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Abstract : Probable human carcinogenic compounds nitrosamines, have been detected as by-product impurities in sartan phar-

maceuticals in recent years which has drawn worries for medication safety. To provide a sensitive and effective method for the

quality control of sartan pharmaceuticals, this study established a feasible gas chromatography–tandem mass spectrometry (GC–

MS/MS) method for simultaneous determination of 13 nitrosamines. The target analytes were separated on a DB-WAX Ultra

Inert column (30 m × 0.25 mm; i.d., 0.25 μm) and were then subjected to electron impact ionization in multiple reaction moni-

toring mode. The established method was validated and further employed to analyze authentic samples. Limits of detection

(LODs) and limits of quantification (LOQs) of the 13 nitrosamines were 15-250 ng/g and 50-250 ng/g, respectively, which also

exhibited intra-day and inter-day accuracies of 91.4-104.8%, thereby satisfying validation criteria. Five nitrosamines, viz., N-

nitrosodiethylamine, N-nitrosodimethylamine, N-nitrosodiphenylamine, N-nitrosomorpholine, and N-nitrosopiperidine were

detected at concentrations above their LODs in 68 positive samples out of 594 authentic samples from seven sartans.

Keywords : angiotensin II type 1 receptor blockers, carcinogens, gas chromatography, mass spectrometry, nitrosamines

Introduction

Nitrosamines, analog compounds that include the same

N-nitroso core structure (–N–N=O), are considered probable

human carcinogens; these compounds are generally found

in industrial manufacturing processes and environments.
1

In common industries, such as the food, cigarette, cosmetics,

dye, pesticide, polymer, rubber, steel, and pharmaceutical

sectors, nitrosamines are present as by-product impurities in

the final products or as waste released into the environment.
2

The formation of a nitrosamine involves a series of complex

reactions. While the mechanism of formation remains unclear,

it is understood to involve nitrosation by nitrite, which, in

turn, is affected by various factors, including the employments

of amines, nitrates, and nitrites, as well variations of

reaction conditions (such as pH, content, and concentration

of the precursors).
3,4

 The oxidation of unsymmetrical

dimethylhydrazine (UDMH) and the chlorination of nitrites

can also lead to the formation of nitrosamines.
5

The evaluated excess lifetime cancer risk posed by

nitrosamines is 10
-5

–10
-6

 in the 0.7–100 ng/L concentration

range for drinking water.
6,7

 Since nitrosamines probably pose

cancer risks to humans, several have been regulated by the

international organizations or countries. For example, N-

nitrosodiethylamine (NDEA) and N-nitrosodimethylamine

(NDMA) have been categorized as Group 2A substances

(probably carcinogenic to humans) by the World Health

Organization (WHO), Group 1B substances (presumed to have

carcinogenic potential for humans) in the European Union, and

Group 2B substances (probable human carcinogens) in the

USA. In addition, N-nitrosodipropylamine (NDPA), N-nitro-

somethylethylamine (NMEA), N-nitrosomorpholine (NMOR),

and N-nitrosopiperidine (NPIP) are categorized as Group 2B

substances (possibly carcinogenic to humans) by the WHO.
7,8

NDMA, an impurity present in valsartan, was detected

and reported by Spain in 2018, which was announced via

the PIC/S Rapid Alert System. Initially, this unexpected

impurity was ascribed to a change in the manufacturing

process of valsartan active pharmaceutical ingredient (API)

by a Chinese pharmaceutical company.
9,10

 Subsequently,

more countries have reported the cases of nitrosamine-

contaminated sartan medicines.
11-13

 From these reports, the

nitrosamine contamination of sartan medicines has become

an urgent issue in the world-wide quality control of

pharmaceuticals.

Sartans are classified as angiotensin II receptor type 1

antagonists and are widely used to treat cardiovascular
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diseases, such as hypertension, heart failure, and myocardial

infarction.
14,15

 While minor impurities, such as the degraded

fragments of the target compounds, are produced within

the synthesis of sartan APIs, nitrosamines are not generally

expected to be produced following the methods applied for

synthesizing sartan API.
16-18

 Unfortunately, some alterations to

the synthetic protocols have led to the formation of

nitrosamines. For example, the solvent used in the recovery

process can lead to the formation of nitrosamines. The aprotic

polar solvent used to manufacture sartans, especially

dimethylformamide (DMF), is recycled and quenched with

sodium nitrite (NaNO
2
) to remove residual azide formed

through the use of anhydrous zinc chloride (ZnCl
2
) and sodium

azide (NaN
3
), which leads to the formation of NDMA.

19,20

Since nitrosamines are probably carcinogenic to humans,

establishing an analytical method for the detection of

nitrosamines in pharmaceutical products has become an

important objective. Literatures have reported methods for

determining nitrosamines based on liquid chromatography

coupled with tandem mass spectrometry (LC–MS/MS).
21,22

On contrast, several research teams have developed analytical

methods for few nitrosamines based on gas chromatography–

mass spectrometry GC–MS and GC–MS/MS methods.
23,24

This study aimed to develop a GC–MS/MS method of larger

coverage for the screening of 13 nitrosamines in sartan

medicines. The established method was validated and further

employed to analyze authentic sartan medicines.

Materials and Methods

Chemicals and reagents

N-Nitrosodibutylamine (NDBA), NDEA, NDMA,

NDPA, NDMA-d
6
, and NDPA-d

14
 were purchased from

AccuStandard (CT, USA). N-Nitrosoethylisopropylamine

(NEIPA), N-nitrosodiisopropylamine (NDiPA), and NMOR

were purchased from BOC Sciences (NY, USA), Chem

Service (PA, USA), and Sigma-Aldrich (MO, USA),

respectively. N-Nitrosodiphenylamine (NDPhA) and NPIP

were purchased from Supelco (PA, USA). N-Nitrosodiiso-

butylamine (NDiBA), N-nitrosodicyclohexylamine (NDCHA),

N-nitrosodiisononylamine (NDiNA), NMEA, N-nitrosodiethy-

lamine-d
4
 (NDEA-d

4
), and N-nitrosodiphenylamine-d

10

(NDPhA-d
10

) were acquired from TRC (ON, Canada).

Chromatography-grade methanol was obtained from

Sigma-Aldrich (MO, USA). The chemical structures of the

13 nitrosamines analyzed in this study are shown in Fig. 1.

A total of 594 authentic samples of seven sartans, viz.

azilsartan medoxomil (19 final products), candesartan

cilexetil (4 APIs and 6 final products), irbesartan (35

APIs and 28 final products), losartan (68 APIs and 198

final products), olmesartan medoxomil (8 APIs and 18

final products), telmisartan (18 final products), and

valsartan (65 APIs and 127 final products), were

collected by local public health bureaus in Taiwan and

analyzed in this study.

Instrumentation and chromatographic conditions

The experiments were conducted on a GC–MS/MS

system in which a 7890B GC instrument was coupled to a

7000C triple quadrupole mass spectrometer, both from

Agilent Technologies (Santa Clara, CA, USA). Data

acquisition and processing were performed using Agilent

Mass Hunter Quantitative Analysis B.06.00 and Mass

Hunter Qualitative software. Chromatography was

performed using an Agilent Technologies DB-WAX Ultra

Inert column (30 m × 0.25 mm; i.d., 0.25 μm), with the

performance of an Agilent J&W HP-5MS column (30 m ×

0.25 mm; i.d., 0.25 μm) and an Agilent DB-624 column (60

m × 0.25 mm; i.d., 1.40 μm) was also examined. The carrier

gas (helium) was set to a constant flow rate of 1 mL/min.

The GC operating parameters were as follows: pulsed split-

less injection mode, inlet temperature 250
o

C, and interface

temperature 250
o

C. The GC temperature program was set as

follows: the initial temperature of 80
o

C was held for 3.0 min,

after which it was raised to 250
o

C at 20
o

C/min and held for

3 min. A sample injection volume of 2 μL was applied. The

total chromatographic run time was 14.5 min. The mass

spectrometer was operated in electron impact (EI) ionization

mode under the following conditions: ionization energy 70

eV, ion source temperature 230
o

C, and 1
st

 & 2
nd

 quadrupole

temperature 150
o

C. Analytes were monitored in multiple

reaction monitoring (MRM) mode. The MRM parameters,

including the MRM transitions, quantifiers, qualifiers, and

collision energies, are provided in Table 1.

Standard solution preparation

Stock solutions of the 13 nitrosamines and four internal

standards (ISs) were prepared in methanol at concentrations of

1000 μg/mL. The IS stock solution was diluted with

methanol to prepare 200 ng/mL IS solutions. Calibration

curves for the nitrosamines were prepared at seven points

in the 1–50 ng/mL concentration range, including the IS of

equivalent 20 ng/mL. All the stock and working solutions

were stored at -30
o

C. All reagents were brought to

controlled room temperature prior to use.

Sample preparation

Sartan matrices (100 mg; API or ground tablet powder), IS

solutions (500 μL; 200 ng/mL), and 4.5 mL of methanol were

transferred to a 15-mL centrifuge tube and mixed well to form

a homogeneous solution. It should be noted that methanol was

replaced with the standard solution of interest for validation

purposes. Each solution was sonicated for 30 min and then

filtered through a 0.22-μm polyvinylidene fluoride (PVDF)

filter. The filtrate was collected as the sample solution and

subjected to analysis in this study.

