted in the lowest
TPP values. TPP was significantly highest with

sun-drying, even beyond that in fresh tissue.
Oven-drying at either temperature resulted in
TPP concentrations similar to fresh tissues
when extracted with methanol or significantly
lower than fresh or sun-dried tissues with
ethanol extractions.

Similar results were obtained in TEAC
antioxidant capacity of rosemary (Fig. 1B).
For the methanol extraction, the highest TEAC
value (TE 291.8 mM�g–1) was observed with
sun-drying; fresh, oven-drying at 40 or 70 �C
resulted in significantly lower TEAC values
than sun-drying. With ethanol extraction, fresh
and sun-drying showed significantly higher
TEAC values than oven-drying at 40 and
70 �C. The type of solvent used during ex-
traction had a significant effect in fresh and
sun-dried samples but not in oven-dried
tissues. With fresh tissue, significantly higher
TPP and TEAC were obtained with ethanol
versus methanol extractions. In contrast, with
sun-dried samples, higher TPP and TEAC
values were obtained using methanol versus
ethanol.

In contrast to rosemary, motherwort con-
sistently had the highest TPP and TEAC
values with tissues that were dried at 40 �C
(Fig. 2A–B). When Leonurus leaves were
extracted using methanol, 40 �C oven drying
resulted in the highest TPP (GAE 38.1 mg�g–1)
compared with fresh samples, which showed
the lowest TPP at GAE 17.5 mg�g–1. Like-
wise, when extraction was conducted using
ethanol, the highest TPP was observed with
40 �C oven-dried samples. Successively lower
values were obtained in sun-dried, 70 �C oven-
dried, and fresh tissues. With ethanol extrac-

tion, TPP decreased by 27%, 58%, and 64%,
respectively. Although methanol extractions
followed similar trends, differences were
somewhat smaller.

Similar results were obtained in the TEAC
antioxidant capacity of Leonurus leaves with
the highest values likewise obtained with
drying at 40 �C (Fig. 2B). With methanol
extraction, the highest TEAC value (TE 297.8
mM�g–1) observed with 40 �C oven-drying
dropped by 6% with sun-drying, 36% with
70 �C drying, and 78% in fresh samples. In
the case of ethanol extractions, similar trends
were obtained with the highest TEAC value
found with 40 �C drying and the lowest in
fresh samples. The type of solvent used in
extraction can have a significant effect on
TPP and TEAC depending on the method
of drying. In the case of TPP, ethanol resulted
in significantly higher values in fresh, sun–
dried, and 40 �C dried tissues than methanol
extraction. TEAC activity was also higher
with ethanol extractions, but only in fresh and
40 �C drying treatments.

The TPP content and TEAC antioxidant
capacity of peppermint leaves under different
processing conditions are shown in Figure
3A–B. In general, the highest TPP and TEAC
values were observed in tissues that were
either sun-dried or oven-dried at 40 �C.
Highest TPP (GAE 86.0 mg�g–1) and TEAC
(TE 366.8 mM�g–1) values were obtained with
methanol extraction in tissues dried at 40 �C.
Similar to what was observed in motherwort,
successively lower values were obtained in
sun-dried, 70 �C oven-dried, and fresh tis-
sues. With ethanol extractions, TPP in sun-
dried and 40 �C dried tissues were similar and
significantly higher that fresh and 70 �C dried
samples. The highest TEAC value (TE 382.5
mM�g–1) was observed with sun-dried tissues
followed by 40 �C, 70 �C, and fresh samples.
The effect of solvent extraction on TPP and
TEAC values depended on the method of
drying. In both TPP and TEAC, ethanol re-
sulted in significantly higher values in fresh
and sun-dried tissues than methanol. How-
ever, ethanol was less effective than metha-
nol if tissue was dried at 40 �C.

The ranking order of TEAC values of
peppermint leaves among different posthar-
vest treatments varied with the solvent. When
the extraction was conducted using methanol,
40 �C oven-dried samples showed the highest
TEAC value followed by sun-drying, 70 �C
oven-drying, and then fresh samples. Mean-
while, when the extraction was conducted
using ethanol, sun-dried samples showed the
highest TEAC value (TE 63.8 mM�g–1) fol-
lowed by oven-drying at 40 �C, 70 �C, and
then fresh samples. When comparing differ-
ent solvents, ethanol gave significantly
higher TPP and TEAC in fresh and sun-dried
peppermint leaves than methanol, although
methanol resulted in higher TPP and TEAC
in 40 �C oven-dried samples.

