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ABSTRACT 
Quantitative Nuclear Magnetic Resonance (qNMR) is a reliable quantitative spectroscopic technique, 
wherein the intensity of a resonance line is directly proportional to the number of resonant nucleus, and 
the absolute content of the compound can be determined, this means the inorganic stabilizer in the 
sample would not affect the result of qNMR. High performance liquid chromatography (HPLC) is a 
common analytical method with a high separation capacity. This study combined HPLC and qNMR, to 
measure the purity of Human Insulin (HI). It started from an original HI. The first step is purifying the 
original HI by HPLC to get a purified HI, with organic purity of 99.78%. The second step is assessing the 
absolute content of the purified HI by qNMR, and got 40.25%. The third step is measuring the purity of 
original HI by HPLC again, using the purified HI as the reference material. This method, called 
HPLC-qNMR-HPLC, is more accurate (84.12% � 1.14%) than the traditional IDMS (isotope dilution mass 
spectrometry) method (86.6% � 3.4%). This study expanded the application of qNMR to proteins with 
molecular weight of about 5800, and showed that this method can be widely used in measuring the 
purity of macromolecular proteins.   
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1. Introduction 

Human insulin is a kind of protein with simple structure, hypo-
glycemic function,[1] and molecular weight of 5808 g/mol. 
It contains 16 kinds of 51 amino acids. Common methods for 

the determination of insulin in blood and serum are liquid 
chromatography, isotope dilution mass spectrometry, 
bioassay, and immunological methods (radioimmunoassay, 
immunoradiometric method, enzyme-linked immunoassay 
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and luminescence immunoassay),[2–6] However, few publica-
tions have dealt with the purity measurement of the insulin, 
while an accurate purity measurement is the basis of insulin 
analysis. 

Nuclear magnetic resonance (NMR) method is widely 
used to measure the purity of natural products,[7,8] 

metabolites,[9] pharmaceuticals,[10–12] pesticides[13] and other 
objects, because NMR signal intensity is proportional to the 
number of resonant nucleus.[14] Inorganic substances do not 
affect the results of NMR.[15] The application of quantitative 
nuclear magnetic resonance (qNMR) for small molecules is 
very popular, because it does not need a standard material 
of the component,[16–18] it takes a short analytical time, 
and it reflects the structural information clearly. At present, 
the molecular weight of the largest molecule detected by 
qNMR was 1800 g/mol.[19] However, qNMR does not per-
form well in some case. For the case of macromolecule mate-
rials like insulin with molecular weight of 5808, it gets low 
accuracy, because of too many clutter signals, and the over-
lapped peaks. For the case of compounds with lower purity 
especially those with molecular weight more than 5000, it 
is prone to error of the purity determination, because the 
impurity peaks are likely to be incompletely separated for 
the peak of major component. 

Based on the fact that the peaks of rare organic impurities 
do not overlap with the peaks of the sample and do not affect 
the true purity determined by qNMR, we proposed a method 
called HPLC-qNMR-HPLC. At the first step, it purifies an 
original HI to obtain a purified HI with an organic purity over 
99%; at the second step, it assesses the absolute content of the 
purified HI by qNMR; at the third step, it applies the purified 
HI as an external standard to measure the purity of original HI 
by high performance liquid chromatography (HPLC). 

Inside the first step, this study investigated and optimized 
the key factors influencing the chromatographic resolution 
and sample stability, in order to obtain a purified HI with 
an organic purity over 99%. In all steps, although sodium 
chloride existed in the HI sample to reduce the degradation 
of HI, this inorganic stabilizer in the sample would not affect 
the result of qNMR. In that case, a more accurate result could 
be obtained after the follow-up experiments. 

This study verified the HPLC-qNMR-HPLC in experi-
ments. It expanded the application of qNMR to proteins with 
molecular weight of about 5800, and showed that this method 
could be widely used in measuring the purity of macromolecu-
lar proteins. 

2. Experiments 

2.1. Materials and reagents 

The human insulin sample was purchased from Sigma-Aldrich 
(US), determined by the IDMS method, with a mass fraction 
value of 86.60% and an expanded uncertainty of 3.4%. The 
sodium sulfate, sodium chloride, and ammonium hydroxide 
were analytical grade bought from Beijing Reagent Co. The 
maleic acid was provided by Sigma-Aldrich (US), of which 
purity was checked by qNMR with the national certified refer-
ence material potassium hydrogen phthalate. The dimethyl 

sulfoxide-d6 (DMSO-d6), deuterium chloride (DCl, 20%) and 
deuterium oxide (D2O) were purchased from Cambridge 
Isotope Laboratories, Inc. (US). The acetonitrile was 
purchased from Merck with chromatographic grade. The 
phosphoric acid was provided by Thermo Fisher with the 
purity of 85%. 

2.2. Apparatus 

The NMR measurements were carried out on a Bruker Ascend 
800 spectrometer with a 5 mm CPQCI cryoprobe at 800 MHz 
(1H). The TopSpin 3.1 Bruker NMR software was used for data 
processing. The HPLC separations and collections were 
carried out on a Shimadzu 20-AT system with a binary 
high-pressure gradient mixer, a degasser, an autosampler, a 
column oven (set at 40°C), and a photo-diode array detector 
(PDA) detector. In the qNMR experiment, the weighing was 
carried out on a Sartorius SE 2 balance (d ¼ 0.0001 mg). In 
the HPLC experiment, the weighing of sample and solvent 
was carried out on Mettler Toledo XP 26 (d ¼ 0.001 mg) and 
Satorius CP 324S (d ¼ 0.1 mg), respectively. The pH was mea-
sured by a METTLER TOLEDO FiveEasy™ pH meter. The 
collected eluent was dried by a freeze dryer (SCANVAC). 

2.3. Purification and collection by HPLC  

1. Dissolved the origin HI samples by 0.01 mol/L HCl as 
1 mg/mL solution. 

2. Separated the solution using an Inertsil ODS-SP C18 
column (250 mm � 4.6 mm, 5 µm; Japan) with two mobile 
phases: A (20% acetonitrile in water with 0.03 mol/L NaCl) 
and B (50% water in acetonitrile). The gradient program 
was 40% B; 0–36 min, 40-80%B; 36-40 min, with a flow rate 
of 1.0 mL/min. 

3. Collected the eluent with the human insulin (∼5 mL) in a 
50 mL plastic tube. 

4. Mixed the 5-time collected solutions. 
5. Dried the solution with the freeze dryer. 

2.4. Assessment by qNMR  

1. Weighed a sample of purified HI (11 mg) and maleic 
acid (0.4 mg) accurately. Dissolved them with 0.4 mL 
DMSO-d6, 0.4 mL D2O and 8 µL DCl. 

2. Acquired a preliminary 1H-NMR spectrum with the NS 
(number of scans) as 1 and D1 (relaxation delay) as 1 s, 
to obtain the chemical shifts of two compounds. Measured 
the T1 relaxation time of each quantitative peak, and the T1 
values from HI at δ ¼ 8.69 and from maleic acid at δ ¼ 6.20 
were 2.71 s and 3.86 s, respectively. Thus, the latter value 
was the maximum T1 (T1max). 

3. Dectected the peak areas of 5 purified HI samples with the 
following parameters for qNMR in Table 1. The pulse 
width of 90 degree was selected for higher sensitivity. 
And relaxation delay of 37 s (9.6 times of the T1max) was 
selected for qNMR determination, in order to ensure 
accurate quantification. The purity was calculated by the 
mean value. 
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2.5. Measurement by external method of HPLC  

1. Weighed the original HI and purified HI accurately at a 
ratio of about 1:2 to ensure the HPLC peak area ratio to 
be 1:1. Dissolved them into two solutions, respectively. 

2. Determined their peak areas by HPLC with the optimized 
conditions during separation process. 

3. Calculated the purity of original HI, based on the pro-
portional relationship between the concentration and the 
area of the two HI samples by the Lambert-beer’s law. 

3. Results and discussion 

The goal of purification is to collect the HI product as pure as 
possible, such as >99.7%, to ensure it can be assessed by direct 
qNMR. Because the insulin is easily degradable, the suitable 
collection time, the stabilizer, the acidity and the freeze-drying 
temperature are important to guarantee that the HI would not 
degrade during the separation and purification. This study 
optimized the gradient, the pH, the kind and dosage of stabi-
lizer. Moreover, it kept a relative low temperature during 
freeze-drying. 

3.1. Mobile phase gradient 

The condition of HPLC was optimized to get a good resol-
ution. Based on the report of HI reference material,[20,21] the 
test condition was: (1) mobile phase A (20% acetonitrile in 
water with 0.2 mol/L sodium sulfate, which pH was adjusted 
by phosphoric acid to 2.3) and mobile phase B (50% water 

in acetonitrile), at the gradient program: 22% B; 0–36 min, 
22-67%B; 36-60 min, 67%B; 60-65 min; (2) a flow rate of 
1.0 mL/min; (3) C18 column worked under the oven tempera-
ture of 40°C. The HI sample was dissolved by the 0.01 mol/L 
HCl. The chromatogram was showed at Figure 1. 

While under this condition, the retention time of HI was 
too long (50.717 min) and its resolution was poor. A chroma-
togram at the gradient program as 0-90 min; 20-80% B showed 
that the target analyte would elute out at 40% B, so the gradi-
ent was changed as 0–36 min; 40% B, 36–40 min; 40–80% B. 
The chromatogram (Figure 2) showed shorter retention time 
(35 min earlier) and better resolution. 

3.2. pH of the mobile phase 

A study suggested that the HI should be purified at a pH 
of 2.0–4.0 in order to achieve the best resolution and 
separation.[22] Firstly, in order to carry out a contrast test, 
seven different mobile phases with pH of 2.30, 2.80, 3.20, 
3.87, 5.14, 6.06 and 7.07 were prepared by adding phosphoric 
acid (<5.14) or ammonium hydroxide (>5.14). Secondly, the 
seven mobile phases were mixed with 0.2 mL HI solution, 
separately. Thirdly, they were detected under the same con-
ditions with 0.2 mL HI solution alone as control. The results 
showed that acid modulator led to no improvement in resol-
ution and only marginally effect on the retention time. In 
order to produce the HI as pure as possible, neither acid nor 
base was added. 

