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Abstract

A simple, robust, and precise method for the absolute quantification of the terpenes α-pinene, camphene, β-
pinene, 3-carene, limonene, bornyl acetate, β-caryophyllene, and borneol was developed using gas
chromatography coupled to a flame ionization detector (GC-FID) and validated according to the International
Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use. The GC-FID method
shows high accuracy (91–105%) and low imprecision (< 7.6%) for all terpenes at quality control (QC) low, medium,
and high level. The curves are linear with strong correlation (R2 ≥ 0.999) for all terpenes. Additionally, the relative
response factor (RRF) for each terpene is calculated. The method was validated in terms of specificity, linearity,
accuracy, precision, LOD, LOQ, stability tests, and carry-over. The method was successfully applied to quantify the
selected terpenes in conifer-derived essential oils (CEOs). The total amount of terpenes ranged from 6.3 to 11.8 mM.
Additionally, the CEOs were screened in vitro for the antibacterial activity against E. coli and S. aureus using the
broth microdilution method to determine the minimum inhibitory concentration (MIC). All the CEOs showed
antibacterial activity in the concentration from 0.3 to 50 μg/mL (S. aureus) and 1.2 to 50 μg/mL (E. coli), respectively.
CEO14 showed the most effective antibacterial activity of the entire tested CEOs (MIC values 0.3 μg/mL (S. aureus);
1.2 μg/mL (E. coli)). Our results suggest that the terpenoid profile should be considered for a comprehensive
evaluation of the antibacterial activity, as none of the single compounds seems to be fully responsible for
antibacterial activity.
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activity

Introduction
Essential oils (EOs) are mixtures of natural chemical
substances mainly categorized into monoterpenes, ses-
quiterpenes, and their oxygenated derivatives at differ-
ent concentrations, which are responsible for their
biological and physiological activities such as anti-
microbial, anticarcinogenic, or antioxidative effects.
EOs are the product of the secondary metabolism of
the plant and are widely used in folk and evidence-

based medicine as well in drug, perfume, and food
industries. Due to the increased resistance of micro-
organism against conventional antibiotics, the focus
on EOs as a new antibacterial alternative is established
(Başer and Buchbauer 2016; Sarac et al. 2014;
Chouhan et al. 2017). Many EOs were screened
against a panel of microorganism to evaluate the anti-
bacterial activity (Hong et al. 2004). The chemical
composition of the EOs and their amount of com-
pounds define their antibacterial activity (Sarac et al.
2014). The microorganisms are susceptible to various
terpenes since investigated EOs differ in their antibac-
terial profile. In general, the oxygenated terpenes
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exhibited better antibacterial activity than the hydro-
carbon congeners (Nazzaro et al. 2013; Guimaraes
et al. 2019; Iseppi et al. 2019; Dahham et al. 2015;
Hong et al. 2004). As described previously, terpenes
have several targets in the bacterial membrane and in
the cytoplasm of bacterial cell (Burt 2004; Nazzaro
et al. 2013). Due to the lipophilicity, EOs are capable
to incorporate into the bacterial membranes. Conse-
quently, permeability of the membrane is altered, and
loss of cell contents can occur which can lead to cell
death (Sarac et al. 2014; Burt 2004). Furthermore, the
cell membrane and membrane proteins can be dam-
aged or the EO can affect the ATP synthesis so that
the intracellular ATP pool is reduced. Additionally,
the EOs can act intracellular and denature cellular
proteins or interfere with the protein synthesis. Due to
the high variety of compounds present in the EOs, the
antibacterial activity cannot be induced by a single
mode of action (Nazzaro et al. 2013).
There are several published studies of conifer-derived