Method validation

Linearity and sensitivity

Linearity was assessed by least-squares linear regression

analysis of the calibration curves. The calibration curves

were constructed by plotting the peak area ratio of the



Screening of Nitrosamine Impurities in Sartan Pharmaceuticals by GC-MS/MS

©Korean Society for Mass Spectrometry Mass Spectrom. Lett. 2021 Vol. 12, No. 2, 31–40 33

standard solution vs. IS determined by the analysis of 13

standard solutions with concentration range of 1–50 ng/mL.

The acceptable value for the correlation coefficient (r) was

0.995 and above. The limits of detection (LOD) and

quantification (LOQ) were selected as indices of sensitivity and

evaluated following the validation protocol of the International

Council for Harmonisation (ICH).
25

 The LOD and LOQ were

determined based on signal-to-noise (S/N) ratios of 3 and 10,

respectively, whereas ± 20% was set as the ion-ratio criterion.

Accuracy and precision

Prior to any assessment, the sartan matrices were

examined to ensure that no nitrosamines were present as

interferents. Accuracy, expressed as recovery (%), was

determined through quality control (QC) based on intra-

day and inter-day target analyte testing following the ICH

procedure.
25,26

 The QC criteria are referenced to those of

the Taiwan Food and Drug Administration (TFDA): for 1-

10 ng/mL, recoveries of 60-125% and an RSD < 30%; for

10-100 ng/mL, recoveries 70-120% and an RSD of 20%.

Accuracy (%) was assessed by comparing the concentration

of the analyte determined in the matrix (A) with the

concentration of the standard solution (B) as follows: [A]/

[B] × 100%. Precision (RSD in %) was assessed at three

concentrations (5, 25, and 50 ng/mL) on the same day (n

= 3) and over three consecutive days (n = 9).

Figure 1. Chemical structures of the 13 nitrosamines.
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Results and Discussion

GC–MS/MS method development

As part of the optimization process, the efficacy of

different columns was investigated in order to determine

which was the most suitable for the chromatographic

analysis of the target analytes. Several columns have

reportedly been used to detect nitrosamines in non-water

matrices. Santillana et al. reported a GC–MS method for

the detection of eight nitrosamines in polymer teats and

soothers by applying an Agilent DB-624 column in which

the overall run time of the method was 30 min.
27

 The U.S.

FDA has specified GC–MS and GC–MS/MS methods for

the detection of nitrosamines in valsartan that use Agilent

DB-WAX and VF-WAXms columns with overall run times

for both methods of less than 20 min.
28,29

 In the current

study, the three columns described in the “Instrumentation

and chromatographic conditions” section were examined.

The 13 nitrosamines (50 μg/mL in methanol) were separately

analyzed in full scan mode using the three columns and

the temperature program reported in the literature for

the chromatographic separation of the target analytes.
29

Nevertheless, the reference method was not entirely

suitable for this study because a larger number of nitrosamines

was investigated; several analytes did not appear in the

chromatogram within the run time, and the entire analysis

process was inefficient, with loosely dispersed chromatographic

peaks. Hence, the method was adjusted to improve the peak

profile, with most analytes finally separated by applying the

temperature program described in “Instrumentation and

chromatographic conditions” section. However, discrepancies

of the individual columns were observed in the chromato-

graphic separations, which are ascribable to the polarity

difference among the target analytes and columns. NDMA

and NMEA were coincident with the solvent peak (3 min)

using the HP-5MS column, owing to the high polarity of both

analytes, while the remaining 11 nitrosamines exhibited split

peaks. On the other hand, NDiNA, NDCHA, NDELA, and

NDiPLA were not detected using the DB-624 column,

whereas the peaks for the remaining nine nitrosamines were

asymmetric. In contrast, the DB-WAX Ultra Inert column

demonstrated good resolution (more than 0.1 min between

adjacent analytes) and symmetric peaks for all 13

nitrosamines. Based on these results, DB-WAX Ultra Inert

column was adopted for further method development.

The MS/MS conditions were optimized in order to select

the best precursor and product ions for each analyte based

on the ions collected in full scan mode (in the 50–300 m/z

range). The ionization energy was appropriately set in

order to optimally fragment each analyte since the

ionization energy would affect screening efficacy and

target analyte quantification. The lower ionization energy

40 eV has been reportedly used to determine multiple

nitrosamines.
29

 Therefore, the ionization energy was

initially set at 40 eV in this study. However, the scale of this

energy level was found to be insufficient to fragment those

nitrosamines with larger molecular weights. Consequently, the

ionization energy was adjusted to the higher level 70 eV; at this

energy level, all 13 nitrosamines were successfully ionized to

generate fragments suitable for MRM mode. The MRM

parameters for the 13 nitrosamines and 4 ISs are listed in Table

1, whereas the total ion chromatograms (TICs) of GC analysis

and MRM chromatograms for mass fragment are displayed in

Figure 2 and Figure 3, respectively. Although the qualifiers and

quantifiers of the analytes were determined according to the

relative intensities of the precursor and product fragments,

specific scenarios needed to be considered. For example, the

matrix can contribute ions to the analytes in MRM mode. In this

study, the matrix interfered with the 210 > 193 m/z qualifier ions

Table 1. MRM parameters for the 13 nitrosamines and four ISs.

Analyte

Retention 

time

(min)

MRM transition

 (m/z)

Dwell time

(ms)

CE

(eV)

NDMA 5.004

74 > 42
 a

74 > 44

80

20

13

NMEA 5.556

88 > 71
 a

88 > 42

45

2

15

NDEA 5.875

102 > 85
 a

102 > 56

45

2

15

NEIPA 6.225

116 > 99
 a

116 > 44

55

2

12

NDiPA 6.470

130 > 88
 a

130 > 42

55

2

10

NDPA 7.113

130 > 113
 a

130 > 43

40

2

13

NDiBA 7.278

115 > 84
 a

103 > 57

40

2

8

NDBA 8.412

116 > 99
 a

158 > 99

100

2

5

NPIP 8.643

114 > 84
 a

114 > 97

55

10

5

NMOR 9.139

116 > 86
 a

116 > 56

55

2

13

NDiNA 11.606

169 > 99
 a

281 > 225

100

12

12

NDCHA 12.638

210 > 128
 a

210 > 111

150

5

2

NDPhA 13.141

169 > 168
 a

169 > 167

65

18

30

NDMA-d6 4.996 80 > 46
 a

80 18

NDEA-d4 5.873 106 > 88
 a

45 2

NDPA-d14 7.049 110 > 78
 a

40 2

NDPhA-d10 13.123 179 > 177
 a

80 18

a 
quantifier; CE: collision energy; MRM: multiple reaction moni-

toring
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for NDCHA; hence, to avoid incorrect assignments, the 210 >

111 (m/z) qualifier ions were used instead, which helped to

diminished interference from the matrix.

Method validation

Linearity and sensitivity

The calibration curves for the 13 nitrosamines were

assessed in the 1-50 ng/mL concentration range, with the

criterion of correlation coefficient (r) for each analyte set

to 0.995 and above. The r values for all 13 nitrosamines

exceeded 0.995 (data shown in Table S1 of supplemental

data), revealing sufficient linearity in the concentration

range and indicating that the ISs used are suitable for the

quantification of the target analytes by applying the

developed method. The LOD and LOQ for each

nitrosamine in each sartan matrix, including the APIs and

final products, were determined and the data are listed in

Table 2. The lower limits were achieved for most analytes

during qualification and quantification; however, the

matrices significantly hindered quantification ions of

analytes at low concentrations, which affected the

determination of LOD and LOQ. This hindering effect is

attributable to the components of the matrices of final

products, such as the excipients, whereas few hindering

effects were observed for the API matrices. Among all

matrices, that of the losartan final product hindered most

analytes, including NDMA, NMEA, NDPA, NDiBA,

NMOR, and NDCHA. To diminish the hindering effects

of the matrices on LOD determination, solid phase

extraction (SPE) was applied to purify the samples.

Several cartridges (Agilent Bond Elut C18, 50 mg, 40

µm, 3 mL; Oasis MCX Vac, 60 mg, 30 µm, 3 mL; Oasis

HLB Vac, 60 mg, 30 µm, 3 mL) and elution conditions

were examined; however, no remarkable improvement

was observed owing to poor recoveries, which made

improving the LODs of the analytes difficult.

GC–MS and GC–MS/MS methods have been developed

for determining nitrosamines in sartans. The U.S. FDA

established a GC–MS/MS method for determining five

nitrosamines for which LODs of 1–10 ng/g were observed

for sartan APIs and 2–16 ng/g for sartan final products.