3.3. The stabilizer 

Our experiments found that the insulin is easily degradable in 
aqueous solution. After two consecutive tests, the sample 
purity has been reduced from 97% to 94%. It is essential to 
study the factors that influence the insulin degradation and 
its degradation rate. 

Table 1. The parameters of qNMR. 
Conditions Value Conditions Value  

Data point 128202 Probe temperature 298 K 
Pulse width 90 degree Number of proton of maleic acid 2 
Receiver gain Automatic Number of proton of HI 1 
Relaxation delay 37 s (9.6 � T1max) Chemical shift of maleic acid 6.20 
Number of scans 60 Chemical shift of HI 8.69   

Figure 1. The chromatogram of human insulin by original conditions (wavelength ¼ 214 nm).  
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The buffer salt added in the mobile phase may have an 
influence on the sample stability; a study[23] suggested that 
NaCl additive can stabilize HI elution. Experiments using 
sodium sulphate and sodium chloride showed that sodium sul-
phate promotes degradation. However, the sodium chloride 
additive created a 20-hour stable period and slightly promoted 
resolution (Table 2). Hence sodium chloride should be used in 
production of HI. 

However, the dosage of stabilizer decreases the absolute 
purity of HI product, so there was a comparison about differ-
ent contents of NaCl. Five solutions of 20% acetonitrile in 
water with 0.2 mol/L, 0.1 mol/L, 0.05 mol/L, 0.03 mol/L and 
0.015 mol/L NaCl were prepared, respectively. The same HI 
sample was detected by HPLC with the same gradient con-
ditions using these five solutions as mobile phase A. The 
HPLC peak area showed no significant difference, and the res-
olution was good when the salt content up to 0.03 mol/L 
(showed in Figure 3). So the 0.03 mol/L NaCl was chosen. 

3.4. Freeze-drying temperature 

The lyophilisation plays an important role in the process of the 
analysis. The HI solution turns into dry powder in about 30 
hours. So, it is necessary to ensure the sample keeps stable dur-
ing freeze-drying. Before lyophilisation, the organic purity of 
HI was 97.3%. A solution (5 mL) with about 1 mg/mL HI 
was divided into two parts. A portion (0.5 mL) was detected 
right now under the above HPLC conditions; and the other 
portion was detected after being dried, with cold-trap tem-
perature at −104°C and pressure at 4.125 kPa for 30 hours. 
Unfortunately, the organic purity decreased to 87.7% after dry-
ing, because the temperature in sample room (20.6°C) was too 

high to keep the sample stable. Then some ice packs were 
added to decrease the sample room temperature to −7.7°C, 
and were replaced by other ice packs every 12 hours. The 
results showed that the organic purity increased to more than 
99.0% after the lyophilisation, which indicated that the 
addition of ice packs through freeze-dried was feasible to pro-
tect the samples from degradation. 

3.5. Collection 

The preparative liquid chromatography is higher efficient than 
analytical HPLC. However, no ideal resolution was obtained 
using preparative liquid chromatography, so the collection 
was performed by analytical HPLC. 

For facilitating exact collection of eluent, the time for sol-
ution from the PDA detector to the outlet was determined 
by conducting experiments at the above conditions, and the 
result was 5 s. In the collection process, a 10 mg/mL HI sol-
ution was injected, and then the eluent of 11-15 min was col-
lected into a 50-mL tube which was immersed into ice 
completely. Then, the product was frozen under −80°C before 
finally dried in the freeze-drying for 30 hours, and it turns into 

Figure 2. The chromatogram of human insulin after optimizing the gradient (wavelength ¼ 214 nm).  

Table 2. Dependence of the peak area on time with different additives. 
Time Na2SO4 NaCl  

10 min 12638629 13598143 
50 min 11573894 13675998 
90 min 9614802 13607882 
20 h 9459387 12465562   Figure 3. Dependence of the peak area on time with different levels of NaCl.  
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300 mg powder. About 3.57 mg of the product was dissolved 
by about 600 mL of 0.01 mol/L HCl, and detected by the 
HPLC. The chromatogram (Figure 4) showed that the organic 
purity value was 99.78%. The organic impurities (maybe 
proteins, peptides or amino acids) were greatly reduced by 
purification. 

3.6. Assessment of purified HI by qNMR 

3.6.1. Selection of quantitative peak 
From the structure and chemical sequence of HI (Figure 5), 
amino acid residues of HI include two histidines, three pheny-
lanalines and four tyrosines. Based on the random coil 1H 
chemical shifts for the 20 common amino acid residues,[24] 

chemical shifts (with positions) of protons in the branches 
of these residues are: 8.12 (2H) and 7.14 (4H) for histidine; 
7.15 (2,6H), 6.86 (3,5H) and 7.34 (4H) for phenylanaline; 
7.15 (2,6H) and 6.86 (3,5H) for tyrosine. Thus, the proton at 
position 2 of histidine was expected to be at the largest chemi-
cal shift, and well resolved from other protons (The protons at 
position 2 and position 4 of histidines were pointed out in 
Figure 5). A solution of purified HI was determined by COSY 
NMR, the spectrum (Figure 6) showed that the peaks at 8.52 
and 8.43 were two protons of the postion 2 from two histines, 
and other peaks from 6.1 to 7.3 were contributed by other 

protons from histines, phenylanalines and tyrosines. However, 
as shown in high sensitivity NMR spectra (Figures 7, 8 
and 10), the peak at 8.43 is apt to overlap with other peaks. 
Therefore, the peak at 8.52 representing one proton was selec-
ted as the quantitative peak due to the best resolution from 
other peaks. 

3.6.2. Optimization of the solvent 
About 3 mg original HI and 0.3 mg maleic acid (MA) were 
weighed accurately and dissolved with several ratio of 
DMSO-d6 to D2O from 100:0 to 20:80, since its poor solubility 
in 100% D2O solvent. The result (Figure 7) showed that the 
exchangeable proton peaks on the amide would dissapeared 
when there was a small amount of D2O, and the resolution 
of proton peaks on histidine (chemical shift at 8.6) was the best 
at the ratio of 50:50. So 0.4 mL of DMSO-d6 and 0.4 mL of 
D2O were added. 

3.6.3. Optimization of the internal standard 
The three imperative principles about internal standard are: no 
reaction happened with sample or solvent; a traceable purity 
value; and no overlap on the quantitative peak of sample. 

Acesulfame potassium (δ ¼ 5.3) and maleic acid (δ ¼ 6.3) 
were both suitable internal standard in this experiment, while 
maleic acid had a farther chemical shift from the solvent peak 

Figure 4. HPLC chromatogram of purified human insulin.  

Figure 5. The structure and chemical sequence of human insulin.  
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(δ ¼ 4.7), which makes adjacent baseline more smooth. So 
maleic acid (MA) was chosen as the internal standard. 

3.6.4. Optimization the DCl in solvent 
Our experiments found that the addition of a small amount of 
deuterated hydrochloric acid could efficiently reduce the 
exchangeable proton peaks on amide beside the quantitative 
peak and be beneficial to the finally accurate quantitation. 
Then, 0.4 mg maleic acid and 4 mg HI were dissolved with 
mix solvent with 0.4 mL D2O and 0.4 mL DMSO-d6. Different 
amounts (1, 2, 4, 8 and 16 μL) of DCl (20%) were added 
respectively before qNMR detection. 

The spectra in Figure 8 suggested that the same resolution 
and scarcely overlap were observed around the quantitative 
peak from histidine with different concentrations of DCl. 
And the area ratio of the quantitative peaks between HI and 

MA decreases and become stable when the content of 
DCl up to 8 μL (Figure 9), which indicated this addition 
was sufficient. 

3.6.5. Purity assessment by qNMR 
The purified HI (11 mg) and MA (0.4 mg) were mixed and 
determined by qNMR. A typical spectrum and integrals were 
shown in Figure 10, in which the area ratio between two quan-
titative peaks was almost 1:10, which is in the linearity range of 
qNMR.[19] The reasons of not achieving area ratio of 1:1 were: 
(1) increasing mass of purified HI (11 mg) will increase cost 
and work for purification; (2) decreasing the mass of MA 
(0.4 mg) will increase the relative uncertainty from balance. 
The average value for five independent weighings and mea-
surements was assessed as the real purity of the purified HI. 
Table 3 showed the results. Considering the existence of NaCl 

Figure 6. The COSY spectrum of purified human insulin.  

Figure 7. The spectra of human insulin and maleic acid in different ratios of DMSO-d6:D2O (DMSO-d6:D2O ¼ 100:0 (a); 80:20 (b); 60:40 (c); 50:50 (d); 48:52 (e); 
20:80 (f)).  
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(0.03 mol/L) in the mobile phase during purification, it was 
reasonable that the purity of purified HI was lower than 
50%. But its organic purity (99.78%) was higher than original 

HI. Therefore it can be accurately assessed by direct qNMR 
and be used as a standard to measure the original HI. 

3.6.6. Measurement by external method 
The purified HI was applied as an external standard to 
measure the purity of original HI by HPLC, according to the 
concentration ratio and peak area of each other. The data 
and calculations were listed in Table 4 as follows. 

According to the data above, the ratio of HI content before 
and after purification was 2.09:1, thus, the concent of original 
HI would be: 

PHI ¼ RPS ¼ 2.09 � 40.25% ¼ 84.12% 
PHI: purity of HI sample. 
PS: purity of the purified HI sample. 
R: ratio of HI content before and after purification. 

3.7. Uncertainty calculation 

3.7.1. The equation of purified HI 
The purity of the purified HI was calculated by the qNMR 
formula. 

Figure 8. The NMR spectra added with different amounts of DCl (DCl concentration of 1 μL (a); 2 μL (b); 4 μL (c); 8 μL (d); 16 μL (e)).  

Figure 9. The peak area ratios between human insulin and maleic acid added 
with different levels of DCl.  