essential oils (CEO), which have already analyzed the
chemical composition and evaluated the antibacterial
properties against a panel of microorganisms. These
publications show that the CEOs are able to inhibit the
growth of gram-positive and gram-negative bacteria
(Hong et al. 2004; Lee et al. 2009a; Fahed et al. 2017;
Bouyahya et al. 2019; Lee et al. 2008; Park and Lee 2011;
Pichette et al. 2006; Bagci and Digrak 1996; Lee et al.
2009b). Nevertheless, the majority of these studies did
not use a standardized approach for the evaluation of
the antibacterial activity. However, using a standardized
approach is pivotal to compare the effectiveness of the
activity among the several CEOs. For the quantitative
determination of the compounds in the EOs, the
European Pharmacopeia (chapter 2.8.12) uses the
normalization procedure (Ph. Eur.). So far, most CEOs
have been quantitatively characterized using the area
normalization procedure. It is obvious that this approach
has several limitations such as (i) dilution effects are not
detectable and (ii) the compounds do not have similar
affinity to the detector. Subsequently, biological data is
not comparable among EOs. Therefore an absolute
quantitative analytical procedure is needed (Bicchi et al.
2008). Even though numerous studies on the determin-
ation of EO compounds using internal standard(s) have
already been reported, to our knowledge, there are no
reports for absolute quantification of terpenes in CEOs
using the relative response factor (RRF) by means of gas
chromatography coupled to a flame ionization detector
(GC-FID) (Demirbolat et al. 2019; Ibrahim et al. 2019;
Lim et al. 2019). However, the absolute quantification is
crucial for the correct evaluation of biological assays of
several CEOs and other pharmacological active medi-
cinal plants. Current studies on Cannabis sativa L.

highlighted the importance of terpene fingerprints on
the pharmacological activity besides the cannabinoids
(Iseppi et al. 2019; Mudge et al. 2019; Russo 2011). Fur-
thermore, absolute quantification, additionally to the
relative amount of the chemical composition, is recom-
mended for a proper quality evaluation (Edris 2009).
The present work represents an absolute quantification

of terpenes present in CEOs and the evaluation of the
antibacterial activity applying standardized approaches. In
here, we describe the development and validation of a
simple, robust, and precise GC-FID method using cis-3-
hexenol as internal standard (IS) for the absolute quantifi-
cation of eight terpenes. In addition, the antibacterial
effect of the CEOs against gram-positive and gram-
negative bacteria was evaluated applying a standardized
assay format. The MIC of the CEOs was correlated to the
absolute concentration of single terpenes and to the over-
all terpenoid content.

Experimental
Reagents
Camphene (95%), 3-carene (92%), β-caryophyllene (≥
80%), dimethyl sulfoxide (DMSO), heptane (≥ 99%),
(-)-α-pinene (≥ 99%), and (-)-β-pinene (95%) were pur-
chased from Sigma–Aldrich. Borneol was provided from
Systema Natura GmbH. L-Bornyl acetate and cis-3-hexe-
nol were obtained from Frey + Lau. Ethanol absolute (≥
99.8%) was obtained from Fisher Chemical. Limonene (>
95%) was purchased from Fluka. Ampicillin (Ampicillin
stock solution 1 mg/mL) and McFarland turbidity stand-
ard number 0.5 were provided. Helium 6.0 and Hydro-
gen 5.0 were purchased from PanGas. BBLTM Mueller
Hinton II Agar and BBLTM Mueller Hinton II Broth
were obtained from Becton, Dickinson and Company. 96
well microplate (PS, V-Bottom) was supplied by Greiner
Bio-One. Commercially available essential oils were pur-
chased from different suppliers. A detailed overview and
used in-house codes can be found in Supplementary
Table 1S.

Chromatographic conditions
The GC analysis was performed using a Thermo Fisher
Scientific Trace Ultra gas chromatograph equipped with
a DB-WAX capillary column (30 m × 0.25 mm i.d., film
thickness 0.25 μm). The temperature of the injection was
220 °C. The injection volume was 1 μL using a split ratio
of 1:20 with a split flow of 20 mLmin−1. Helium was
used as carrier gas at a constant flow rate of 1.0 mL
min−1. The oven temperature was kept at 50 °C for 15
min and then heated to 200 °C with 8 °C min−1 and kept
constant at 200 °C for 4 min. The temperature of the
detector was 250 °C. Peaks were identified by comparing
the retention times with respective reference
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compounds. The data were acquired with Chrom Card
Trace Focus GC (Thermo Fisher scientific, version 2.9).