Furthermore, LOQs were observed to range from 5 to

25 ng/g in sartan APIs and from 8 to 40 ng/g in sartan final

products.
29

 Health Canada announced a GC–MS/MS

method for detecting NDMA and NDEA in sartan APIs,

with LODs of 2 ng/g for both nitrosamines, and LOQs of

5.4 ng/g and 7.3 ng/g, respectively.
30

 Compared to the

methods reported in the literature, the GC–MS/MS method

developed in this study is effective for a larger variety of

analytes and displays sufficient sensitivity for the detection

and determination of nitrosamines in sartans.

Accuracy and precision

The intra-day accuracies for the 13 analytes in the sartan

APIs were determined to be 97.0-103.5% with precisions

of 0.5-9.7%, whereas these values were 91.4-104.2% and

1.2-7.9% for the sartan final products, respectively. The 13

analytes in the sartan APIs exhibited inter-day accuracies of

97.8-104.8% with precisions of 1.5-12.2%, whereas the sartan

final products exhibited values of 92.9-103.3% and 1.6-7.1%,

respectively. Therefore, the accuracies and precisions of the 13

analytes in the sartan matrices, including the APIs and the

final products, are compliant with the criteria set in “Accuracy

and precision” section (all data were shown in Table S2 and

S3 of supplemental data).

Application to authentic samples

The validated method was further applied to analyze the

sartan samples collected from the pharmacies and

pharmaceutical manufacturers. A total of 594 authentic

samples from seven sartans were analyzed, the results of

which are summarized in Table 3. Five nitrosamines,

Figure 2. Total ion chromatogram of the 13 nitrosamines (25 ng/mL) and four ISs (20 ng/mL).
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including NDMA, NDEA, NDPhA, NMOR, and NDIP

were detected at concentrations above their LODs in 68

positive samples of losartan, irbesartan, and valsartan.

Among the samples, the valsartan products included 57

positive samples (duplicated samples excluded) with the

highest nitrosamine contents (NDMA, 99,790 ng/g). In

addition, these positive samples were found to contain

multiple targets, with NDEA detected most frequently in

these samples. On the basis of these results, we conclude

that the developed method is a sensitive and effective

technique for monitoring and quantifying multiple

nitrosamines in sartans.

Table 2. LODs and LOQs for the 13 nitrosamines (APIs).

Analyte

Matrix

Candesartan

cilexetil

Irbesartan Losartan

Olmesartan

medoxomil

Valsartan

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

NDMA 0.025 0.05 0.025 0.05 0.025 0.05 0.25 0.25 0.025 0.05

NMEA 0.025 0.05 0.025 0.05 0.025 0.05 0.025 0.05 0.015 0.05

NDEA 0.025 0.05 0.025 0.05 0.025 0.05 0.015 0.05 0.025 0.05

NEIPA 0.025 0.10 0.025 0.10 0.015 0.10 0.015 0.10 0.025 0.15

NDiPA 0.015 0.05 0.015 0.05 0.015 0.05 0.025 0.05 0.015 0.05

NDPA 0.25 0.25 0.025 0.05 0.025 0.05 0.025 0.05 0.015 0.05

NDiBA 0.05 0.10 0.05 0.10 0.05 0.10 0.10 0.10 0.05 0.10

NDBA 0.015 0.05 0.015 0.05 0.015 0.05 0.015 0.05 0.025 0.05

NPIP 0.015 0.05 0.025 0.05 0.015 0.05 0.025 0.05 0.025 0.05

NMOR 0.025 0.05 0.025 0.05 0.015 0.05 0.025 0.05 0.025 0.05

NDiNA 0.025 0.05 0.025 0.05 0.025 0.05 0.025 0.05 0.025 0.05

NDCHA 0.025 0.05 0.025 0.05 0.025 0.05 0.025 0.05 0.025 0.05

NDPhA 0.015 0.05 0.015 0.05 0.015 0.05 0.05 0.05 0.015 0.05

Note: Five sartan APIs merchandised in Taiwan were tested.

Table 2. (Continued, final products)

Analyte

Matrix

Azilsartan

medoxomil

Candesartan

cilexetil

Irbesartan Losartan

Olmesartan

medoxomil

Telmisartan Valsartan

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

LOD

(μg/g)

LOQ

(μg/g)

NDMA 0.30 0.30 0.025 0.05 0.05 0.05 0.25 0.25 0.25 0.25 0.10 0.15 0.025 0.05

NMEA 0.025 0.05 0.015 0.05 0.025 0.05 0.025 0.05 0.10 0.10 0.025 0.05 0.025 0.05

NDEA 0.05 0.05 0.025 0.05 0.025 0.05 0.025 0.05 0.015 0.05 0.025 0.05 0.025 0.05

NEIPA 0.05 0.10 0.05 0.10 0.025 0.10 0.05 0.10 0.05 0.15 0.05 0.10 0.05 0.10

NDiPA 0.025 0.05 0.015 0.05 0.025 0.05 0.025 0.05 0.025 0.05 0.05 0.05 0.025 0.05

NDPA 0.025 0.05 0.05 0.05 0.025 0.05 0.15 0.15 0.15 0.15 0.05 0.10 0.015 0.05

NDiBA 0.25 0.25 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.10 0.15 0.05 0.05

NDBA 0.025 0.05 0.015 0.05 0.015 0.05 0.015 0.05 0.015 0.05 0.025 0.05 0.025 0.05

NPIP 0.025 0.05 0.015 0.05 0.015 0.05 0.015 0.05 0.025 0.05 0.025 0.05 0.025 0.05

NMOR 0.025 0.05 0.05 0.05 0.015 0.05 0.05 0.05 0.025 0.05 0.05 0.05 0.025 0.05

NDiNA 0.015 0.05 0.015 0.05 0.015 0.05 0.015 0.05 0.025 0.05 0.05 0.10 0.025 0.05

NDCHA 0.025 0.05 0.025 0.05 0.025 0.05 0.25 0.25 0.25 0.25 0.025 0.15 0.05 0.05

NDPhA 0.015 0.05 0.025 0.05 0.015 0.05 0.015 0.05 0.015 0.05 0.025 0.05 0.025 0.05
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Conclusion

In this study, we successfully developed a GC–MS/MS

method for monitoring and determining 13 nitrosamines in

sartans. The method was validated and satisfactorily applied to

analyze authentic samples. Therefore, the developed method

can be used for quality-monitoring purposes during the

manufacture of sartan pharmaceuticals.
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Abstract : Collision-induced dissociation (CID) and higher-energy collisional dissociation (HCD) are the widely used fragmenta-

tion technique in mass spectrometry-based proteomics studies. Understanding the fragmentation pattern from the tandem mass

spectra using statistical methods helps to implement efficient spectrum analysis algorithms. The study characterizes the frequency

of occurrence of multi-charged fragment ions and their neutral loss events of doubly and triply charged peptides in the CID and

HCD spectrum. The dependency of the length of the fragment ion on the occurrence of multi-charged fragment ion is characterized

here. Study shows that the singly charged fragment ions are generally dominated in the doubly charged peptide spectrum. However,

as the length of the product ion increases, the frequency of occurrence of charge 2 fragment ions increases. The y- ions have more

tendencies to generate charge 2 fragment ions than b- ions, both in CID and HCD spectrum. The frequency of occurrence of charge

2 fragment ion peaks is prominent upon the dissociation of the triply charged peptides. For triply charged peptides, product ion of

higher length occurred in multiple charge states in CID spectrum. The neutral loss peaks mostly exist in charge 2 states in the triply

charged peptide spectrum. The b-ions peaks are observed in much less frequency than y-ions in HCD spectrum as the length of the

fragment increases. Isotopic peaks are occurred in charge 2 state both in doubly and triply charged peptide’s HCD spectrum.

Keywords : CID, HCD, fragmentation pattern, multi-charged ions, LC-MS/MS

Introduction

Tandem mass spectrometry (MS/MS) is the most widely

used technology to characterize the peptides in the

complex sample.
1

 The proteins are digested into peptides

and analyzed in MS1. The parent peptide ion isolated from

MS1 is dissociated and analyzed in MS2. Different

dissociation technique creates different patterns of

fragmentation spectra. HCD and CID fragment the peptide

at its amide bond along its peptide backbone generates

predominantly N-terminal b-ions and C-terminal y-ions.

The b- & y-type fragment ions can further fragment by

losing small neutral molecules, creates neutral loss b- & y-

ion peaks in the spectrum. The difference in collission

energy in CID and HCD dissociation causes changes in

their fragmentation spectra.

The basic theory of peptide fragmentation was first

explained by Wysocki et al. in their mobile proton

hypothesis.
2

 The parent ion proton moves along the amide

bond and cleaves its backbone at the most favorable point.

Kapp et al.
3

 proved that the mobility of charge is hindered

by the basic residues within the peptide. The different

fragmentation pathways are extensively investigated in the

literature. The researchers have studied the fragmentation

patterns using statistical analysis of the large set of data. The

data mining and machine learning approaches were used to

analyze the spectral pattern, which proves the residue-specific

cleavage preferences of CID fragmentation pattern.
4–8

 The

statistical analysis of neutral loss events also proved the

influence of residues in the fragmentation pattern. Most of

the works are focused on the intensity information from the

mass spectrum. Shao et al.
9

 characterised the HCD and

CID spectrum and found that the intensity of y- ions

reached a maximum in the 60–70% and 40–50% relative

mass bins of HCD spectra from doubly and triply charged

peptides, respectively. The multi-charged fragment ions were

analyzed based on the relative mass bins. Zubarev et.al
9

compared CID cleavage selectivity to ECD (electron capture

dissociation). They found that the yn-2 (n refers to peptide

length) fragment had the highest intensity of all y ions.
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Multi charged peptide dissociates into singly charged

fragment ions, or the entire charge may retain on one

fragment. The fragmentation of the doubly charged peptide

generates singly and doubly charged fragment ions.