Figure 10. The typical spectrum and integrals of qNMR for human insulin with maleic as internal standard.  
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PS ¼
Is

IStd

nStd

ns

Ms

Mstd

mStd

ms
Pstd  

Where, 
Pstd: purity of internal standard. 
mstd: mass of internal standard. 
Mstd: molecular weight of internal standard. 
nstd: number of hydrogen of the quantitative peak of 

internal standard. 

Istd: peak area of quantitative peak of internal standard. 
ms: mass of purified HI sample. 
Ms: molecular weight of HI. 
ns: number of hydrogen of the quantitative peak of purified 

HI sample. 
Is: peak area of quantification peak of purified HI sample. 

3.7.2. The equation of HI sample 

PHI ¼ RPS ¼
CS

CHI

AHI

AS
PS  

CS: The concentration of purified HI sample solution. 
CHI: The concentration of HI sample solution. 

AS: The LC-UV area of purified HI sample. 
AHI: The LC-UV area of HI sample. 

3.7.3. Evaluation of measurement uncertainty 
Evaluation of measurement uncertainty was shown in Table 5. 
The relative uncertainty of purity of HI in purified HI (u(Ps)/ 
(Ps)) sample is: 

Where, 
u(Ps)/(Ps): the relative uncertainty from purity of purified 

HI sample. 
u(Is/Istd)/(Is/Istd): the relative uncertainty from qNMR 

measurement repeatability. It was the RSD of peak ratios of 
two quantitative peaks in 5 determinations as shown in 
Table 3. 

u(Ms)/(Ms): the relative uncertainty from molecular weight 
of HI. It was calculated by dividing the quadratic combination 
of atomic weight uncertainties[25] of each atom of HI 
(C257H383O77N65S6) by the atomic weight of HI (5807.57). 

u(Mstd)/(Mstd): the relative uncertainty from molecular 
weight of internal standard. It was calculated by dividing the 
quadratic combination of atomic weight uncertainties[25] of 
each atom of MA (C12H4O4) by the atomic weight of MA 
(116.07). 

u(mstd)/(mstd): the relative uncertainty from mass of 
internal standard. It was calculated by dividing the standard 
uncertainty of balance (0.0001 mg/ √3) by the mass of MA 
(0.4 mg). 

u(ms)/(ms): the relative uncertainty from mass of HI 
sample. It was calculated by dividing the standard uncertainty 
of balance (0.0001 mg/ √3) by the mass of HI (11 mg). 

u(Pstd)/(Pstd): the relative uncertainty from purity of 
internal standard from its certificate of reference material. 

The relative uncertainty of purity of HI sample (u(PHI)/ 
(PHI)) was calculated by: 

u PHIð Þ

PHI
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

uðAHI=ASÞ

AHI=AS

� �2

þ
uðCSÞ

CS

� �2

þ
uðCHIÞ

CHI

� �2

þ
u PSð Þ

PS

� �2

þuimp2

s

u(AHI/As)/(AHI/As): the relative uncertainty from LC 
measurement repeatability. It was the RSD of peak ratios of 
two HI solutions (before and after purification) in 7 determi-
nations as shown in Table 4. 

u(Cs)/(Cs): the relative uncertainty from concentration of 
purified HI solution. It was quadratic combination of relative 
uncertainties from mass of purified HI and mass of solvent. 
The former was calculated by dividing the standard uncer-
tainty of balance (0.001 mg/√3) by the mass of purified HI 
(1.062 mg). The latter was calculated by dividing the standard 
uncertainty of balance (0.1 mg/√3) by the mass of solvent 
(578 mg). 

u PSð Þ

PS
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Table 5. Uncertainty budget. 
Item Value (%) Item Value (%)  

u(Is/Istd)/(Is/Istd)  0.35 u(AHI/As)/(AHI/As):  0.55 
u(Ms)/(Ms)  0.000021 u(Cs)/(Cs)  0.054 
u(Mstd)/(Mstd)  0.0017 u(CHI)/(CHI)  0.067 
u(mstd)/(mstd)  0.014 uimp  0.11 
u(ms)/(ms)  0.00052 u(PHI)/(PHI)  0.68 
u(Pstd)/(Pstd)  0.09 u(PHI)  0.57 
u(Ps)/(Ps)  0.37 U(PHI)  1.14   

Table 3. The purity value of HI by qNMR. 
Num. Mass (mg) Value (%)  

1  11.7679  40.12 
2  15.7740  40.37 
3  11.7580  40.38 
4  12.6178  40.07 
5  11.8449  40.31 
mean –  40.25 
RSD   0.35   

Table 4. The calculation of HI purity.  
Before purification After purification 

Ratio C (mg/g) Mean area C (mg/g) Mean area  

1 0.741  7104464 1.84  8404834  2.10 
2 0.659  6256077 1.89  8536213  2.10 
3 0.675  6396666 1.88  8530652  2.09 
4 1.31  12466456 3.23  14704834  2.09 
5 1.53  14525265 1.60  7284354  2.09 
6 2.15  20534084 3.52  15938204  2.11 
7 1.21  11574075 3.38  15231792  2.12 
Mean      2.09 
RSD      0.55% 

C: concentration.   
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u(CHI)/(CHI): the relative uncertainty from concentration of 
HI solution. It was quadratic combination of relative uncer-
tainties from mass of HI and mass of solvent. The former 
was calculated by dividing the standard uncertainty of balance 
(0.001 mg/√3) by the mass of HI (0.858 mg). The latter was 
calculated by dividing the standard uncertainty of balance 
(0.1 mg/√3) by the mass of solvent (653.5 mg). 

uimp: the relative uncertainty from the organic impurity in 
the purified HI sample. The organic purity of purified HI is 
99.78%. Because its impurities may contain histidine group 
or not, the uncertainty was estimated by (100%-99.78%)/2. 

The uncertainty and expanded uncertainty of purity of HI 
sample was calculated by: 

u PHIð Þ ¼
u PHIð Þ

PHI
PHI 

U PHIð Þ ¼ ku PHIð Þ

Where, 
u(PHI): uncertainty of purity of HI sample. 
U(PHI): expanded uncertainty of purity of HI sample. 
k: coverage factor, equal to 2. 

3.8. Comparison with the traditional method 

The mean value with its expanded uncertainty of HI measured 
by HPLC-qNMR-HPLC, 84.12% � 1.14%, is given inside the 
reference range (Figure 11), compared with the reference value 
by traditional IDMS (isotope dilution mass spectrometry) 
method, 86.6% � 3.4%. The uncertainty of the former is more 
precise, with 66% less than the latter. 

4. Conclusion 

This study combined HPLC and qNMR for the higher pre-
cision purity determination of Human Insulin. It established 
a purification method of HPLC which kept the sample stable 
and well separated. It enhanced the organic purity of HI to 
99.78%, thus the effect of the organic impurity peaks to the 
results of qNMR can be avoided. It measured the original 
HI by HPLC using the purified HI as the reference material. 
It successfully established this HPLC-qNMR-HPLC method, 

and verified that the result of this method (84.12% � 1.14%) 
is more accurate than that of the traditional IDMS method 
(86.6% � 3.4%). It expanded the application of qNMR to pro-
teins with molecular weight of about 5800, and showed that 
this method could be widely used in measuring the purity of 
macromolecular proteins. 
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e liquid chromatography-
quantitative nuclear magnetic resonance (HPLC-
qNMR) with a two-signal suppression method for
purity assessment of avermectin B1a

Ting Huang,*a Wei Zhang,a Xinhua Dai,a Na Li,b Liang Huang,c Can Quan,a

Hongmei Lia and Yi Yangb

HPLC-qNMR (high performance liquid chromatography-quantitative nuclear magnetic resonance) is

a technology with great potential, which combines the high separation capability of HPLC and the high

qualitative/quantitative analysis capability of NMR. It overcomes the problem of overestimation in qNMR

and the problem of unavailable reference materials in HPLC. But its current application is narrow due to

the lack of a good method to eliminate the vast amount of signals from the protons of the mobile phase.

This study proposed a new HPLC-qNMR method for a natural complex pesticide (avermectin B1a).

Common solvents (CH3CN and H2O ¼ 70 : 30) are introduced as the HPLC mobile phase, which reduces

the cost to make its wider application possible. The solution mixture of the sample and the internal

standard (benzoic acid) was separated by HPLC. Only the eluent of the target analyte (avermectin B1a)

and the eluent of the internal standard were collected in one vial, and then were determined by qNMR

with a new signal suppression method to suppress two signals from CH3CN and H2O simultaneously.

After the optimization of key parameters for qNMR, the mean and uncertainty (94.63% � 1.97%) is

consistent with that from the mass balance method based on many instruments (93.70% � 0.46%). The

bias is no more than 1%. This method can be widely applied in the future due to its efficient separation

capability, high qualitative/quantitative capability, very low cost, rapid operation and good accuracy.
1. Introduction

Quantitative nuclear magnetic resonance (qNMR) is a prom-
ising primary assessment method. It is non-destructive and
requires minimal sample preparation. It can establish the
traceability of the purity value for an analyte without the same
pure reference material as the analyte, if the purity value of the
internal standard is traceable to the International Standard
Units. It is widely used in chemical purity assessments.1

However, without separating organic impurities from the ana-
lyte, direct qNMR is at a high risk of overestimating the purity
when some impurity peaks overlap with the peak of the analyte.
High performance liquid chromatography (HPLC) is one of the
most important approaches for the separation of organic
compounds. Therefore, the hyphenation of HPLC and qNMR is
a promising technology.
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HPLC-NMR is a new technique in mixture analysis which
combines the separation efficiency of HPLC and the specicity
of NMR.2,3 Since the mobile phase of HPLC contains vast 1H
(proton), there are three modes of HPLC-NMR to eliminate the
inuence of these protons: (1) continuous LC-NMR: expensive
deuterated solvents are used as the HPLCmobile phases such as
D2O and CD3CN; (2) LC-SPE-NMR: aer HPLC with common
solvents as the mobile phases, the analyte is trapped in some
solid phase extraction (SPE) columns, and the analyte is dried
using nitrogen and then eluted out using deuterated solvents;
(3) single deuterated mobile phase LC-NMR method: aer
HPLC with one common solvent (oen CH3CN) and one
deuterated solvent (oen D2O) as the mobile phases, NMR with
a solvent suppression method was carried out to eliminate the
huge signal from the protons of the common mobile phase.
HPLC-NMR is oen used in qualitative analysis, especially the
elucidation of unknown compounds in natural products.3,4

Quantitative HPLC-NMR (or HPLC-qNMR) is reported less
frequently than qualitative HPLC-NMR, because mode (1) costs
too much; mode (2) is at a risk of loss of the sample during
trapping, drying and re-elution; mode (3) costs much and it is at
a risk of distortion of the signal and thus inaccurate quantita-
tive results.
This journal is © The Royal Society of Chemistry 2016
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Saito2 applied the continuous mode with CD3CN and D2O
as mobile phases to determine the purity of o-xylene, but it is
too expensive to become a routine application. Godejohann5

applied the single signal suppression method by 1-D version
of the noesyprtp (Bruker, Rheinstetten, Germany) with
CH3OH and D2O as mobile phases to determine several
nitroaromatic compounds, and the deviations between the
injected and calculated amounts of analytes are usually below
10%. But the high cost of D2O is still limiting it from wider
application. Therefore, these HPLC-qNMR studies are rarely
reported.