Method validation
The developed GC-FID method was validated for speci-
ficity, linearity, accuracy, precision, limit of detection
(LOD), stability tests, and carry-over according to the
International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use
(ICH) Q2A and Q2B guidelines(International Confer-
ence on Harmonization (ICH). Validation of analytical
procedures. Text and Methodology Q2 (R1) 1996). For
the method validation, separate stock solutions for cali-
brators (Cal) and quality control (QC) samples consist-
ing of 51.5 mM of camphene, 64.8 mM of borneol, 89
mM of β-caryophyllene, 124 mM of limonene, 125 mM
of α-pinene, β-pinene, and 3-carene and 253 mM bornyl
acetate were dissolved in an ethanol-heptane mixture
(Supplementary Table 2S). Serial dilution using heptane
was performed to obtain different Cal and QC concen-
trations (Supplementary Table 3S and 4S). Cis-3-hexenol
was used as IS at a final concentration of 3.0 mM. Ali-
quots were stored at − 20 °C until processing. Calibra-
tion curves were constructed from the ratio of the peak
area of the Cal samples to the peak area of the IS versus
the ratio of their concentrations. Linearity evaluation of
the calibration curve was accomplished by applying the
weighted least squares regression model. Daily regres-
sion lines (n = 6) were used for the back-calculation of
the concentration of each Cal. To determine the accur-
acy and intra- and interday precision (precision was
expressed by the relative standard deviation (RSD);
RSDR/RSDT) of the developed GC-FID method, the Cal
and QC samples were analyzed over six consecutive days
and QC samples were analyzed in duplicate. Daily
regression lines (n = 6) were used to calculate the rela-
tive response factor (RRF) for each terpene T (response
factor (RF T) = peak area terpene T (PA)/concentration
terpene (conc); RRF = RF T/RF IS). Additionally, the ac-
curacy and intra- and interday precision (RSDR/RSDT)
of the QC samples and the back-calculation of the Cal
samples were determined. The LOD for each terpene
(signal-to-noise ratio (S/N) of 3:1) was evaluated manu-
ally by serial dilutions of Cal 6. For the limit of quantifi-
cation (LOQ) predefined goals for accuracy (85–115)
and RSD (< 15%) were set at QC low and QC high level
(Armbruster and Pry 2008).
For FT stability testing, the QC med (n = 3) was fro-

zen at − 20 °C and was thawed to room temperature
after 24, 48, and 72 (or 120) h (3 FT cycles). Subse-
quently, the samples were refrozen at − 20 °C. To
evaluate the autosampler stability, the processed QC
med (n = 3) was analyzed at ambient temperatures after
6, 9, 14, and 24 h, respectively. For calibration stability,

the QC samples (low and high) over the six validation
days were inserted into the calibration equation of the
first day and the accuracy was calculated.
The long-term stability for the processed Cal and QC

samples was demonstrated for QC med for 1 month
stored at − 20 °C. The stock solution stabilities for the
Cal samples and the IS were tested after 5 days and after
1 month stored at 5 °C. To determine possible carry-
over, a blank sample of heptane was injected after the
highest Cal (Cal 1) and was evaluated for corresponding
peaks.
The absolute concentration of the single terpenes was

measured using conc T = (PA T/PA IS) *(1/RRF T) *
conc IS.

Sample preparation
For sample preparation, 20 μL of the commercial CEOs
(final dilution 1:500) was mixed with 200 μL stock solu-
tion IS and were diluted with heptane to 10mL. Subse-
quently, the samples were analyzed by GC-FID.

Data analysis
Chrom Card Trace Focus GC (Thermo Fisher scientific,
version 2.9) was used for peak integration and quantifi-
cation of data. All statistical analyses and illustrations
were carried out using the GraphPad Prism 8 (version
8.0.0 (224)) software.