Similarly, the fragmentation of triply charged peptides

generates singly, doubly, and triply charged fragment ions.

The x-axis of the tandem mass spectra has the mass/charge

(m/z) value of fragment ion. The m/z of the doubly charged

fragment ion will be nearly half of that of its singly

charged fragment ion. Similarly mass of triply charged

fragment ion will be nearly 1/3 of its singly charged

fragment ion. Hence the generation of multi-charged

fragment ions creates the more complex pattern in the

tandem mass spectrum. For example, the CID spectrum of

the doubly charged peptide ‘DKGEAENEAKPIDVK’ is

shown in the Figure 1. The singly and doubly charged

fragment ion y10 (y10+ & y10++) are appeared at m/z

251.11 & 571.80 respectively in CID spectrum. Not all

fragment ions appeared in both charge states. Hence it is

necessary to characterize the occurrence of multi charged

fragment ions in the tandem mass spectrum for the reliable

interpretation of the spectrum.

In this study, the frequency of occurrence of multi-

charged fragment ions of doubly and triply charged

peptides in HCD & CID spectra is analyzed. The

dependency of the number of residues in the fragment is

characterized here. 

Method

Dataset

The CID spectrum of doubly and triply charged peptides

were downloaded from the NIST human peptide spectral

library (chemdata.nist.gov).
10

 The spectral library provides

high-quality reference consensus spectrum annotated with

peptide for mass spectrometry-based proteomics studies.

Dataset consists of 87661 and 29153 mass spectra of

doubly & triply charged tryptic peptides, respectively, with

no missed cleavage, and modifications are used for this

study.

The HCD spectra of doubly and triply charged peptides

were downloaded from ProteomeTool project spectral

library.
11

 It contains high-quality reference spectra of

synthetic peptides of human proteome analyzed on LTQ

Orbitrap fusion. Dataset consists of 188514 and 64087

mass spectra of doubly & triply charged tryptic peptides,

respectively, with no missed cleavage and modifications

are used for this study. 

Methodology for analyzing multi-charged fragment ion

peaks pattern

The relative frequency information was used to

characterize the fragment ions and the neutral loss events

in our previous studies.
12,13

 Here also, the frequency of

occurrence of fragment ion peaks is estimated to

characterize the multi-charged fragment ion peaks in CID

and HCD spectrum. The frequency statistics are calculated

with respect to the length of the fragment ion or the

position of the cleavage site along the length of the peptide.

The maximum length of peptide considered in this study is

21. Hence the length of the fragment ion can vary from 1-

20. The dataset contains large set of spectra of known

sequences. From the peptide list, the possible number of

times a particular ion b/y ion can be generated upon a

cleavage position along the length of the peptide is

estimated and is denoted as N
t

n
. Here ‘t’ denote fragment

ion type b-/y- ion, ‘n’ denotes the number of residues in the

fragment ion. From the CID & HCD spectra, the actual

number of times an ion observed in the spectra is estimated

and denoted as C
t

p,n
. The frequency of occurrence of a

fragment ion with respect to the length of the fragment is

calculated using equation1.

(1)

Where, p € { bn+, bn++, yn+, yn++ in case of

doubly charged peptide spectrum

bn+, bn++, bn+++, yn+, yn++, yn+++ 

in case of triply charged peptide spectrum}

Here ‘p’ represents the singly and multi charged b- & y-

ions comprising of the allied peaks of neutral losses and

isotopic peaks. The study focused on the analysis of b- &

y- ion peaks corresponding to the loss of nominal mass

units: b/y- 17 (NH
3
), 18 (H

2
O), 34 (NH

3
+NH

3
), 35 (NH

3
+

H
2
O), 36 (H

2
O + H

2
O). 

Results and Discussion

In our previous studies, we characterized the fragment ion

peaks and their neutral loss peaks for the comprehensive

understanding of the fragmentation pattern. The studies

have proved the influence of residue-specific and position-

specific cleavage preferences of CID fragmentation

pattern.
12,13

 The statistical features extracted were found to be

consistent with the log-transformed intensity of the

experimental spectrum. Hence, the features were efficiently

F
p

t

n( )

C
p.n

t

N
n

t

--------=

Figure 1. CID spectrum of the peptide ‘DKGEAENEAKPIDVK’.
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used to model the CID spectra and to identify the peptide from

the CID spectra.
14,15

 In this study, the frequency of occurrence

of multi-charged fragment ions on CID and HCD spectra is

characterized and compared. Shao et al. proved that the

percentage of multi-charged fragment ions gradually

increases with an increase in the relative mass of fragment.
9

The relative mass is the fragment ion mass divided by the

precursor mass. In the triply charged peptide spectrum, the

multi-charged fragment ions are prominent in the higher

relative mass region. The dependency of the number of

residues in the fragment ion is investigated in this study.

Characterization of multi-charged fragment ions in

doubly charged peptide spectrum

The influence of the length of fragment ions for the

generation of fragment ions in charge 2 states in the doubly

charged peptide spectrum is characterized here. Initially,

the fragment ions- b or y ions encompass all its allied

peaks. The relative frequency of occurrence of charge one

and two fragments of b- & y- ions plotted with respect to

the length of fragment ion in CID and HCD spectrum are

shown in Figure 2(a) and 2(b), respectively. 

Figure 2 shows that the occurrence of singly charged

fragment ion peaks dominated in the doubly charged

peptide’s spectrum. The occurrence of charge 2 fragment

ion peak increases as the length of the fragment ion

increases. The y-ion has more tendencies to be in the y++

state. As the length of the fragment greater than 14, the

frequency of occurrence of y++ ions are higher than the y+

ion. Compared to CID spectrum, HCD spectrum has the

lesser frequency of occurrence of b-ion, and has very less

b++ fragment ions. The frequency of occurrence of y-ions

are higher in HCD spectrum as shown in Figure 2(b).

Hence, it is inferred that, with the increase in length of the

peptide, the frequency of occurrence of doubly charged

fragment ion peaks in the CID & HCD spectrum increases.

The b-ions peaks observed much less frequency than y-ion

in HCD spectrum as the length of the fragment increases.

This is because b-ions are less stable due to higher

collision energy.
9

Considering the neutral loss events and isotopic events in

the CID & HCD spectrum of doubly charged peptides, the

percentage of occurrence of charge 2 fragment ion of b-

and y-type ion is shown in color map Figure 3(a) and 3(b),

respectively. The color map emphasis how frequently the

allied peaks of b-ion such as b-, b-isotopic, b-17, b-18, b-

34, b-35, b-36, b-44, b-45, b-46, b+18 and y-ion such as y-, y-

isotopic, y-17, y-18, y-34, y-35, y-36, y-44, y-45, y-46

occurred in charge 2 state as the length of fragment

increases. The loss peak y-35 is not available in CID

spectrum, hence not shown in colormap.

Figure 3 shows that as the length of the fragment

increases, the neutral loss peaks are more frequently

observed in charge 2 states. The loss of multiple neutral

molecules, hence the generation of b-34, b-35, b-36, y-34,

y-35, y-36 peaks more frequently observed in charge 2

state. In the case of y-ion, as the length of the fragment

increases, the loss peaks of y-ions are frequently observed

in charge 2 state. The isotopic peaks of b- & y-ions are

frequently occurred in charge 1 state in CID spectrum,

while in HCD spectrum, isotopic peaks mostly occur in

charge 2 state in the doubly charged peptide’s spectrum.

Characterization of multi-charged fragment ions in tri-

ply charged peptide spectrum

The influence of the length of the fragment for the

generation of fragment ions in the charge 2 & 3 states in

triply charged peptide spectrum is characterized here. The

triply charged peptide undergoing fragmentation can generate

singly, doubly, and triply charged fragment ions. The

frequency of occurrence of b- & y- ions (encompassing its

Figure 2. Charge state of fragment ions versus the length of the

fragment. The relative frequency of occurrence of fragment ions

b+, b++, y+, and y++ along the length of the peptide in CID and

HCD spectrum is shown in Figure 2(a) and 2(b), respectively.

The x-axis represents the length of the fragment ion. Y-axis

represents the relative frequency of occurrence of fragment ion

peaks.
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allied peaks) along the length of the peptide in charge 1, 2 &

3 states in CID and HCD spectrum are plotted in Figure 4(a)

and 4(b) respectively. 

From Figure 4(a) it is clear that, with the increase in the

length of the fragment, the multi-charged fragment ion peaks

are more frequently observed than singly charged fragment

ion. Charge 2 fragment ion peaks are more prominent in the

triply charged peptide spectrum. At higher length, the multiple

charge state fragment ions are produced in the CID spectrum.