Avermectins, macrolytic lactones produced by the fungus
Streptomyces avermitilis, have found wide application as pesti-
cides and antiparasitic drugs for humans and animals. Natural
avermectins have 8 components: A1a, A2a, B1a, B2a, A1b, A2b,
B1b and B2b. The most extensively used compound of this class
is avermectin B1a.6 The avermectin B1a without any other 7
components as impurities is not commercially available.
Moreover, the 1H-NMR peaks of the 7 components almost
overlap with peaks from avermectin B1a in NMR. Therefore, it is
difficult to determine the purity of avermectin B1a by HPLC or
direct NMR; hence, avermectin B1a is chosen as the analyte in
this HPLC-qNMR study.

This study proposed a new HPLC-qNMR method. Common
solvents (CH3CN and H2O) are used as the HPLC mobile phases
to reduce the cost for making wider application of this method
possible. The sample and the internal standard (benzoic acid)
were dissolved in one solvent, and separated by HPLC. Only the
eluent of the target analyte (avermectin B1a) and the eluent of
the internal standard were collected in one vial, and then were
determined by qNMR with a new signal suppression method to
suppress two signals from these two mobile phases simulta-
neously. The accuracy of the quantitative result aer suppres-
sions was studied.

Before this study, the purity of the sample of avermectin B1a
was previously determined by the mass balance method,7 using
HPLC, LC-MS, Karl Fischer titration, head-space gas chroma-
tography, inductively coupled plasma-mass spectrometry, etc. It
involved many instruments and took many days. The new
HPLC-qNMR method is promising to reduce the time and cost.
Based on the advantage of qNMR, it can also establish the
traceability of determination of avermectin B1a to another pure
compound, since pure avermectin B1a is unavailable. This low-
cost, highly specic, rapid and traceable method is a promising
method to be widely used.
Fig. 1 Chromatogram for the solution of avermectin B1a and benzoic
acid (benzoic acid: peak at 2–3 min; avermectin B1a: peak at 26–30
min; impurities in avermectin B1a sample: other peaks).
2. Experimental
2.1. Materials and reagent

The avermectin sample was provided by NIM, determined by
the mass balance method, with a purity value of 93.70% and an
expanded uncertainty of 0.46%. Benzoic acid was a standard
reference material (SRM 350b) of NIST, with a purity value of
99.9978% and an expanded uncertainty of 0.0044%. Dimethyl
sulfoxide-d6 (DMSO-d6) was purchased from Sigma-Aldrich
(US).
This journal is © The Royal Society of Chemistry 2016
2.2. Apparatus

Measurements were carried out on a Bruker Ascend 800 spec-
trometer with a 5 mm CPQCI cryoprobe at 800 MHz (1H). The
TopSpin 3.1 Bruker NMR soware was used for data processing.
Liquid chromatography was carried out by using an Agilent
1260 system with a DAD detector, equipped with an Inertsil
ODS-3 column (250 mm � 4.6 mm � 3 mm). The weighing was
carried out on a Sartorius SE 2 balance (d ¼ 0.1 mg).
2.3. LC

The sample solution of valine was prepared by the following
steps: the avermectin sample (�20 mg) and benzoic acid (�2.3
mg) were accurately weighed and were dissolved in DMSO-d6
(1 mL). 100 mL of the solution was injected into the LC-DAD
system. The mobile phase was acetonitrile : water ¼ 70 : 30,
with a ow rate of 1.0 mL min�1. By conducting experiments at
this ow rate, the time for solution from the DAD detector to the
outlet is determined (13 s). Only the eluent with the avermectin
B1a and the eluent with the benzoic acid were collected (�5 mL)
in a 10 mL glass tube. Then, 500 mL collected solution were
transferred into a NMR tube, 50 mL D2O was added (for lock of
the eld at NMR), and were determined by NMR. The chro-
matogram at a wavelength of 244 nm is shown in Fig. 1.
2.4. NMR

The experiments were carried out using the following parame-
ters for qNMR: 30� pulse, 65 536 data points. Fourier trans-
formation was done with exponential ltering of zero aer zero
lling the data to 131 072 time domain points. Automatic
receiver gain was evaluated to obtain a suitable receiver gain
(RG) before each determination.

(1) A basic 1H-NMR spectrum was acquired with the NS
(number of scans) as 1 and D1 (relaxation delay) as 1 s, to obtain
the chemical shis of two solvents. Only two solvent peaks of
water and acetonitrile were showed (Fig. 2). The automatic
receiver gain was very small (e.g. RG: 1.12), so the peaks of
analytes are undetectable.

(2) The pulse program was set to noesygpps1d.comp1.d1
(Bruker, Rheinstetten, Germany). The O1 (irradiation frequency
Anal. Methods, 2016, 8, 4482–4486 | 4483



Fig. 2 NMR spectrum without signal suppression for the eluent of
avermectin B1a and benzoic acid after HPLC separation (A: acetoni-
trile, A1 and A2: satellite peaks of acetonitrile; B: water; C: enlarged
view of the part below using the same vertical axis).

Table 1 Parameters and results of experimentsa

No. L6 SACN SD2O RG NS P U
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offset) was set to the centre of the acetonitrile peak (�2080 Hz).
Set D1 to 5 s, L6 (loop counter) to 1, and NS to 1.

(3) Using the GS (interactive parameter optimization during
acquisition) command to tune the O1 slightly, to make the sum
of FID to be as small as possible. This can set the O1 accurately
at the centre of the acetonitrile peak.

(4) Using “st generate Rectangle 50000100 lename ¼
H2O_ACN_SHAPE1; st manipulate H2O_ACN_SHAPE1 offs b s
1000000 2 0 100 1672.8 100” command to set a macro for
suppression and apply the macro with parameters. The last ve
numbers of the command represent: (a) the number of
suppressions; (b) the offset of the 1st suppression from the O1
(the 1st suppression is for acetonitrile, so this value is always 0);
(c) the strength for the 1st suppression (100 is recommended);
(d) the offset of the 2nd suppression from the O1 (the 2nd
suppression is for water, so this value is the offset of water
minus that of acetonitrile); (e) the strength for the 2nd
suppression (100 is recommended).

(5) Perform a preliminary scan, and check the peak heights
of acetonitrile and water. If the height of water is still rather
high, change the offset of the 2nd suppression from the O1 at
step (4) and perform step (5) again, until the heights of both
solvents are small. Then, the automatic receiver gain increases
(e.g. RG: 16) to let the peaks from analytes be detectable. A well
suppressed NMR spectrum is shown in Fig. 3. The two satellite
Fig. 3 NMR spectrum with two-signal suppression for the eluent of
avermectin B1a and benzoic acid after HPLC separation (A: acetoni-
trile, A1 and A2: satellite peaks of acetonitrile; B: water; C: enlarged
view of the part below using the same vertical axis; 1–3: the three
quantitative peaks from avermectin B1a, 4: the quantitative peak from
benzoic acid).
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peaks of acetonitrile (A1 and A2 in Fig. 2 and 3) are not changed
since they are not suppressed. The area ratios of peak A and
peak B against peak A1 and A2 are high in Fig. 2, and become
much lower in Fig. 3. Based on the fact that peak A1 and peak A2
are unchanged, it is shown that peak A (water) and peak B
(acetonitrile) are suppressed to a very low height.

(6) Set NS to 160, D1 to 32 s, and perform a quantitative scan.
(7) Aer manual phasing, automatic baseline correction, and

manual integration, the peak at a chemical shi of 8.5 from
benzoic acid was used as the quantitative peak of the internal
standard. The peaks at chemical shis of 6.0, 5.9 and 5.8 from
avermectin were used as quantitative peaks and the average
result from these three peaks was regarded as the result of this
determination. Since the uncertainty from other sources (mass
weighing, purity of the internal standard, and molecular
weight) are much less than the SD, the expanded uncertainty is
equal to 2 (coverage factor) times the SD.

3. Results and discussion
3.1. Loop counter (L6)

The results of experiments and expected values with each
expanded uncertainty (by the traditional mass balance method)
are shown in Table 1. The pulse program suppresses the signal of
two solvents simultaneously by pre-saturating signals with
selectively shaped pulses. Loop counter is the number of times of
the pre-saturation shape pulse imposed before one scan. While
the loop counter decreases, lesser suppression was imposed on
the solvents and lesser distortion of peak areas was observed.
While the loop counter increases, more suppression was
imposed, and then a higher receiver gain and higher signal-to-
noise ratios were obtained. Experiments A, B, C and D (Table 1
and Fig. 4) were tests based on L6 as 4, 3, 2 and 1, respectively.
Lower L6 showed less biases, so the least value of loop counter
(L6 ¼ 1) was chosen.
A 4 100 100 16 32 94.7% 2.3%
B 3 100 100 16 32 97.5% 2.0%
C1 2 100 100 8 64 92.5% 1.6%
C2 2 100 50 8 64 95.3% 3.4%
C2 2 100 20 8 32 96.1% 2.1%
C4 2 90 50 4 32 92.3% 5.9%
D1 1 100 100 5.6 64 95.5% 3.9%
D2 1 100 50 5.6 64 92.5% 4.0%
D3 1 100 100 4 1024 94.8% 3.7%
E1 1 100 100 12.7 160 94.5% 1.5%
E2 1 100 100 14.2 160 94.3% 2.8%
E3 1 100 100 8 160 94.7% 1.6%
E4 1 100 100 10 160 93.1% 1.5%
E5 1 100 100 8 160 96.2% 2.1%
E6 1 100 100 8 160 95.0% 0.4%

a L6: the loop counter of the suppression method; SACN: the suppression
strength for acetonitrile; SD2O: the suppression strength for acetonitrile;
RG: automatic receiver gain; NS: number of scans; P: purity result of
avermectin B1a; U: uncertainty (k ¼ 2) of the purity.