Antibacterial activity
The antibacterial activity of the CEOs was characterized
by determination of the minimum inhibitory concentra-
tion (MIC). MIC values were determined by a broth
microdilution method. The CEOs and the compound
bornyl acetate were tested against Escherichia coli ATCC
25922 (E. coli) and Staphylococcus aureus ATCC 27853
(S. aureus).
All tests were performed in Mueller Hinton (MHII)

broth media. The bacterial suspensions were adjusted
visually to 0.5 McFarland standard turbidity (using bac-
terial inoculates which are prepared a day before and
stored overnight at 37 °C) and diluted in MH II broth
medium.
A stock solution of the CEOs with DMSO was pre-

pared (1:1, v/v). The solvent for the dilution was DMSO/
ddH2O (1:1, v/v). A serial doubling dilution of the CEOs
using MH II broth medium was prepared in a 96-well
microtiter plate with a final DMSO concentration of 5%
(v/v) to obtain CEOs concentration from 50 to 1.56 μg/
mL or 0.05 μg/mL, respectively. Ampicillin (1 mg/mL)
served as positive control. In each assay, controls of ster-
ility and bacterial growth of the examined strains were
used. Each test was carried out in triplicate on each well
and repeated at least two times (n = 3). The MIC values
were determined after 16–24 h of incubation at 37 °C
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shaking at 200 rpm on a Clim-O-Shake, System Kühner.
The MIC is defined as the lowest concentration of the
CEO at which the microorganism does not demonstrate
visible growth. The bacterial growth was determined by
visual inspection of turbidity.

Results
A chromatographic procedure to separate α-pinene,
camphene, β-pinene, 3-carene, limonene, bornyl

acetate, β-caryophyllene, and borneol was developed
and validated. The method provided baseline separ-
ation for all terpenes (Fig. 1).The best fit across the
calibration range was 1/x2 for α-pinene, β-pinene, 3-
carene, bornyl acetate, camphene, limonene, β-
caryophyllene, and borneol (Fig. 2). Retention times,
RRFs, and LoDs are presented in Table 1. The back-
calculated concentrations of the Cal were within ±
10% of the nominal concentrations with the weighted

Fig. 1 Chromatographic profiles of GC-FID of Cal 3 showing the eight terpenes with the IS. The chemical structures are provided in
Supplementary Table 2S

Fig. 2 Calibration curves of the eight terpenes
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Table 1 Method validation data: Retention time, RRF (n = 6), LOD, accuracy, intra-day (RSDR) and inter-day precision (RSDT) (n = 6).
Data calculated with the RRF are in bold

Retention
time
[min]

RRF LoD
[μM]

QC low QC med QC high

Accuracy
(%)

RSDR,
(%)

RSDT,
(%)

Accuracy
(%)

RSDR,
(%)

RSDT,
(%)

Accuracy
(%)

RSDR,
(%)

RSDT,
(%)

α-Pinene 3.8 1.8 2.7 93/93 1.2/1.3 1.4/1.4 95/96 2.2/2.2 3.4/2.5 103/105 1.1/1.1 2.4/1.7

Camphene 4.5 2.2 11.0 91/91 1.7/0.0 3.3/2.0 95/96 2.3/2.7 1.8/1.5 91/92 1.8/1.8 3.7/4.4

β-Pinene 5.4 1.8 5.3 93/92 1.6/1.6 1.8/1.8 94/95 2.7/2.7 4.2/2.9 103/105 1.4/1.4 3.0/2.1

3-Carene 6.5 1.6 7.3 95/93 2.0/2.0 3.2/2.1 95/95 3.1/3.1 4.3/3.4 104/106 1.7/1.7 3.5/2.4

Limonene 8.4 1.8 6.6 96/94 3.3/3.5 2.3/2.8 97/100 3.2/3.2 3.1/2.2 93/96 2.7/2.7 6.10/6.1

Bornyl acetate 22.5 1.7 2.4 92/93 4.1/4.2 4.0/4.6 95/96 5.6/5.6 8.7/6.5 105/107 3.3/3.3 5.6/4.5

β-
Caryophyllene

22.8 2.3 2.8 101/100 4.9/5.0 5.1/5.7 103/108 6.2/6.2 5.6/3.4 97/100 6.2/6.2 7.6/9.1

Borneol 25.5 1.7 4.3 93/96 4.3/4.5 3.0/3.3 97/104 4.2/4.2 4.0/2.3 95/101 3.6/3.6 5.6/6.8