In the HCD spectrum (Figure 4(b)), b-ions are observed in

much less frequency as the length of the fragment ions

increases. Singly charged b-ions are more frequently

observed than the charge 2 state. Singly charged y-ions

occurred in higher degree at lower length and y++

fragment ions dominated in the triply charged peptide’s

HCD spectrum as the length of the fragment ion increases.

Considering the neutral loss peaks and isotopic peaks in

the CID & HCD spectrum of triply charged peptides, the

percentage of occurrence of multi charged fragment ion of

b- and y-type ion is plotted in the color map (Figure 5).

Figure 5.i shows the percentage of occurrence of charge 2

b- & y- fragment ions and their allied peaks, respectively.

Figure 5.ii shows the percentage of occurrence of charge 3

b- & y- fragment ions and their allied peaks, respectively.

The key results examined from the Figure 5 are discussed

as follows. The frequency of occurrence of charge 2

fragment ion peaks is prominent upon the dissociation of

triply charged peptides. The multi-charged neutral loss peaks

increases as the length of the fragment ion increases. The

neutral loss peaks of y-ions have more tendency to exist in

Figure 3. Percentage of occurrence of charge 2 state fragment ions among the fragment ion peaks. The x-axis represents the length of the

fragment ion. Y-axis represents the allied peaks of b- & y-ions.

Figure 4. Charge state of fragment ions versus the length of the

fragment. The figure shows the relative frequency of occurrence

of fragment ions b+, b++, b+++, y+, y++, and y+++ along the

length of the peptide. The x-axis represents the length of the

fragment ion. Y-axis represents the relative frequency of

occurrence of fragment ion peaks.
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charge 2 state. The loss of water from y-ion (y-18 & y-36)

has shown different patterns to exist in charge 3 state in CID

spectra. Hence it can be inferred that the charge 3 fragment

ion of y-ion has more tendency to lose water from its ions.

Dissociation of a triply charged peptide is more likely to

generate doubly charged isotopic peaks than the singly and

triply charged isotopic peaks of b- & y- ions. In CID spectra,

doubly charged isotopic peaks prominent in higher length

fragment ion, while in HCD spectra, doubly charged isotopic

peaks are prominent from lower length.

Figure 5. The percentage of occurrence of fragment ion peaks with charge 2 & 3 state. The x-axis represents the length of the fragment

ion. Y-axis represents the allied peaks of b- & y-ions.
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Conclusions

The occurrences of multi-charged fragment ions in the

tandem mass spectrum add more complexity to the

spectrum, hence the reliable interpretation of peptide

sequence from the spectrum. The relative frequency of

occurrence of multi-charged fragment ions in the doubly and

triply charged peptide spectrum is studied here. Study shows

that the singly charged fragment ions are generally dominated

in the doubly charged peptide CID & HCD spectrum.

However, as the length of the product ion increases, the

frequency of occurrence of charge 2 fragment ions increases.

The y- ions have more tendencies to generate charge 2

fragment ions than b- ions. In HCD spectrum, the relative

frequency of occurrence of b-ions are much lesser than y-ion

as the length of the fragment ion increases. The consecutive

loss of ammonia and water from the y-ion occurs mostly

from the doubly charged fragment ion y++. In the doubly

charged peptide spectrum, isotopic peaks are more likely to

occur in the singly charged state in CID spectrum and in

the charge 2 state in HCD spectrum. For triply charged

peptides, product ion of higher length occurred in multiple

charge states. In both CID and HCD spectrum, isotopic

peaks are more likely to occur in charge 2 state upon the

dissociation of a triply charged peptide. Multi-charged

neutral loss peaks gradually increases as the length of the

fragment increases. Neutral loss from y-ions shows a

higher tendency to exist in charge 2 state. In CID spectrum,

the loss of water from y-ion (y-18 & y-36) has shown

different patterns to exist in charge 3 state. Thus charge 3

fragment ion of y-ion has more tendency to lose water

from its ions. The study provides the statistical trends of

occurrence of fragment ion peaks in the mass spectrum,

which helps in reliable interpretation of the peptide from

the CID & HCD spectrum.
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Abstract : Evaluating the impurity concentrations in semiconductor thin films using time of flight secondary ion mass spec-

trometry (ToF-SIMS) is an effective technique. The mass interference between isotopes and matrix element in data interpretation

makes the process complex. In this study, we have investigated the doping concentration of phosphorus in, phosphorus doped sili-

con thin film on glass using ToF-SIMS in the dynamic mode of operation. To overcome the mass interference between phosphorus

and silicon isotopes, the quantitative analysis of counts to concentration conversion was done following two routes, standard rela-

tive sensitivity factor (RSF) and SIMetric software estimation. Phosphorus doped silicon thin film of 180 nm was grown on glass

substrate using hot wire chemical vapor deposition technique for possible applications in optoelectronic devices. Using ToF-SIMS,

the phosphorus-31 isotopes were detected in the range of 10
1
~10

4 
counts. The silicon isotopes matrix element was measured from p-

type silicon wafer from a separate measurement to avoid mass interference. For the both procedures, the phosphorus concentration

versus depth profiles were plotted which agree with a percent difference of about 3% at 100 nm depth. The concentration of phos-

phorus in silicon was determined in the range of 10
19

~10
21

 atoms/cm
3
. The technique will be useful for estimating distributions of

various dopants in the silicon thin film grown on glass using ToF-SIMS overcoming the mass interference between isotopes. 

Keywords : ToF-SIMS, HWCVD, phosphorus, mass interference, RSF, thin film, glass

Introduction

An accurate quantification of the dopant profile in

semiconductor is a complex task even today with the

scaling down of devices such as, transistors
1

 and thin film

solar cell.
2

 The dopants concentration in the semiconductor

can be simulated using stopping and range of ions in matter

(SRIM) computation code
3

 from an ion implanted sample.

For generalised samples, secondary ion mass spectrometry

(SIMS) is widely used in the semiconductor material

characterization.
4,5,6

 The process allows the in-depth detection

of various isotopes on the top or below the surface of a

sample.
7

 The mass interference between isotopes and matrix

element makes the data interpretation process complex.

Particularly, the detection of phosphorous in silicon suffers

from the mass interference. The quantification of

phosphorus or other dopant is critical for the performance

of the electronics devices from various processes, such as,

metal organic vapor phase epitaxy (MOVPE),
8

 atomic

layer deposition (ALD)
9

 and chemical vapour deposition

(CVD).
10

 The analysis of phosphorus in the silicon thin films

were executed in a high mass resolution (m/Δm>10000)
11

magnetic sector SIMS to separate phosphorus-31 (
31

P) and

hydrogenated silicon (
30

Si
1

H) isotopes.
12

 The magnetic sector

SIMS such as IMS-6f from Cameca, France, was used to

eliminate the mass interference during data acquisition.
13,14

 In

the years 2010-2020, time of flight (ToF) SIMS is being

widely used in academia due to its high sensitivity to trace

elements, two dimensional elemental mapping (imaging)

capacity, surface analysis of insulating/conducting material

and the depth profiling at nano meter scale.
15

 High depth

resolution ToF-SIMS with charge compensation has also

been used to examine secondary ion depth profiles relative

to P and Si elements.
16

In this article, phosphorus doped silicon thin film of

180 nm was grown on glass substrate using hot wire

chemical vapor deposition (HWCVD) technique for possible

applications in optoelectronic devices. The phosphorus
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concentration in the hydrogenated silicon thin film on glass

was evaluated by ToF-SIMS using dynamic mode of

operation. To avoid the mass interference, only 
31

P isotope

in silicon was measured. The matrix elements of silicon

isotopes (
30

Si, 
30

Si
1

H) were detected in separate measurements.

The quantitative analysis of counts to concentration conversion

was done following two routes, standard relative sensitivity

factor (RSF) with the silicon matrix element and SIMetric

software (SW) estimation from reference sample without

the silicon matrix element.

Experimental

Sample Preparation

Three samples were studied in this work. i) The

phosphorus doped microcrystalline silicon thin films were

grown on glass substrate using gas flow ratio of

SiH
4
:H

2
:PH

3
 = 2:50:1 sccm as an emitter layer in p-i-n

diode
17

. The thin silicon film was synthesized by HWCVD

technique at 350
o

C substrate temperature with a tantalum

filament kept at a temperature of 1650
o

C.
18

 The growth

duration was 45 min for 180 nm thin film.
19

 ii) An infrared

laser from single emitter diode source with wavelength

1064 nm by SPI lasers limited, Germany was used to

anneal the phosphorus doped silicon film on glass.
20

 iii)

The reference phosphorous sample was prepared in a

diffusion furnace at 890
o

C for 15 min on 2 inch diameter

n-type silicon wafer.
21

 This diffusion process allows the

phosphorus atoms to diffuse at about 600 nm.