Discussion

Heat processing can have detrimental
effects on natural antioxidants in raw plant

Fig. 1. The total polyphenol contents (A) and Trolox-equivalent antioxidant capacity antioxidant capacity
(B) of rosemary leaves under different drying and extraction conditions. Mean separations among
drying conditions within an extraction solvent are shown. Values followed by different letters (upper
case for 80% methanol, lower case for 80% ethanol) are significantly different at a = 0.05. *Significant
difference (at a = 0.05) between methanol versus ethanol extraction using the same drying method.
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materials. Drying of sea buckthorn (Hippo-
phae rhamnoides) leaves at temperatures
ranging from 50 to 100 �C resulted in de-

creased concentrations of TPP with greater
reductions observed with higher tempera-
tures and longer times (Guan et al., 2005).

In the herb, Phyllanthus amarus, oven- or
microwave-drying treatments led to signifi-
cant reductions in antioxidant property with
microwave-drying causing the highest de-
crease in total polyphenols, radical scaveng-
ing activity, and ferric-reducing antioxidant
power antioxidant capacity (Lim and Murti-
jaya, 2007). Intense and/or prolonged ther-
mal treatment can cause significant loss as
a result of the heat instability of compounds
(Tomaino et al., 2005). In the current study,
the significant loss of TPP and TEAC at 70 �C
compared with sun- or 40 �C oven-drying was
likely the result of the breakdown of phenolic
compounds under high heat conditions.

In contrast to high temperature, the cur-
rent study showed drying at low temperature
can increase total polyphenol contents and
antioxidant capacity. Sun-drying and 40 �C
oven-drying resulted in significantly higher
TPP and TEAC than fresh samples of pep-
permint and motherwort. It is not uncommon
that drying can increase TPP and antioxidant
capacity. Oboh and Akindahunsi (2004)
reported that sun-drying caused a significant
increase in TPP, reducing property, and free
radical scavenging ability of green leafy veg-
etables, although it can cause significant loss
of vitamin C. Capecka et al. (2005) reported
that air-drying of oregano and peppermint at
25 to 32 �C resulted in significant increases in
TPP. This agrees with our current study, which
generally showed sun and 40 �C oven-drying
resulted in significant increases to TPP and
TEAC in herbs.

The increase of phenolic contents and
antioxidant capacity may be the result of the
formation of novel compounds with antioxi-
dant activity. Tomaino et al. (2005) suggest
that the increase of safrole, myristicin, and
other secondary compounds could be associ-
ated with increased free radical scavenging
activity as a result of heating in nutmeg
(Myristica fragrans). Similar bioconversion
phenomena were reported in Artemisia annua
leaves (Ferreira and Luthria, 2010). Increase
in artemisinin content in sun-dried leaves was
attributed to improved bioconversion from
dihydroartemisinic acid (a precursor of arte-
misinin) to artemisinin.

Another explanation for the enhanced ef-
fects associated with drying is inactivation
of deteriorative enzymes such as lipoxygenase
and polyphenol oxidases (PPO). PPO, mix-
tures of monophenol oxidase and catechol
oxidase enzymes, are widely present in herbal
tissues and can oxidize diphenols in the pres-
ence of O2 molecules, causing rapid enzymatic
oxidation of natural antioxidants. PPO are
reported to be completely inactivated by
heating at 80 �C for 10 min (Schweiggert
et al., 2007). Lim and Murtijaya (2007) sug-
gested that inactivation of PPO may be a
reason why dried herbs can have higher TPP
and TEAC value than fresh samples.

Cooking of herbs enhances antioxidant
activity as a result of the liberation of higher
amounts of antioxidants (such as bonded
phenolic compounds) resulting from thermal
destruction of cell walls and subcellular com-
partments (Jimenez-Monreal et al., 2009).

Fig. 2. The total polyphenol contents (A) and Trolox-equivalent antioxidant capacity antioxidant capacity
(B) of motherwort leaves under different drying and extraction conditions. Mean separations among
drying conditions within an extraction solvent are shown. Values followed by different letters (upper
case for 80% methanol, lower case for 80% ethanol) are significantly different at a = 0.05. *Significant
difference (at a = 0.05) between methanol versus ethanol extraction using the same drying method.