This journal is © The Royal Society of Chemistry 2016



Fig. 4 Results of experiments. See the conditions in Table 1. The purity
results with each uncertainty were plotted. The vertical solid line and
two dashed lines: the result with its uncertainty (k ¼ 2) of the mass
balance method.

Table 2 Rough estimation for comparison of methodsa

Cost(mp) Cost(ins) Mass Time Bias RSD

Mass balance method 10 5000 30 2 days — 0.5%
Continuous LC-NMR 14 000 300 10 1 hour 1% 0.7%
Single deuterated
mobile phase LC-NMR

4000 300 10 1 hour 10% 3%

LC-SPE-NMR 10 1000 10 3 hours 5% 3%
Two-signal suppression
LC-qNMR

10 300 20 2 hours 1% 1%

a Cost(mp): cost of the mobile phase (RMB) per determination; cost(ins):
cost of the instrument (RMB) per determination; mass: mass (mg) of
the sample per determination; time: time per determination; bias:
bias from the mass balance method; RSD: relative standard deviation
of determinations.

Paper Analytical Methods
3.2. Suppression strength

With lesser suppression strength imposed on the solvents,
lesser distortion of peak areas may be observed. However,
comparison between strengths of 100 (C1 and D1) and lesser
strengths (C2, C3, C4 and D2) in Table 1 and Fig. 4 showed that
lesser suppression strength did not improve the accuracy
signicantly. Therefore, the recommended strengths (100 for
each solvent) were used.

3.3. Number of scans

Since lesser loop counter leads to lower receiver gain and lower
signal-to-noise ratios, higher number of scans was tried to
improve the signal-to-noise ratio. By setting L6 to 1, and setting
two suppression strengths to 100, the number of scans was
increased from 64 to 1024 (D1 and D3 in Table 1 and Fig. 4),
a higher signal-to-noise ratio was obtained and the bias
decreased slightly. Therefore, the number of scans as 160,
between 64 and 1024, was applied for lesser bias and shorter
time (since D1 ¼ 32 s, about 0.5 min for a scan).

3.4. Repeatability and bias

Based on these experiments, the optimized condition is that
with loop counter as 1, two suppression strengths as 100, and
the number of scans as 160. Six determinations were performed
and the results are shown in E1–E6 at Table 1 and Fig. 4. The
mean and uncertainty (94.63% � 1.97%, RSD ¼ 0.985%) is
consistent with that from the mass balance method (93.70% �
0.46%), because the difference between the two methods
(0.93%) is smaller than the square root of the sum of two
uncertainties (2.02%).

3.5. Comparison with the traditional method

A rough estimation for comparison among these methods is
listed in Table 2. For the mass balance method, HPLC, LC-MS,
gas chromatography, gas chromatography-mass spectrometry,
This journal is © The Royal Society of Chemistry 2016
inductively coupled plasmamass spectrometry and Karl Fischer
titration were involved, then its cost and time for each deter-
mination are high, but the RSD is low. For continuous LC-NMR
using two deuterated mobile phases (CD3CN and D2O), the cost
of the mobile phases is extremely high. For single deuterated
mobile phase LC-NMR using one deuterated mobile phase of
(D2O), the cost of the mobile phase is very high. For LC-SPE-
NMR using an SPE instrument, the bias and RSD are limited by
the recovery rate of the SPE procedure. For two-signal
suppression LC-qNMR in this study using common mobile
phases, the cost is low; moreover, the bias and RSD are low aer
the optimization of key parameters.

4. Conclusions

A new HPLC-qNMR method using common HPLC mobile
phases (CH3CN and H2O) and a new two-signal suppression
method was proposed and veried. It has the advantage of lower
cost, compared to continuous LC-NMR and the single deuter-
ated mobile phase LC-NMR method. Its operation is simpler
and more rapid, compared to LC-SPE-NMR and the mass
balance method. Aer several short scans, the optimized
conditions can yield an accurate result with bias no more than
1%. Therefore, it will be widely applied in the future, since it
combines the efficient separation capability of HPLC and high
qualitative/quantitative capability of NMR, with very low cost,
rapid operation and good accuracy.
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Introduction

Human C-peptide (hCP) is an important diagnostic marker 
for diabetes mellitus (Albrecht et al. 2017; Ghanim et al. 
2017; Fierens et al. 2003). Comparability of (bio)chemical 
measurements is a prerequisite of any measurement under-
taken in support of legislative purposes (Josephs et al. 2017). 

Abstract Purity determination of human C-peptide (hCP) 
with metrological traceability is fundamental to accurate and 
comparable clinical analysis of hCP. Based on high per-
formance liquid chromatography and quantitative nuclear 
magnetic resonance (qNMR) with a purified hCP, a method 
was reported to determine the purity of an hCP sample used 
in an intercomparison. The composition of deuterium sol-
vent for qNMR was optimized to improve the separation of 
the β-proton of an aspartic acid residue in the sequence of 
hCP, which were used for NMR integration. The calculated 
mean and uncertainty (77.86 ± 3.85%) are consistent with 
the results (80.18 ± 0.62%) of different methods reported by 
many metrological laboratories. This method extended the 
application of qNMR to peptides with high molecular weight 
of about 3020.
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Traceable purity determination of hCP with metrological 
traceability is fundamental to improve the accuracy and 
comparability of the clinical analysis of hCP.

The purity of peptide can be determined by the peptide 
impurity corrected amino acid (PICAA) method [also known 
as the amino acid based isotope dilution mass spectrometry 
(Wu et al. 2011; Arsene et al. 2008; Kato et al. 2009)] and 
the mass balance method. In the PICAA method, the purity 
of peptide is determined by hydrolyzed amino acids after a 
hydrolysis reaction, based on the assumption that complete 
hydrolysis was carried out. But its repeatability is highly 
influenced by the repeatability of the hydrolysis reaction. 
In the mass balance method, the total amount of the related 
structure organic substances, water, residual organic solvent 
and non-volatiles/inorganic substances were determined. 
The purity value is 100% subtracting the total mass fraction 
of impurities. The method is very precise, but it involves 
complicated experiments with various instruments, espe-
cially for identification and quantification of various com-
plex peptide impurities (Josephs et al. 2017).

Nuclear magnetic resonance (NMR) method was widely 
used to measure natural products, metabolites, pharmaceuti-
cal, pesticide and other objects for that its signal intensity is 
proportional to the number of the compound protons (Singh 
and Roy 2016; Pauli et al. 2012; Holzgrabe 2010; Giraudeau 
2017). Several standards supporting almost all compounds, 
a short analytical time and clear reflection of the structural 
information make the quantitative nuclear magnetic reso-
nance (qNMR) very popular to small molecules. But it was 
rarely applied to larger molecules containing many over-
lapped signals. Huang expanded qNMR to a peptide with 
molecular weight of about 1800, by adding deuterium oxide 
to remove unwanted exchangeable peaks to make the aro-
matic protons of peptide isolated to ensure precise measure-
ment (Huang et al. 2014). However this method is unsuitable 
for hCP, which lacks aromatic amino acid residue.

In this study, a determination method for the purity of 
hCP was developed by high performance liquid chromatog-
raphy (HPLC) using a purified hCP as external standard, and 
by qNMR to determine the purity of the purified hCP. HPLC 
was applied to exclude the influence from peptide impurities. 
QNMR was applied to accurate and traceable determina-
tion. The hCP sample of an international comparison was 
analyzed, for validation of the method.

Experiments

Materials

HCP sample (hCP) was a sample used in an intercomparison 
study (CCQM-K115/P55) organized by Bureau International 
des Poids et Mesures (BIPM). Purified hCP was purchased 

from Nanjing Jinsirui Science & Technology Biology Corp. 
Creatinine was a SRM (Standard Reference  Material®) 914a 
of NIST (National Institute of Standard and Technology, 
US), with a purity value of 99.7% and an expanded uncer-
tainty of 0.3%. Deuterium oxide  (D2O), dimethyl sulfoxide-
d6 (DMSO-d6) and trifluoroacetic acid were bought from 
Sigma-Aldrich (US). Acetonitrile was purchased from 
Merck with chromatographic grade.

Apparatus

Main measurements were carried out on a Bruker Ascend 
800 spectrometer with a 5 mm CPQCI cryoprobe (H–P/C/N) 
at 800 MHz (1H). The TopSpin 3.1 Bruker NMR software 
was used for data processing. The weighing was carried out 
on a Sartorius SE 2 balance (d = 0.1 μg). HPLC were carried 
out on a Shimadzu 20-AT system with a binary high-pres-
sure gradient mixer, a degasser, an autosampler, a column 
oven (set at 40 °C) and a PDA detector. NMR tubes with 
5-mm o.d. (Wilmad Lab Glass Co.) were used.

NMR

The purified hCP (~5 mg) and creatinine (~2 mg) were accu-
rately weighed; dissolved in DMSO-d6 (0.08 mL) and  D2O 
(0.72 mL); and transferred to a NMR tube.

The experiments were carried out using the following 
parameters optimized for qNMR: 90° pulse, 65,536 data 
points, relaxation delay of 60 s, and 128 scans. Sweep width 
was set at 9615 Hz, and the offset of excitation was set at 
2.9 ppm.