Depth Profile analysis

The total crater depth was measured using the Veeco

Dektak 150 surface profiler and the corresponding data is

given in Figure 1 and Table 1. The sputtering rate for the

Reference phosphorus diffused silicon wafer is 0.28 nm/s,

where the crater depth is 1137.2 nm as shown in Figure

1(i) and total sputtering duration is 4020 s. The sputtering

rate for 87-nSi-Glass phosphorus doped silicon thin film on

glass using HWCVD is 0.30 nm/s, where the total crater

depth is 242.5 nm as shown in Figure 1(ii) and total

sputtering duration is 820 s.

ToF-SIMS data acquisition

To measure the secondary ion counts, the PHI nano ToF

II TRIFT was used from Physical Electronics, MN, USA.

In this process, a 10 ns pulsed liquid metal ion gun (LMIG)

uses Gallium (Ga
+

) sources to produce ions as primary ion

beam to ionise the surface molecules.
22

 The beam energy

was kept 30 kV with a beam current of 15 nA and the

raster size 300 × 300 μm
2

.
23

 The caesium ion (Cs
+

) gun

was used as sputtering tool to produce the negative

secondary ions.
24

 In the literature, dual beam IONTOF IV

from Germany was used to profile phosphorus concentration

with the Ga
+

 ion gun at 25 kV, 1 pA for analysis and the

Cs
+

 ion gun at 1 kV, 80 nA for sputtering in the negative

mode of operation.
25

 In this study, the phosphorus isotope

(
31

P) was detected as secondary ions. The silicon isotope

(
30

Si) as the matrix elements were detected in a separate

measurement from a p-type silicon wafer.
26

 The 
30

Si

isotope counts was measured independently to avoid mass

interference as well as to enhance the signal intensity.
27

 The

optimized scanning parameters for better depth resolution and

improved detection limit are given in the Table 2. 

Table 1. Veeco Dektak 150 surface profiler data for the crater depth and the scanning length.

Sample name Cursor position

Cursor width 

(mm)

X-axis position 

(mm)

Crater length

(mm) 

Y-axis position

(nm)

Crater depth 

(nm)

Reference phosphorus

Left 0.08 0.1534

0.9028

0.9088

1137.18

Middle 0.08 0.6049 -1093.40

87-nSi-Glass

Right 0.08 0.9103

0.8764

0.6210

242.45

Middle 0.08 0.4721 -243.31

Figure 1. The total depth of the crater for i) reference phosphorus diffused silicon wafer is 1137.18 nm and for ii) 87-nSi-Glass

phosphorus doped silicon thin film using HWCVD on glass is 242.45 nm measured using the Veeco Dektak 150 surface profiler.
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Results and Discussion

The ToF-SIMS signal is interpreted using relative

sensitivity factor for Phosphorus Counts to concentration

conversion. The concentration of phosphorus (C
P
) in

silicon is calculated using the following equations;

equation 1 using the silicon matrix element and equation 2

without the matrix element,
4

(1)

(2)

Here, C
P 

is Concentration of phosphorus in silicon,

RSF
P(Si) 

is the relative sensitivity factor of phosphorus in

silicon,
28

 %
30

Si is the fractional isotope abundance of 
30

Si

isotope in silicon,
29

 I
P(Si) 

is the intensity of phosphorus

isotope (
31

P) counts using Cs
+

 gun, I
30Si

 is the intensity of

silicon isotope (
30

Si) counts on a p-type silicon wafer
26

using ToF-SIMS and RSF
P(Si).EST.

 is the relative sensitivity

factor of phosphorus in silicon estimated using SIMetric

SW peak fitting tool from the 408-Rreference phosphorus

diffused silicon wafer. Table 3 shows the part of data used

in the phosphorus counts to concentration conversion

calculation. The complete data table is provided with the

article as supplementary material.

The Table 3 is used to plot phosphorus concentration

versus crater depth curve for the i) Reference Phosphorus,

ii) 87-nSi-Glass and iii) 87-nSi-Glass-Laser as shown in

Figure 2 and 3 respectively. Figure 2 shows the concentration

of phosphorus, diffused in n-type silicon wafer for

Reference Phosphorus sample along with the SIMetric SW

estimated curve. The concentration of phosphorus at the

top surface of the silicon wafer is 2 × 10
20

 atoms/cm
3

,

which is in agreement with the value 4.3 × 10
20

 atoms/cm
3

obtained using CAMECA SC Ultra high resolution SIMS

by Beljakowa et al..
9

 Figure 3 shows the concentration of

phosphorus in (i) 180 nm microcrystalline silicon thin film

grown on glass using HWCVD and (ii) infrared laser

(1064 nm) annealed micro crystalline silicon thin film grown

on glass using HWCVD along with the corresponding

SIMetric SW estimated curve respectively. From Figure

C
P

RSF
P Si( )

%

30

Si×

I
P Si( )

I
30Si

----------

⎝ ⎠

⎛ ⎞
×=

C
P

RSF
P(Si).EST.

I
P(Si)

×=

Table 2. ToF-SIMS scanning parameters for the detection of phosphorus isotope (
31

P) in silicon thin film using caesium ion (Cs
+
)

sputtering gun.

Sample Name

Phosphorus thin film 

thickness (nm)

Sputtering beam 

current (A)

Sputtering beam 

energy (kV)

Sputtering beam 

raster area (μm
2
)

Sputtering 

duration (s)

Mass analyser 

analysing duration (s)

408-Reference phosphorus 1000

8.23 × 10
-8

3 300 × 300 20 60421-87-nSi-Glass 180

422-87-nSi-Glass-Laser 180

Table 3. Part of the data for the conversion of ToF-SIMS counts to concentration-depth profile. The complete data set is provided as

supportive material.

Crater depth 

[Cycle number × Sputtering 

Duration (s) × Sputtering rate (nm/s)] (nm)

Measured 

intensity of 
31

P 

isotope

(counts)

Measured intensity of 

30
Si in p-type 

silicon wafer
26

 

(counts)

Phosphorus 

concentration

(using Eq. 1)

(atoms/cm
3
) 

Phosphorus concentration 

SIMetric SW estimation

(using Eq. 2)

(atoms/cm
3
)

Percent 

difference

(%)

i) 408-Reference phosphorus diffused silicon wafer

5.66 3023 33616 3.07E+20 2.29E+20 29

11.32 2884 46138 2.13E+20 2.18E+20 2

16.97 2913 47072 *2.11E+20 **2.20E+20 4

ii) 421-87-nSi-Glass phosphorus doped silicon thin film on glass using HWCVD 

5.91 7947 33616 8.06E+20 6.01E+20 29

11.83 5800 46138 4.29E+20 4.38E+20 2

17.74 5192 47072 3.76E+20 3.93E+20 4

iii) 422-87-nSi-Glass-Laser phosphorus doped silicon thin film on glass using HWCVD 

5.91 10924 33616 1.11E+21 8.26E+20 29

11.83 15561 46138 1.15E+21 1.18E+21 2

17.74 15866 47072 1.15E+21 1.20E+21 4

*Using equation 1, CB = 1.1 × 10
23

 × 0.031 × ( ) = 2.11 × 10
20

 atoms/cm
3

** Using equation 2, CB = 7.56 × 10
16

 × 2913= 2.2 × 10
20

 atoms/cm
3

2913

47072

---------------
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3(i), the concentration of phosphorus thin film is

3.25 × 10
20

 atoms/cm
3

 at the top and this remain uniform

over the top 180 nm. The Figure 3(ii) shows that, the laser

irradiation caused significant changes in the thin film. It is

seen that after the laser irradiation, the phosphorus

concentration is no longer uniform. It has increased to

1.2 × 10
21

 atoms/cm
3

 near the surface of the sample and

decreased along the film thickness. This non-homogeneous

laser absorption of silicon thin film is characterised using

Raman imaging which is published elsewhere.
30

 Furthermore,

with laser irradiation, the silicon film melts and then starts

to solidify from the position closest to the glass substrate.

So, the film at the top surface solidifies later. The phosphorus

has a segregation coefficient of around 0.35 which leads to

an increase in the phosphorus concentration at the top

surface as the top portion solidifies first.
31,32

 The phosphorus

concentration versus depth profiles of the RSF calculated

and the SIMetric SW estimated are in agreement with a

percent difference of about 3% at 100 nm depth, 12% at

200 nm, 20% 300 nm and 25% at 400 nm.

Conclusion

The concentration of phosphorus in silicon thin film

grown on glass using HWCVD was estimated using ToF-

SIMS technique in dynamic mode of operation. A phosphorus

diffused silicon wafer was used as reference sample. The

relative sensitivity factor along with silicon matrix element

was used to interpret the ToF-SIMS data for each sample.