Fig. 3 Stability of calibration of QC low and QC high exemplified of (a) α-pinene and (b) bornyl acetate over six validation days calculated with
the calibration equation of the first day. The dotted lines represent an error of ± 20%
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least squares regression model and ± 15% with the
RRF method, respectively. The calculated values for
accuracy and RSDR/RSDT of the QC samples and the
values calculated with the RRF method are presented
in Table 1. The accuracy and RSDR/RSDT were in the
ranges of 91–105% and < 7.6%, respectively. The ac-
curacy and RSDR/RSDT calculated with the RRF
method were in the ranges of 91–107% and < 9.1%,
respectively. The lower limit of quantification (LLOQ)
and upper limit of quantification (ULOQ) were set to
the lowest and highest calibration levels, respectively.
Regression equations, correlation coefficients (R2), lin-
ear range, retention time robustness, and back-
calculated values of the Cal are listed in Supplemen-
tary Table 5S. The obtained correlation coefficients
show strong correlation (R2 ≥ 0.999) for all terpenes.

The retention times are constant with a RSD of ≤
0.2% (= 13.2 s) for all terpenes.
The results of the stability tests were in the range

of 88–119%. QC med was stable for at least three FT
cycles at − 20 °C (Supplementary, Fig. 1aS). The proc-
essed samples were stable for at least 24 h in the
autosampler at ambient temperature (Supplementary,
Fig. 1bS). All terpenes were stable over the whole val-
idation time of 6 days (Fig. 3 and Supplementary, Fig.
2S). The terpenes were stable for 1 month at − 20 °C.
The processed and aliquoted Cal and QC samples
were stable for at least 1 month at − 20 °C, and the
stock solutions for the Cal samples and internal
standard (IS) were stable for the same time range at
5 °C (Supplementary, Table 6S). There is no observed
carry-over in the blank samples.

Table 2 Absolute concentration [mM] of the terpenes and MIC [μg/mL] (n = 3) from the tested CEOs against E. coli and S. aureus,
n.d. not determined

α-Pinene Camphene β-Pinene 3-Carene Limonene Bornyl acetate β-Caryophyllene Borneol Total E. coli S. aureus

[mM] [μg/mL]