HPLC

The purified and standard hCP were respectively dissolved 
in 0.03% ammonia aqueous solution at a concentration of 
1 mg/mL. They were analyzed on Shimadzu 20-AT HPLC 
equipped with an ACQUITY UPLC BEH 130 C18 column 
(100 mm × 2.1 mm, 1.7 μm) and eluted by gradients of B 
buffer (acetonitrile) in A buffer (0.1% trifluoroacetic acid 
in water) at the following ratio: 0–1 min, 5% B; 1–3 min, 
5–25% B; 3–10 min 25–30% B; 10–11 min 30–70% B; 
11–13 min 70–5% B; 13–15 min 5% B. The flow rate was 
set at 1.0 mL/min, and the detection wavelength was set 
at 214 nm. For each HPLC determination, 3 μL of sample 
were injected.

Calculation

The Purity Determination of hCP Sample by qNMR

The measurement equation of purity determination of hCP 
sample by qNMR is:

Author's personal copy



393Int J Pept Res Ther (2018) 24:391–396 

1 3

where Pstd is mass fraction of internal standard (creati-
nine), mstd is weight of internal standard, Mstd is molecular 
weight of internal standard, nstd is number of hydrogen of 
the quantification peak of internal standard, Istd is peak area 
of quantification peak of internal standard, ms is weight of 
high purity hCP sample, ns is number of hydrogen of the 
quantification peak of high purity hCP sample, Is is peak 
area of quantification peak of high purity hCP sample, PS is 
mass fraction of hCP in high purity hCP sample.

The relative uncertainty of mass fraction of hCP in high 
purity hCP sample is:

The Mass Fraction Determination of hCP by HPLC

The purity of hCP was determined by comparing the integra-
tions of UV absorption of the hCP peptide resolved by HPLC 
from both the purified and intercomparison samples.

PhCP is mass fraction of intercomparison hCP by qNMR 
method, CS is the concentration of high purity hCP sample 
solution, ChCP is the concentration of intercomparison hCP 
sample solution, AS is the LC–UV area of high purity hCP 
sample, AhCP is the LC–UV area of intercomparison hCP 
sample.

The relative uncertainty of mass fraction of intercompari-
son hCP sample is:

uimp is the uncertainty from the impurity peptides (may con-
tain aspartic acid) in the purified hCP sample, PLC is the 
organic purity of purified hCP, A0 is the hCP peak area of 
purified hCP in HPLC, ΣA is the sum of all peak areas of 
purified hCP in HPLC.
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U(PhCP) is the expanded uncertainty of purity of hCP sam-
ple, k is coverage factor, k = 2 corresponds to a confidence 
interval of 95%, u(PhCP) is the standard uncertainty of purity 
of hCP sample.

Results and Discussion

Selection of Solvent

Before qNMR, the assignment of 1H-NMR peaks for hCP 
were completed by conventional NMR experiments of 
total correlated spectroscopy (TOCSY) and nuclear Over-

hauser effect spectroscopy (NOESY) (See Supplementary 
Information). Low solubility of hCP in  D2O hindered the 
experiment of testing hCP in NMR. To achieve a high 
enough concentration of hCP for NMR acquisition in aque-
ous solution, DMSO-d6 was added to  D2O to improve the 
solubility. The result indicated that 9.1% DMSO-d6 in  D2O 
solution can dissolve hCP at a concentration of 18.2 mg/
mL. More importantly, better isolation of the α-proton res-
onance of hCP aspartic acid residue (4th residue) was also 
achieved when tested in 90.9%  D2O in DMSO-d6 solution 
(Fig. 1).

Selection of Internal Standard

Since the quantitative peak of hCP is at chemical shift of 
2.79–2.90, creatinine with a proton at chemical shift of 
3.00–3.06 was selected as the internal standard. As shown 
in Fig. 2. The quantitative peaks from the peptide and creati-
nine were well-separated from other peaks. The result of five 
qNMR determinations for purified hCP was 86.50% with 
RSD of 0.43%.

Result of HPLC

The chromatographs of purified hCP and origin hCP sample 
were shown in Fig. 3. The origin hCP sample was deter-
mined by comparing the peak areas and the concentrations 
of these two samples, based on the purity of purified hCP 
assessed by qNMR (Table 1). The purity result of hCP sam-
ple (PhCP) was 77.86%, with RSD of 0.89%.

Since the organic purity of purified hCP was 95.5%, the 
uncertainty from the impurity peptide (uimp) was 2.25%.
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Fig. 1  The spectra of human 
C-peptide in various con-
centrations DMSO-d6 in 
 D2O [The concentrations of 
 D2O in DMSO-d6 = 0 (a) to 
90.9% (g)]

Fig. 2  The spectrum of human C-peptide and creatinine (The quantitative peaks were marked in each molecule and were integrated in the spec-
trum)
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Evaluation of Measurement Uncertainty

The uncertainty evaluation was calculated as Sect. 2.5. The 
final result of the hCP sample was 77.86%, with expanded 
uncertainty of 3.85% (Table 2).

 

Validation by Comparison

The result was plotted with the results of comparison 
CCQM-K115 (Key Comparison Study on Peptide Purity—
Synthetic Human C-Peptide) (Josephs et al. 2017), as Fig. 4. 
The mean ± expanded uncertainty is consistent with the 
key comparison reference value (KCRV) ± its expanded 

Fig. 3  The HPLC graphs of 
purified human C-peptide (a) 
and origin human C-peptide 
sample (b)

Table 1  HPLC result for the purity of hCP sample

No. 1 2 3 4 5 6 7 8 9

CS 1.0012 1.0012 1.0012 0.9932 0.9932 0.9932 0.9998 0.9998 0.9998
AS 89916376 90108977 90680619 89612436 89764903 89663431 89864831 90146724 90264282
ChCP 0.9888 0.9888 0.9888 0.9886 0.9886 0.9886 0.9900 0.9900 0.9900
AhCP 78718609 79329091 79827230 80478857 80863555 80813147 80688324 80818894 81026520
PhCP (%) 76.67 77.10 77.10 78.05 78.29 78.33 78.44 78.32 78.42
Mean 77.86%
RSD 0.89%

Table 2  Uncertainty budget

Bold value is combined uncertainty by previous uncertainties based 
on the equations in the text

Item Value (%) Item Value (%)

u(Is/Istd)/(Is/Istd) 0.43 u(AhCP/As)/(AHI/As) 0.89
u(Ms)/(Ms) 0.00012 u(Cs)/(Cs) 0.015
u(Mstd)/(Mstd) 0.000003 u(ChCP)/(ChCP) 0.015
u(mstd)/(mstd) 0.0012 uimp 2.25
u(ms)/(ms) 0.0030 u(PhCP)/(PhCP) 2.48
u(Pstd)/(Pstd) 0.3 u(PhCP) 1.93
u(Ps)/(Ps) 0.52 U(PhCP) 3.85
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uncertainty. The deviation between the result and KCRV 
(2.3%) may be produced by the unknown peptide impurities 
(4.5%) within the purified hCP. So, accuracy will improve 
if higher purity hCP sample was obtained by better purifica-
tion techniques.

Conclusion

A determination method for the purity of hCP was devel-
oped by HPLC using a purified hCP as external standard, 
and by qNMR to determine the purity of the purified hCP. 
The qNMR solvents were optimized to make the peak of a 
proton from the aspartic acid of hCP well separated from 
other crowded peaks, and the peak was used as a quantitative 
peak. A certified reference material of creatinine was used 
as qNMR internal standard. The result (77.86 ± 3.85%) was 
consistent with that reference value of the hCP comparison 
by worldwide metrological laboratories with different meth-
ods (80.18 ± 0.62%). This method could extend the applica-
tion of qNMR to peptides with molecular weight of about 
3020. It was demonstrated that this method is comparable 
and consistent with other methods for purity of peptides, 
and its accuracy would be improved with higher purifica-
tion technique.
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A B S T R A C T

Quantitative Nuclear Magnetic Resonance (qNMR) is widely used to determine the purity of organic
compounds. For the compounds with lower purity especially molecular weight more than 500, qNMR is at
risk of error for the purity, because the impurity peaks are likely to be incompletely separated from the peak of
major component. In this study, an offline ISRC-HPLC-qNMR (internal standard recovery correction - high
performance liquid chromatography - qNMR) was developed to overcome this problem. It is accurate by
excluding the influence of impurity; it is low-cost by using common mobile phase; and it extends the applicable
scope of qNMR. In this method, a mix solution of the sample and an internal standard was separated by HPLC
with common mobile phases, and only the eluents of the analyte and the internal standard were collected in the
same tube. After evaporation and re-dissolution, it was determined by qNMR. A recovery correction factor was
determined by comparison of the solutions before and after these procedures. After correction, the mass fraction
of analyte was constant and it was accurate and precise, even though the sample loss varied during these
procedures, or even in bad resolution of HPLC. Avermectin B1a with the purity of ~93% and the molecular
weight of 873 was analyzed. Moreover, the homologues of avermectin B1a were determined based on the
identification and quantitative analysis by tandem mass spectrometry and HPLC, and the results were
consistent with the results of traditional mass balance method. The result showed that the method could be
widely used for the organic compounds, and could further promote qNMR to become a primary method in the
international metrological systems.

1. Introduction

It is essential and important to have an accurate purity assessment
of primary reference materials, in order to ensure accuracy, traceability
and reliability of analytical results for components of substances in
various matrices.

Mass balance approach and quantitative Nuclear Magnetic
Resonance (qNMR) are two major methods to measure the purity of
organic compounds [1]. In the mass balance approach, all impurities
including the related structure organic substances, water, residual
organic solvent and non-volatile substances should be measured, and
the purity of the main component equals 100% subtracting the total
mass fraction of impurities [2–5]. The method involves complicated
experiments with various instruments and laborious experiments.

Nuclear Magnetic Resonance (NMR) is a reliable quantitative

spectroscopic technique in which the intensity of a resonance line is
directly proportional to the number of resonant nucleus [6–8]. The
qNMR method can establish metrological traceability for organic
compounds and does not require a standard reference the same as
the target analyte. It is widely applied in purity assessment of organic
compounds in drugs [9–11], natural products [12,13], agrochemicals
[14], plasma [15], food [16,17], metabolomics [18], etc. But the
compounds were often with high purity and molecular weight lower
than 500. For the compounds with lower purity or higher molecular
weight, qNMR is at risk of error of the purity, because the impurity
peaks are likely to be incompletely separated from the peak of major
component.