Using SIMetric SW peak fitting tool, with the reference

sample, the RSF was determined without the silicon matrix

element data. The phosphorus counts to concentration

conversion was performed using two routes, calculated

RSF with silicon matrix element and simulated RSF

procedure from reference sample. For the both procedures,

the phosphorus concentration versus depth profiles were

plotted which agree with a percent difference of about 3% at

100 nm depth. The concentration of phosphorus in silicon

was determined in the range of 10
19

~10
21

 atoms/cm
3

 which is

comparable with the value obtained using magnetic sector

high resolution SIMS. The phosphorus in silicon detected on

the top surface of phosphorus doped silicon thin film on glass

was 3.25 × 10
20

 atoms/cm
3

. The results of this study will be

useful for the detection and quantification of impurities in

wide area of thin films using ToF-SIMS technique

overcoming the mass interferences between isotopes.
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Abstract : Previous in vitro studies have demonstrated that ginsenoside Rc inhibits UGT1A9, but there are no available data to

indicate that ginsenoside Rc inhibits UGT1A9 in vivo. The effect of single and repeated intravenous injection of ginsenoside Rc

was evaluated on the pharmacokinetics of mycophenolic acid. After injection of ginsenoside Rc (5 mg/kg for one day or 3 mg/kg

for five days), 2-mg mycophenolic acid was intravenously injected, and the pharmacokinetics of mycophenolic acid and

mycophenolic acid-β-glucuronide were determined. Concentrations of mycophenolic acid and its metabolite from rat plasma

were analyzed using a liquid chromatography-triple quadrupole mass spectrometry. Single or repeated pretreatment with ginse-

noside Rc had no significant effects on the pharmacokinetics of mycophenolic acid (P > 0.05): The mean difference in maximum

plasma concentration (Cmax) and area under the concentration-time curve (AUCinf) were within 0.83- and 0.62-fold, respectively,

compared with those in the absence of the ginsenoside Rc. These results indicate that ginsenoside Rc has a negligible effect on

the disposition of mycophenolic acid in vivo despite in vitro findings indicating that ginsenoside Rc is a selective UGT1A9

inhibitor. As a result, ginsenoside Rc has little possibility of interacting with drugs that are metabolized by UGT1A9, including

mycophenolic acid.

Keywords : Ginsenoside Rc, herb-drug interaction, mycophenolic acid, UGT1A9, uridine 5’-diphosphoglucuronosyltransferase

Introduction

Ginseng is a commonly used herbal medicine in Korea

and other East Asian countries mainly due to its vitality

restoration and immune-stimulating effect.
1-3

 It has been

increasingly consumed as a dietary supplement in many

countries.
4-6

 Formulations of ginseng extract are commonly

used over-the-counter preparation in several countries,

including Korea and the U.S.A. Processed ginseng

products are estimated to be approximat ely US $2,085

million in the world market in 2009.
7

 Many studies have

shown that most of the pharmacological effects of ginseng

are attributable to ginsenosides.
8

 Ginsenosides have been

known to have beneficial effects in diabetes,
9

 dyslipidemia,
10

inflammatory diseases,
11

 and cancer.
12

 

Among various ginsenosides, ginsenoside Rc has antidiabetic,

antiallergic, anticancer, and sedative effects.
13,14

 Ginsenoside

Rc is the second most abundant ginsenoside in commercially

available red ginseng products.
15

 Our previous study

reported that ginsenoside Rc (Figure 1a) can inhibit

UGT1A9 noncompetitively.
16

 Ginsenoside Rc selectively

inhibited UGT1A9-mediated mycophenolic acid and

propofol glucuronidation with K
i
 values of 3.31 and

2.83 mM, respectively, in human liver microsomes. This

suggests the possibility of pharmacokinetic interactions

between ginsenoside Rc and drugs mainly metabolized by

UGT1A9. The change in active drug exposure can also

change drug efficacy. In spite of possible interactions in in

vitro model, there has been no data yet in animals or humans

investigating a drug interaction between ginsenoside Rc and

mycophenolic acid, UGT1A9 probe substrate.
16

Mycophenolic acid (Figure 1b) was developed as an

immunosuppressant to complement existing immunosuppre-

ssive agents, including calcineurin inhibitor, azathioprine,

and corticosteroids.
17

 It has been used effectively after

organ transplantation.
18

 UGT1A9 is the major enzyme involved

in the metabolism of mycophenolic acid to its glucuronide

conjugate.
19

 Drug interaction between mycophenolic acid as a

probe substrate of UGT1A9 and other medications was
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performed. Rifampin induced systemic clearance of

mycophenolic acid by inducing UGT1A9-mediated

mycophenolic acid glucuronidation.
20

 Failure to recognize

this drug interaction might lead to mycophenolic acid

underexposure and loss of clinical efficacy because

mycophenolic acid has a narrow therapeutic window,
20

whereas increased plasma levels of toxic glucuronide

metabolites could lead to side effects.

Although ginseng, particularly red ginseng, is one of the

most commonly used herbal medicines in U.S.A. and

Europe, no in vivo studies have been conducted to

determine the effect of ginsenoside Rc, one of the most

abundant ginsenosides, on UGT1A9 activity or interactions

with other drugs. This study aimed to assess the effect of

ginsenoside Rc on UGT1A9 activity in rats using

mycophenolic acid glucuronidation as a UGT1A9 probe.

Experimental

Materials

Mycophenolic acid (MPA, purity > 98%) and estrone-β-

D-glucuronide (EG) were purchased from Sigma-Aldrich (St.

Louis, MO, U.S.A). Mycophenolic acid-β-D-glucuronide

(MPAG, Figure 1c) was obtained from Toronto Research

Chemicals (Toronto, ON, Canada). Ginsenoside Rc (GRc,

purity > 98%) was obtained from Ambo Institute (Daejeon,

Korea). Solvents were LC-MS grade (Fisher Scientific Co.,

Pittsburgh, PA, U.S.A).

Animal study

Male Sprague–Dawley rats (6–7 weeks old, 220–250 g)

were purchased from Samtako Co. (Osan, Korea). The

animals were acclimatized for one week in an animal facility

at Kyungpook National University (Daegu, Korea). Food and

water were provided ad libitum. The study protocol was

approved by the Animal Care and Use Committee of

Kyungpook National University (Approval No. KNU 2019-

83). To calculate and compare the pharmacokinetic parameters

of MPA and GRc, we conducted repeated blood sampling

through the retro-orbital puncture under isoflurane anesthesia.
21

Rats were randomized into three groups: a control group,

single dose group, and multiple dose group, each

consisting of four animals. The single dose group was

intravenously injected once with GRc solution (5 mg/mL/

kg, dissolved in saline) via the tail vein, while the multiple

dose group was intravenously injected with GRc solution

(3 mg/mL/kg, dissolved in saline) via the tail vein for five

consecutive days. The control group received saline (1 mL/

kg) via the tail vein. After 1 h following the last GRc

treatment, MPA was intravenously injected into all groups

via the tail vein at 2 mg/kg (dissolved in DMSO-saline =

2:8, v/v). Heparinized blood samples were taken at 0.17, 0.33,

0.67, 1.5, 2, 4, 8, 24, and 48 h following mycophenolic acid

dosing via the retro-orbital vein. After centrifugation

(16,000 g, 10 min, 4
o

C), aliquots (50 μL each) of plasma

samples were stored at -80
o

C until the analysis of MPA and

MPAG.

LC-MS/MS analysis of mycophenolic acid and its glucu-

ronide

The concentration of MPA and MPAG was analyzed

using a liquid chromatography coupled to a triple quadrupole

mass spectrometry (LC-MS/MS) as previously reported by

Wiesen et al.
22

 with some modification. Briefly, acetonitrile

(100 μL) including EG (IS) was added to the plasma

samples (50 μL). After vortexing, the samples were centrifuged

(16,000 g, 10 min, 4
o

C). A 5 μL sample of the supernatants

was injected onto the LC-MS/MS.

MPA, MPAG, and the internal standard were quantified

in a single run using a Shimadzu LCMS 8060 triple-

quadrupole mass spectrometer coupled with a Nexera X2

ultra high performance liquid chromatography system

(Shimadzu, Kyoto, Japan) equipped with an electrospray

ionization interface. MPA, MPAG, and IS were separated

on a Kinetex XB-C18 column (100 × 2.1 mm, 2.6 μm,

Phenomenex, Torrance, CA, U.S.A). The mobile phase

consisted of 0.1% formic acid in water (A) and 0.1%

formic acid in acetonitrile (B), and was set as 0%→30% B

(0–1 min), 30%→50% B (1–5 min), 50%→0% B (5–

5.1 min), and 0% B (5.1–8 min). The flow rate was

0.2 mL/min. Electrospray ionization was performed in

positive ionization mode at 4000 V or negative ionization

mode at -3500 V. The optimum operating conditions were

determined as follows: vaporizer temperature, 300
o

C; capillary

temperature, 350
o

C; collision gas (argon) pressure, 1.5 m

Torr. Quantification was conducted in the selected reaction

Figure 1. Chemical structures of ginsenoside Rc (A), mycophenolic acid (B), and mycophenolic acid-β-D-glucuronide (C).
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monitoring (SRM) modes at m/z 321→207 for MPA

(Collision energy, 19 eV), m/z 495→319 for MPAG (Collision

energy, -25 eV), and m/z 455→269 for EG (Collision

energy, -35 eV) (Table 1 and Figure 2). Analytical data

were processed using a Shimadzu LabSolution LCMS

software. Plasma calibration standards for the quantification

of MPA and MPAG ranged from 20 to 5000 ng/mL,

correlation coefficient (r
2

) ranged from 0.995 to 0.998, and

the intraday and interday accuracy ranged from 86.8% to

109.7%. The intraday and interday precision ranged from

1.0% to 7.8%. 