CEO1 6.0 0.1 1.1 1.0 0.9 n.d. n.d. n.d. 9.1 5.2 ± 1.8 1.6 ± 0

CEO2 5.0 n.d. 2.4 1.8 1.2 n.d. 0.1 n.d. 10.5 12.5 ± 0 5.2 ± 1.8

CEO3 6.8 n.d. 1.2 1.2 0.9 n.d. n.d. n.d. 10.2 12.5 ± 0 4.7 ± 2.2

CEO4 5.0 0.3 4.4 n.d. 0.7 n.d. 0.1 n.d. 10.5 37.5 ± 17.7 12.5 ± 0

CEO5 3.2 0.8 0.7 2.2 1.3 1.1 0.2 0.1 9.6 37.5 ± 21.7 33.3 ± 14.4

CEO6 5.8 n.d. 1.1 0.8 0.7 0.3 n.d. n.d. 8.6 5.2 ± 1.8 1.7 ± 1.4

CEO7 2.1 0.2 1.2 2.7 1.0 n.d. 0.3 n.d. 7.5 33.3 ± 14.4 25 ± 21.7

CEO8 3.1 n.d. 1.3 1.4 0.9 0.3 0.1 n.d. 7.2 6.3 ± 0 0.9 ± 0.6

CEO9 3.3 0.1 1.4 1.7 1.0 0.3 0.3 n.d. 8.0 33.3 ± 14.4 6.3 ± 0

CEO10 2.7 n.d. 1.4 2.0 1.4 0.3 0.4 n.d. 8.0 50 ± 0 50 ± 0

CEO11 2.8 0.4 1.8 0.5 0.5 0.7 0.3 n.d. 7.1 50 ± 0 50 ± 0

CEO12 2.2 1.6 0.8 1.3 0.4 2.4 n.d. 0.1 8.8 10.4 ± 3.6 8.3 ± 3.6

CEO13 1.8 1.9 0.4 0.7 0.3 3.0 n.d. 0.1 8.2 12.5 ± 0 12.5 ± 10.8

CEO14 0.8 1.1 n.d. n.d. n.d. 4.2 n.d. 0.3 6.3 1.2 ± 0.7 0.29 ± 0.2

CEO15 1.4 2.2 n.d. 1.4 0.5 3.5 n.d. 0.2 9.2 25 ± 0 12.5 ± 0

CEO16 1.5 2.3 0.3 1.6 0.6 2.9 0.1 0.3 9.5 50 ± 0 50 ± 0

CEO17 1.6 2.8 0.3 1.8 0.7 3.2 0.1 0.2 10.8 25 ± 0 12.5 ± 0

CEO18 1.9 2.1 0.4 1.7 0.6 3.5 n.d. 0.2 10.5 12.5 ± 0 12.5 ± 0

CEO19 1.7 2.1 0.3 1.5 0.6 2.8 n.d. 0.2 9.3 25±0 25±0

CEO20 1.4 2.2 n.d. 1.4 0.5 3.3 n.d. 0.2 9.0 37.5±17.7 37.5±17.7

CEO21 1.8 0.8 2.5 2.8 1.0 1.5 n.d. 0.1 10.4 50±0 50±0

CEO22 3.4 0.7 0.4 n.d. 3.8 n.d. 0.1 n.d. 8.3 50±0 12.5±0

CEO23 3.3 0.8 0.3 n.d. 3.4 n.d. 0.2 n.d. 8.0 25±0 6.25±0

CEO24 4.7 1.2 2.6 n.d. 2.3 n.d. 0.4 n.d. 11.1 41.7±14.4 33.3±14.4

CEO25 1.7 0.5 3.7 1.7 0.7 0.3 n.d. 0.1 8.7 12.5±0 3.13±0

CEO26 9.2 0.1 2.0 n.d. 0.4 n.d. 0.1 n.d. 11.8 50±0 18.8±8.8

Bornyl acetate > 50±0 50±0
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The validated method for the absolute quantifica-
tion is applied to measure the absolute contents of
the eight terpenes in the CEOs. GC-FID chromato-
graphic profiles of two CEOs from Pinus sylvestris L.
(P. sylvestris) and Abies sibirica L. (A. sibirica) are
presented in Supplementary Fig. 3S and Fig. 4S. The
values are calculated with the respective RRF and are
summarized in Table 2. The shown values are from
the diluted samples. The total amount of the terpenes
is shown in Fig. 4.
The total amount of the analyzed terpenes ranged

from 6.3 to 11.8 mM. CEO26 showed the highest ter-
pene amount (11.8 mM) followed by CEO24 (11.1 mM)
and CEO17 (10.8 mM). Data were compared using an
unpaired t test with p < 0.05. Statistically significant dif-
ference could be observed between P. sylvestris and
Pinus mugo L. (P. mugo; p value = 0.001) and A. sibirica
and P. mugo (p value = 0.04).
The in vitro antibacterial activity of 26 CEOs and bornyl

acetate was evaluated by a broth microdilution method
using a gram-positive (S. aureus) and a gram-negative (E.
coli) microorganism strain. The results of the MIC (assum-
ing ρEO = 1mg/mL) are shown in Table 2. The solvent of
5% DMSO did not inhibit the growth of the tested bacteria.
MIC values varied from 0.3 to 50 μg/mL (S. aureus) and
1.2–50 μg/mL (E. coli), respectively.

S. aureus
All tested CEOs showed antibacterial activity against S.
aureus. CEO14 was found to possess the highest

antibacterial activity (MIC value 0.3 μg/mL) followed by
CEO8 (MIC value 0.9 μg/mL), CEO1 (MIC value 1.6 μg/
mL), and CEO6 (MIC value 1.6 μg/mL). These CEOs
showed higher antibacterial activity than the positive
control ampicillin (MIC value 3.6 ± 0.6 μg/mL). The
weakest antibacterial activity was obtained by CEO16,
CEO21, CEO11, and CEO10 (MIC value 50 μg/mL).

E. coli
All investigated EOs inhibit the bacterial growth of E.
coli whereas CEO14 was found to possess the highest
antibacterial activity (MIC value 1.2 μg/mL). CEO14
shows higher antibacterial activity than the positive con-
trol ampicillin (MIC value 5.9 ± 1.5 μg/mL).