Two-dimension (2D) qNMR was investigated to improve the
resolution of signals [19–23], but it is difficult to separate highly
structural similar impurities.
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The high performance liquid chromatography - quantitative
Nuclear Magnetic Resonance (HPLC-qNMR) [24–29] is likely to
overcome this problem, but the HPLC-qNMR with common solvent
is unpractical because the vast signal from the proton of the mobile
phases overwhelms the signals of analytes.

The HPLC-qNMR with deuterated solvent as mobile phase [30,31]
can separate the impurities and make the qNMR possible, but its cost is
extremely high and could not be applied widely.

In this study, an offline ISRC-HPLC-qNMR (internal standard
recovery correction - high performance liquid chromatography -
quantitative Nuclear Magnetic Resonance) was developed to overcome
the inaccuracy problem by incomplete separation, and precisely
measure these compounds.

The principle is based on two assumptions: (1) The qNMR
determination of a system containing only the major component and
the internal standard is an accurate and precise method. Therefore,
after HPLC and solvent replacement, a qNMR spectrum containing
only the analyte and the internal standard without any homologue was
obtained for accurate determination of the processed solution; (2) The
ultraviolet absorption peak area of a compound is proportional to its
own concentration. Therefore, the sample loss from origin solution to
the processed solution can be calculated by comparison of the HPLC
peak ratios of analyte and the internal standard between the origin
solution and the processed solution.

The scheme was shown in Fig. 1. In this method, a mix solution of
the sample and an internal standard was separated by HPLC using
common mobile phases (water and acetonitrile). Only the eluents of
analyte and the internal standard were collected in the same tube. It
was evaporated of solvent by nitrogen, re-dissolved by deuterated
acetonitrile, and determined by qNMR. A recovery correction factor
was determined by comparison between the solutions before and after
these procedures. Even though the sample loss varied during these

procedures, after correction with a specific equation, the mass fraction
of analyte was constant and was determined accurately and precisely.

Avermectin B1a with the purity of ~93% and the molecular weight
of 873 was analyzed by this method, since it is a representative
compound with lower purity and high molecular weight. The avermec-
tins, composed of several structurally similar compounds, are a
representative class of biological pesticides [32–34].

There are eight avermectin homologues: A1a, A1b, A2a, A2b, B1a,
B1b, B2a and B2b, which names are defined by two variations at three
positions (Fig. 2) [32,33]. Experiments prove that avermectin B1a and
B1b have high biological activity, especially avermectin B1a. The
compounds have a broad pharmacological spectrum against a wide
variety of endo and ecto parasites including nematodes and anthro-
pods. The avermectin B1a without any other 7 components as
impurities is not commercially available.

As avermectin B1a and seven homologues have the same 16-
membered macrocyclic lactone ring structure, it is very difficult to find
a suitable resonance peak of avermectin B1a which is not affected by
resonance peaks of impurities with similar structure for quantitative
study, in neither 1D-qNMR nor 2D-qNMR.

In this study, avermectin B1a were analyzed by ISRC-HPLC-qNMR.
Moreover, the homologues of avermectin B1a were also determined
based on the identification and quantitative analysis by tandem mass
spectrometry and HPLC.

2. Experimental

2.1. Apparatus and reagents

Liquid chromatography was performed on an Agilent 1260 HPLC-
DAD (high performance liquid chromatography - diode array detector)
system equipped with an Inertsil® ODS-3 (250 mm×4.6 mm ×3 µm)

Fig. 1. Scheme of ISRC-HPLC-qNMR Std.: internal standard; A: area of analyte before process; Astd: area of internal standard before process; A1: area of analyte after process; Astd1:
area of internal standard after process; f: correction factor; Pa: purity of direct qNMR calculation by supposing no loss of sample during process; P: purity result.
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column using Histar workstation (Bruker). The qNMR experiments
were carried out with a Bruker AVANCE III 800 spectrometer with a
5 mm CPQCI cryo-probehead (H-P/C/N) probe at 800.13 MHz (1 H).
The TopSpin 3.1 Bruker NMR software was applied for data proces-
sing. Identification of impurities was performed on a Shimadzu HPLC-
IT-TOF-MS (high performance liquid chromatography - ion trap - time
of flight - mass spectrometry) equipped with a ZORBAX Eclipse Plus
C18 (150 mm×2.1 mm ×3.5 µm) column. The weighing was carried out
on a Sartorius SE 2 balance (d =0.1 μg). Evaporation was performed by
a TTL-DCII nitrogen evaporator (Tongtailian Co. Ltd, Beijing). The 5-
mm NMR tubes were bought from Norell Wilmad (US).

Avermectin sample was purchased from Sigma-Aldrich (US), and
was dried. Ethyl paraben is a purity certified reference material (CRM)
(No. GBW(E)100064; purity=99.7%; expanded uncertainty=0.2%
(k=2)) with metrological traceability from National Institute of
Metrology, China. Acetonitrile-d3 (CD3CN) was purchased from
Sigma-Aldrich (US). Acetonitrile (Merck) and deionized water was
used for mobile phase.

2.2. Identification of main component

The pure avermectin B1a was collected by HPLC as followed Section
“2.3.3 Separation and collection of HPLC” without internal standard. It
was dried and re-dissolved by acetonitrel-d3, and then was transferred
into a 5-mm NMR tube. And various NMR spectra, such as 1H, 13C,
COSY (correlation spectroscopy), TOCSY (total correlation spectro-
scopy), NOESY (nuclear Overhauser effect spectroscopy) and HSQC
(heteronuclear single-quantum correlation spectroscopy) were used for
structure identification and peak assignment.

2.3. Quantitative analysis of main component

2.3.1. Preparation of sample
The avermectin sample was stored at −18 °C before experiments. It

was equilibrated at room temperature for 1 h before open. The
avermectins sample (~10 mg) and ethyl paraben (~1 mg) were accu-
rately weighed separately in a small glass vial by a balance with the
precision to 0.1 µg. The glass vial was transferred to a 15-mL
colorimetric tube, and was completely dissolved in 1 mL acetonitrile
by ultrasonic mixing. This solution was marked as solution C. Then

0.1 mL of solution C transferred to a 1.5-mL amber vial, and was
diluted with 0.9 mL acetonitrile to become the solution A for HPLC.

2.3.2. Optimization of HPLC conditions
The HPLC conditions were optimized using the solution C to assure

complete resolution among ethyl paraben, avermectin B1a and its
impurities. The optimized mobile phase was acetonitrile: water (80:20
for HPLC collection, 75:25 for HPLC determination, 70:30 for LC-MS
identification, v/v); flow rate was 1.0 mL min−1, wavelength was
255 nm, column temperature was room temperature. The chromato-
grams are shown in Fig. 3.

2.3.3. Separation and collection of HPLC
At the optimized conditions, 100 µL of solution C was injected and

separated by HPLC. The separation information could be online
monitored by the DAD detector. The retention time range of the ethyl
paraben and avermectin B1a were (3−4) min and (14–16.5) min,
respectively. A PEEK (polyetheretherketone) tube (length 15 cm, inside
diameter 0.18 mm) was connected with the outlet of the DAD detector,
and the other end of this tube was inserted into a waste bottle in most
of the time. Only the avermectin B1a or ethyl paraben were detected by
the HPLC-DAD (during the two time ranges), the end of the PEEK tube
was manually switched to a 15-mL colorimetric tube to collect the
eluents. The eluents from the two retention time ranges were collected
into one 15-mL colorimetric tube by this way.

The eluent was dried by the nitrogen evaporator at the room
temperature, and was dissolved by 0.6 mL of acetonitrile-d3. This
solution was marked as solution D. Then, (0.5–0.6) mL of solution D
was transferred into 5 mm NMR tube for determination the purity of
avermectin B1a.

2.3.4. NMR
The experiments were measured with the following parameters

optimized for qNMR: 90° pulse, 64k data points, probe temperature of
296 K, relaxation delay of 60 s, and 64 scans. Phase and baseline
corrections were done automatically. For integration, only the main
peaks without satellite peaks were integrated, since all peaks are too
close.

Fig. 2. Structures of avermectin A1a, A1b, A2a, A2b, B1a, B1b, B2a and B2b “A” components R1=CH3; “B” components: R1= H; “1” components: X-Y= CHCH; “2” components: X-
Y=CH2CHOH; “a” components: R2=C2H5; “b” components: R2=CH3; the numbers are marked for avermectin B1a.
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2.3.5. HPLC determination for correction factor
Since sample loss may occur during the separation, collection,

evaporation and re-dissolution, a correction factor should be deter-
mined. About 0.15 mL of solution D was diluted by 0.85 mL of
acetonitrile, and was marked as solution B. The solution A and solution
B were determined by HPLC with the optimized condition with
injection volume of 10 µL. The peak areas of avermectin B1a and ethyl
paraben for both solutions were determined. The HPLC graph of
solution A is shown in Fig. 4.

2.3.6. Linearity of HPLC
The linearity of HPLC was determined to support the calculation of

correction factor. Four injection volumes (5, 8, 10, and 15 µL) of the
solution A were injected into the HPLC, and then the linearity
equations of the peak areas against its injection volumes for avermectin
B1a and ethyl paraben were determined, respectively.

2.3.7. Calculation of purity of main component
Based on the Rule of Lambert-Beer, The absorbance is proportional

to the mass of the compound.

Fig. 3. HPLC chromatographs for separation and collection of avermectin B1a and ethyl paraben Upper: solution C with avermectin sample and ethyl paraben; lower: solution of
avermectin sample.

Fig. 4. HPLC chromatogram for analysis of avermectin B1a.
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For the solution A, the relationships between the absorbance and
the mass of the avermectin B1a and the internal standard are as
followed:

P m V
V

k A′ = ×std std
std std (1)

P m V
V

k A′ = ×b1a s
b1a b1a (2)

where Pstd and Pb1a are the purity values of the internal standard (ethyl
paraben) and avermectin B1a, respectively; kstd and kb1a are the
constants of ethyl paraben and avermectin B1a, respectively; Astd and
Ab1a are the chromatographic peak areas of ethyl paraben and
avermectin B1a, respectively; mstd and ms are the weighed mass of
sample of ethyl paraben and avermectin B1a, respectively; V is the
volume (mL) of the solution A; V′ is the injection volume (mL) of the
solution A.