Data analysis

The pharmacokinetic parameters of MPA and MPAG

were calculated from plasma concentration-time profiles

using a non-compartment analysis of WinNonlin software

(version 5.1; Pharsight, Cary, NC, U.S.A). GraphPad Prism

(version 6.0; GraphPad, San Diego, CA, U.S.A) was used

for statistical analysis. The estimated parameters obtained

from the control and single or multiple dose groups were

statistically compared using Student’s t-test. Statistical

significance was assessed at a level of p < 0.05.

Results and Discussion

So far, only one drug interaction study between mycophenolic

acid, a UGT1A9 probe drug, and other drugs has been

conducted. Rifampin co-administration with mycophenolic

acid increased area under the plasma concentration-time

curve (AUC) value of mycophenolic acid by induction of

UGT1A9 glucuronidation activity.
20

 However, there have

been no studies on drug interactions based on the inhibition

of UGT1A9 enzyme activity. In this study, therefore, we

investigated the UGT1A9 inhibitory effects of ginsenoside

Rc, a strong and selective UGT1A9 inhibitor, on the

pharmacokinetics of mycophenolic acid, a UGT1A9 probe

drug. GRc was intravenously injected to maximize the plasma

concentration, thus, the UGT1A9 inhibitory potential of GRc.

Co-administration of MPA and GRc resulted in the lack

of herb-drug interaction (HDI) between GRc and MPA.

Mean plasma concentration-time profiles of MPA and

MPAG in the absence or presence of either single dose

GRc (5 mg/mL/kg, iv) or repeated dose GRC (3 mg/mL/

kg/day, iv for five days) in rats were similar (Figure 3), and

relevant pharmacokinetic parameters of MPA and MPAG

Table 1. Selected reaction monitoring (SRM) condition for mycophenolic acid, mycophenolic acid-β-D-glucuronide, and internal

standard (IS)

Compound SRM Transition (m/z) Polarity Collision Energe (eV)

Mycophenolic acid 321.2 > 207.0 + -19

Mycophenolic acid-β-D-glucuronide 495.0 > 319.0 - 25

Estrone-β-D-glucuronide 455.0 > 269.0 - 35

Figure 2. LC-MS/MS selected ion chromatograms of mycophenolic acid (MPA), mycophenolic acid-β-D-glucuronide (MPAG), and

estrone-β-D-glucuronide (EG). Left column: blank plasma (A); middle column: plasma spiked with 5000 ng/mL of MPA and MPAG

(B); right column: plasma sample equivalent to 2282.55, and 1676.78 ng/mL for MPA and MPAG, respectively, from rats 0.17 h after the

intravenously injected dose of 3 mg/kg GRc and 2 mg/kg MPA.
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Figure 3. (A) Plasma concentration-time profile of mycophenolic acid (MPA) in the control, single dose (ginsenoside Rc 5 mg/mL/kg),

and multiple dose (ginsenoside Rc 3 mg/mL/kg for 5 days) groups following intravenous injection of MPA at a dose of 2 mg/kg in rats

(mean ± SD, n = 4). (B) Plasma concentration-time profile of mycophenolic acid-β-D-glucuronide (MPAG) in the control, single dose

(ginsenoside Rc 5 mg/mL/kg), and multiple dose (ginsenoside Rc 3 mg/mL/kg for 5 days) groups following intravenous injection of

MPA at a dose of 2 mg/kg in rats (mean ± SD, n = 4).

Table 2. Pharmacokinetic parameters of mycophenolic acid in control, single dose (ginsenoside Rc 5 mg/mL/kg), and multiple dose

(ginsenoside Rc 3 mg/mL/kg for five days) groups following intravenous injection of MPA at a dose of 2 mg/kg in rats (mean ± SD, n = 4).

Mycophenolic acid

Parameters Control Single Dose Multiple Dose

T1/2 (h) 5.24 ± 4.71 6.20 ± 5.89 3.75 ± 2.82

C0 (ng/mL) 2141.97 ± 874.61 1766.55 ± 326.61 2135.04 ± 293.88

AUC48h (ng·h/mL) 3975.91 ± 4561.37 2344.61 ± 825.57 2878.11 ± 859.44

AUC∞ (ng·h/mL) 5611.19 ± 6338.15 3459.07 ± 1741.85 3618.36 ± 971.81

MRT (h) 3.39 ± 2.18 2.17 ± 0.09 2.16 ± 0.22

CL (mL/h/kg) 0.85 ± 0.47 0.82 ± 0.63 0.62 ± 0.20

Vd (L/kg) 1.04 ± 0.35 1.16 ± 0.20 0.95 ± 0.15

Data represent mean ± SD of four rats per group. T1/2: elimination half-life; C0: initial plasma concentration at 1 h; AUC48h or AUC∞:

Area under the plasma concentration-time curve from zero to 24 h or infinity; MRT: mean residence time; CL: systemic clearance; Vd:

Volume of distribution. 

Table 3. Pharmacokinetic parameters of mycophenolic acid-β-D-glucuronide (MPAG) in control, single dose (ginsenoside Rc 5 mg/mL/

kg), and multiple dose (ginsenoside Rc 3 mg/mL/kg for five days) groups following intravenous injection of MPA at a dose of 2 mg/kg

in rats (mean ± SD, n = 4).

Mycophenolic acid-β-D-glucuronide

Parameters Control Single Dose Multiple Dose

T1/2 (h) 14.33 ± 10.41 7.04 ± 2.80 7.96 ± 1.31

Tmax (h) 0.58 ± 0.17 0.50 ± 0.19 0.88 ± 0.42

Cmax (ng/mL) 3630.31 ± 1475.59 3953.17 ± 1362.24 4574.31 ± 1318.95

AUC48h (ng·h/mL) 23253.83 ± 6861.06 20244.47 ± 7567.91 29087.93 ± 8185.30

AUC∞ (ng·h/mL) 28691.08 ± 6209.48 23724.83 ± 7667.03 32610.42 ± 9009.45

MRT (h) 9.58 ± 4.73 5.57 ± 1.82 6.45 ± 0.61

Data represent mean ± SD of four rats per group. T1/2: elimination half-life; Tmax: time to reach Cmax; Cmax: maximum plasma concentra-

tion; AUC48h or AUC∞: Area under the plasma concentration-time curve from zero to 24 h or infinity; MRT: mean residence time.
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are listed in Table 2 and Table 3. In the MPA alone group,

the mean C
0
 and AUC

inf
 were 2.14 mg/mL and 5.61 mg×h/mL,

respectively, and CL is 0.85 mL/h/kg. Single dose GRc did

not affect the pharmacokinetics of MPA (Table 4). To

achieve the highest and stable plasma concentration of

GRc, GRc was intravenously injected for five days before

MPA administration. However, the plasma concentration of

MPA was not affected by repeated GRc treatment (Figure

2), and all pharmacokinetic parameters were not statistically

different between the two groups (Table 2). We also

calculated pharmacokinetic parameters of MPAG, UGT1A9

specific metabolite of MPA (Table 3). Similar to MPA,

there was no significant difference in pharmacokinetic

parameters of MPAG among three groups (control, single

dose GRc, and multiple dose GRc) (Table 3).

Jeon et al. reported that GRc showed high protein

binding in rat plasma and liver homogenates (> 99.5%) and

was not widely distributed to the liver with a liver-to-

plasma concentration ratio of 0.13-0.2.
23

 High protein

binding and limited liver distribution of GRc might

contribute to the lack of pharmacokinetic HDI involving

MPA in rats although their plasma concentration was

maximized following intravenous injection of GRc. Jiang

et al. also reported that the unbound fraction of GRc was

low (0.6%) in human plasma.
24

 Based on the similarity in

the protein binding features between rats and humans
23,24

and inhibitory effect on UGT1A9 of GRc, no HDI between

MPA and GRc would be expected in humans. 

UGT1A9 is one of the most essential UGT isoforms

abundantly expressed in human’s liver and kidney.
25

Human UGT1A9 had been regarded as a minor hepatic

drug-metabolizing enzyme, with 1.78% hepatic expression.

However, it represents above 50% of the total kidney UGT

content.
25

 UGT1A9 was suggested to be responsible for the

hepatic glucuronidation of 16% of 200 top prescribed

drugs in the United States in 2002.
26,27

 UGT1A9 is essential

UGT isoform responsible for the metabolism of endogenous

estrogen and various therapeutic drugs such as dapagliflozin,

edaravone, entacapone, morinidazole, mycophenolic acid,

propofol, and sulfinpyrazone.
28

 Therefore, the findings

showing the lack of HDI between GRc and mycophenolic

acid would provide helpful information for patients taking

drugs that are mainly metabolized by UGT1A9 such as

mycophenolic acid and propofol.

Conclusions

In conclusion, the present findings suggest that ginsenoside

Rc has no statistically significant effects on the pharmaco-

kinetics of mycophenolic acid and its glucuronide

metabolites in rats. Additionally, considering high protein

binding and limited liver distribution of GRc, no HDI

between UGT1A9 substrate drug and GRc would also be

expected in humans. 
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