Discussion
The absolute quantification was based on the internal
standard method using multi-point calibration. The de-
scribed approach focused on major compounds found in
CEOs since full-deck quantification of all terpenes is not
feasible due to lack of reference material and detection
limits. Based on the previous analysis of the chemical
composition of CEOs and the knowledge of their pos-
sible antibacterial properties, eight terpenes are chosen
for this study (Jagannath et al. 2012). The relative
amounts of the selected terpenes in the analyzed CEOs
are presented in Supplementary Table 7S. It is obvious
from the obtained data that the majority of the chemical
composition of the CEOs was covered by the quantified
compounds. The used DB-wax column is frequently

Fig. 4 Total terpene amount of the analyzed CEOs. Significance was tested using an unpaired t-test with p < 0.05 (*)
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used in the analysis of CEOs and provides good reso-
lution and peak shape of the investigated compounds.
The chosen IS was suitable for the quantification since
cis-3-hexenol did not co-elute with any compounds of
the CEOs and the method shows high accuracy and low
imprecision, respectively. This study presents two differ-
ent approaches during the method validation: the
weighted least squares regression model and the RRF ap-
proach. Applying both approaches, the validated
methods show high accuracy and low imprecision. Using
the RRF method, no calibration samples have to be run,
whose preparation and analysis is time-, analyte-, and
solvent-consuming (green chemistry). Therefore, the
RRF method is used for the absolute quantification of
target analytes in CEOs. The samples can be frozen and
thawed for at least three times and processed samples
can be stored at ambient temperature for at least 24 h.
Cal and QC samples and IS can be stored for at least 1
month at 5 °C and can be used for another preparation
of a Cal and QC series within this time range. The cali-
bration is stable for at least 6 days. The processed Cal
and QC samples can be aliquoted and stored for at least
1 month at − 20 °C. The developed and validated method
provides the simultaneous determination of eight
important terpenes in CEOs. This approach is widely
applicable since GC-FID is ubiquitously available in
quality control facilities for essential oils and natural
compound analysis.
All CEOs were analyzed accordingly and tested for

their antibacterial activity. However, the effectiveness of
the inhibition of the bacterial growth varied between the
several CEOs. As expected, gram-positive S. aureus is
more sensitive to the tested CEOs than gram-negative E.
coli (Burt 2004). Highest activities were observed among
the EOs of the species P.sylvestris (CEO1–CEO6) show-
ing on average the highest amount of total terpenes.
However, the most effective CEO belongs to the species
A. sibirica (CEO14) showing the lowest total amount of
terpenes. The data suggest that bornyl acetate plays a
crucial role for antibacterial activity. However, bornyl
acetate alone does not exhibit a noticeable antibacterial
activity. Thus, MICs cannot be fully explained by the
concentration of single terpenes but might be the result
of synergism among the quantified compounds and/or
the compounds present in small concentrations (Sokovic
et al. 2010; Delamare et al. 2007). However, there is no
particular data suggesting synergism between bornyl
acetate and other terpenes. Some studies have demon-
strated synergism mainly produced between oxygenated
terpenes (Sokovic et al. 2010; Fidan et al. 2019; Bassole
and Juliani 2012; Novato et al. 2019; Gavaric et al. 2015;
Jagannath et al. 2012). Thus, in further studies, syner-
gism of bornyl acetate with other terpenes should be in-
vestigated. Furthermore, results indicated that terpene

profiling is crucial. Next to the absolute quantification of
the major components, compounds only present in
traces should be identified. Accordingly, further studies
should examine the sesquiterpene profile of CEOs in
detail.

Conclusion
A simple, reliable, sensitive, accurate, and precise
method for the absolute quantification using cis-3-hexe-
nol as IS of α-pinene, β-pinene, 3-carene, camphene,
limonene, bornyl acetate, borneol, and β-caryophyllene
in CEOs was developed and validated by means of GC-
FID. The method has been successfully applied to
analyze the content of these eight terpenes in CEOs.
Our data showed that the CEOs possessed effective anti-
bacterial activity against S. aureus and E. coli applying a
standardized assay format. The absolute quantification
enables to compare the effectiveness of the antibacterial
activity among the different CEOs. The data indicated
that the terpenoid profile is crucial for a comprehensive
evaluation of antibacterial activity.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s40543-020-00212-y.
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