Fig. 3. The total polyphenol contents (A) and Trolox-equivalent antioxidant capacity antioxidant capacity
(B) of peppermint leaves under different drying and extraction conditions. Mean separations among
drying conditions within an extraction solvent are shown. Values followed by different letters (upper
case for 80% methanol, lower case for 80% ethanol) are significantly different at a = 0.05. *Significant
difference (at a = 0.05) between methanol versus ethanol extraction using the same drying method.
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Similarly, cell wall and membrane degradation
may be associated with drying and may play
an important role in drying-increased TPP and
TEAC. In the present study, postharvest drying
of herbs enhanced TPP and TEAC in all three
herb species with optimal levels obtained with
sun- or 40 �C oven-drying. Regardless of
whether bioconversion, enzyme inactivation,
or loss of cell wall compartmentalization are
the causes, drying can enhance the yield of
TPP and TEAC. The dietary intake of sun-dried
or low-temperature dried herbs and spices may
help increase the bioavailability and absorption
of these phytochemical antioxidants. Further
studies are underway in our laboratory to eval-
uate the effects of drying on the bioavailability
and bioactivity of these herbs.

For the three herbs evaluated in the cur-
rent study, high TPP was generally associated
with high TEAC. This is in general agree-
ment with previous reports, which often show
a linear relationship between TPP and anti-
oxidant capacities. This may be attributed to
phenolic compounds having a major contri-
bution to the antioxidant capacity of herbs
(Zheng and Wang, 2001).

Solvent extraction of phenolic compounds
is widely used in herbs and spices. A number
of organic solvents have been used, including
water, ethanol, methanol, acetone, and ethyl
acetate at different mixture ratios (Areias
et al., 2000; Durling et al., 2007). The efficacy
of different solvents varies with species and
compounds of interest. Lim and Murtijaya
(2007) compared methanol and water extrac-
tions in freeze-dried sage and found that
methanol produced significantly higher phe-
nolic content than water. To extract flavo-
noids and phenolic acids, Areias et al. (2000)
compared in sage the efficacy of petroleum
ether, chloroform, ethyl ether, ethyl acetate,
acetone, methanol, 30% ethanol, 80% etha-
nol, and boiling water. They found that ethyl
ether, ethyl acetate, and acetone were the
most efficient for extraction. Areias et al.
(2001) also evaluated extraction solvents in
fresh peppermint. Comparing petroleum ether,
chloroform, ethyl ether, ethyl acetate, acetone,
and methanol, they found that ethanol showed
the highest efficacy, generating the greatest
number of phenolic compounds. The efficacy
of ethanol in extraction of fresh herbs is fur-
ther supported by the results of our current
study in which two of the most widely used
solvents, methanol and ethanol, were com-
pared. Here we showed that for fresh herbs,
ethanol extraction had significantly higher
polyphenol contents and TEAC antioxidant
capacity, yet for dried herbs, the efficacy of

ethanol/methanol extraction varied with dif-
ferent drying treatment. The effectiveness of
different solvents varied not only with spe-
cies and compounds of interest, but with sam-
ple drying conditions. Furthermore, solvent
choice should include not only yield, but also
environmental considerations. Ethanol ex-
traction may be more desirable in some cases
because it is less toxic and more environ-
mentally friendly than methanol.

In conclusion, both drying and extraction
conditions can significantly impact TPP and
antioxidant capacity of peppermint, rose-
mary, and motherwort leaves. Sun-dried or
40 �C oven-dried herbs exhibited signifi-
cantly higher TPP and antioxidant capacity
than fresh samples, suggesting low-tempera-
ture drying may not only be a good post-
harvest means to store medicinal/culinary
herbs, but provides improved biochemical ac-
tivity. Exposure to 70 �C oven-drying caused
significant antioxidant loss compared with
low-temperature drying. Furthermore, the cur-
rent study showed that with fresh tissue,
ethanol extraction had significantly higher
polyphenol contents and TEAC antioxidant
capacity than methanol extraction for all
three herbs evaluated. Yet for dried herbs,
the efficacy of ethanol/methanol extraction
varied with different drying treatment, in-
dicating that the efficacy of different solvent
extraction varied not only with species and
compounds of interest, but with different
sample drying conditions as well.
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