For the solution B, the relationships between absorbance and mass
of the avermectin B1a and the internal standard are as followed:

w V
V

k A′ = ×std 1

1
std std1

(3)

w V
V

k A′ = ×b1a 1

1
b1a b1a1

(4)

where wstd and wb1a are the mass of ethyl paraben and avermectin B1a
in the solution B, respectively; Astd1 and Ab1a1 are the chromatographic
peak areas of ethyl paraben and avermectin B1a, respectively; V1: is the
volume (mL) of the solution B; V1’ is the injection volume (mL) of the
solution B.

Based on Eqs. (1) and (2):
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Based on the Eqs. (3) and (4):
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For the solution B, Pa is the purity of avermectin B1a by direct
qNMR calculation by supposing no loss of sample during all steps from
the solution C to the solution B.

P I
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m
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std
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where Istd, Nstd, Mstd, mstd and Pstd are the peak area, the number of
proton of quantitative peak, the molecular weight, the weighed mass
and the purity of the internal standard (ethyl paraben), respectively;
Ib1a, Nb1a, Mb1a and ms are the peak area, the number of proton of
quantitative peak, the molecular weight and the weighed mass of the
avermectin B1a, respectively.

A new equation can be established using wstd and wb1a (the mass of
ethyl paraben and avermectin B1a in the solution B, respectively):
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Based on Eqs. (6) and (8):
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Based on Eqs. (5) and (7):
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Based on Eqs. (9) and (10):
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where a correction factor (f) was introduced:

f A A
A A

= ×
×

std1 b1a

b1a1 std (14)

2.4. Identification of homologues

2.4.1. LC-MS identification of homologues
A solution of avermectin sample in acetonitrile/water (v/v 70:30)

with concentration of 500 µg mL−1 was prepared, and 5 µL of it was
injected into LC-MS using followed conditions: positive mode; MS1

range was m/z=800–1000; MS2 range was m/z 200–1000; MS3 range
was m/z 200–1000; collision-induced dissociation energy was 50%;
nebulizer gas flow rate was 1.5 L min−1; The curve dissolution line
temperature and the block heater temperature was 200 °C; detector
voltage was 1.58 kV; dry gas pressure was 100 kPa; interface voltage
was 4.5 kV.

2.4.2. LC-DAD identification of homologues
A solution of avermectin sample in acetonitrile/water (70:30 v/v)

with concentration of 500 µg mL−1 was prepared. Then, 1 µL of the
solution was injected into HPLC-DAD to acquire the spectroscopy
graphs of B1a and B1b. In addition, 20 µL of the solution was injected
into HPLC-DAD to acquire the spectroscopy graphs of other homo-
logues.

2.4.3. Quantitative analysis of homologues
The mass fraction of homologues can be calculated by:

P A
A

M
M

P=S
S

b1a

S

b1a
b1a

(15)

PS, AS and MS are the mass fraction, the chromatographic peak area
and the weighed mass of a homologue.
Pb1a, Ab1a and Mb1a are the mass fraction, the chromatographic peak
area and the weighed mass of avermectin B1a.

3. Results and discussion

3.1. Identification of main component and selection of quantitative
peaks

All protons in the avermectin B1a are assigned and listed in Table 1.
For the number of carbons, see Fig. 1.

The NMR peak (δ=6.93) of ethyl paraben (internal standard) was
selected as quantitative peak. (marked in Fig. 5), since it is separated
from all the peaks from the avermectin sample.

After separation of HPLC, only Avermectin B1a and ethyl paraben
were in the solution D, so the peaks of avermectin was from avermectin
B1a only. Since avermectins are complex organic compounds, most
proton peaks from avermectins are incompletely separated from other
peaks. The NMR peak (C-23 1H; δ=5.56) from avermectin B1a (marked
in Fig. 5, see Supplementary Information for full graph) was selected as
a quantitative peak, because its resolution situation is the best among
these peaks.

3.2. Quantitative analysis of main component

3.2.1. Pulse width and relaxation delay
Longer pulse angle can have higher sensitivity, thus the pulse angle

of 90° was applied. Relaxation delay (d1) is an important parameter of
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qNMR, which is suggested to be more than 5 times of spin-lattice
relaxation time (T1) in qNMR. The respective T1 for the two quanti-
tative peaks were determined as 1.869 s (peak of δ=5.56) and 3.78 s
(peak of δ=6.93). Thus the maximum spin-lattice relaxation time
(T1,max) for this quantification was 3.78 s. Relaxation delay of 60 s
(or 15.8 times of T1,max) was used in the quantitative experiment to
ensure high accuracy.

3.2.2. Linearity of HPLC
The regression coefficients of the peaks areas against its injection

volumes for avermectin B1a and ethyl paraben were 0.99996 and
0.99995, respectively (see Supplementary Information), which pro-
vided important support for the calculation of Eq. (13).

3.2.3. Purity of main component
By HPLC and recovery correction, according to the Eq. (13), the

loss during separation, collection, evaporation and re-dissolution has

no influence on the result of avermectin B1a. As shown in Table 2,
different loss occurred in 7 experiments, the Pa value varied very much.
However, after correction by the correction factor (f), the Pb1a values
were constant. This result showed this method's advantages of high
accuracy and high precision for determination of complex compounds.
Furthermore, if the major component is partially resolved from other
impurities in HPLC, accurate determination could also be performed
by partial collection of the resolved part of its peak. Intentionally
partial collection of the peaks was performed for the 7th sample in
Table 2, and then its Pa value is significantly abnormal compared with
other samples. However, after correction, the Pb1a value is consistent
with others. Therefore, this method is not affected by experimental
conditions and enables more flexibility in solvent replacement proce-
dures and ensures robust result. For an impurity not fully resolved
from the major peak in chromatography, it is hard to be accurately
determined by the mass balance method, but it is easy for this method

Table 1
Assignment of NMR peaks of proton for avermectin B1a.

Carbon no. Chemical shift Carbon no. Chemical shift

2 (CH) 3.18 23 (CH) 5.55
3 (CH) 5.42 24 (CH) 2.30
4a (CH3) 1.81 24a (CH3) 0.925
5 (CH) 4.20 25 (CH) 3.49
6 (CH) 2.78 26 (CH) 1.68
8a (CH2) 4.61 26a (CH3) 0.937
9 (CH) 5.90 27 (CH2) 1.62, 1.48
10 (CH) 5.85 28 (CH3) 0.980
11 (CH) 5.82 1′ (CH) 5.35
12 (CH) 2.65 2′ (CH2) 2.27, 1.45
12a (CH3) 1.16 3′ (CH) 3.34
13 (CH) 3.92 4′ (CH) 3.02
14a (CH3) 1.53 5′ (CH) 3.67
15 (CH) 5.22 6′ (CH3) 1.20
16 (CH2) 2.25 1′’ (CH) 4.78
17 (CH) 3.92 2′’ (CH2) 2.30, 1.52
18 (CH2) 0.821, 1.93 3′’ (CH) 3.63
19 (CH) 5.09 4′’ (CH) 3.18
20 (CH2) 2.07, 1.39 5′’ (CH) 3.84
22 (CH) 5.76 6′’ (CH3) 1.24

5.25.35.45.55.65.75.85.96.06.16.26.36.46.56.66.76.86.97.07.17.27.37.4 ppm

73
.7
6

10
0.
00

Fig. 5. NMR spectroscopy of the solution D.

Table 2
The qNMR result of avermectin B1a.

Peak area ratios Correction
factor (f)

Mass fraction (mg g−1) Mean and
RSD of Pb1a

Ab1a/Astd Astd1/
Ab1a1

Pa Pb1a

1 2.050 0.491 1.007 92.45 93.05 93.08
(0.18%)2 1.168 0.881 1.028 90.26 92.81

3 2.059 0.588 1.210 77.08 93.29
4 1.337 0.783 1.047 88.56 92.87
5 1.180 0.869 1.025 90.88 93.18
6 1.830 0.513 0.939 99.06 92.97
7 1.303 0.416 0.541 171.31 92.93
8a 1.819 1.046 1.903 49.07 93.38

Astd and Ab1a are the chromatographic peak areas of ethyl paraben and avermectin B1a in
the solution A, respectively;
Astd1 and Ab1a1 are the chromatographic peak areas of ethyl paraben and avermectin B1a
in the solution B, respectively;
f is the correction factor (see Eq. (14));
Pa is the purity of avermectin B1a by direct qNMR calculation by supposing no loss of
sample;
Pb1a is the purity values of avermectin B1a.

a The chromatographic peak of avermectin was intentionally not fully resolved from
the impurity peaks.
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with partial collection and recovery correction. The result was 93.08%
with RSD of 0.18%.

Furthermore, the chromatographic peak of avermectin was inten-
tionally not fully resolved from the impurity peaks by changing the
mobile phase ratio from 80:20 (v/v acetonitrile: water) to 100:0. Only
0.3% bias was observed even with bad chromatographic separation
(Sample 8 in Table 2), which demonstrated the high robustness of this
method.

3.3. Identification of homologues

The total ion current graph of HPLC-IT-TOF-MS for avermectin
sample is shown in Fig. 6. Many components have similar fragmental
ions such as m/z of 18, 62, 144, 162, 206 and 288 in the MS/MS
analysis, which demonstrated these components have similar struc-
tures. The ion of m/z of 18, 44, 144 and 288 were due to loss of a
hydroxyl, a carboxyl, an oleandroside group and two oleandroside
groups, respectively. The DAD spectra by HPLC-DAD analysis of these
11 impurities showed the same profiles (see Supplementary
Information), which implied these 11 impurities are homologues of
avermectin with highly similar structures. The conclusion of identifica-
tion by LC-MS and LC-DAD is shown in Table 3.

3.4. Quantitative analysis of homologues

Since the 11 impurities are homologues of avermectin B1a, the Eq.
(15) can be used to calculate the mass fraction of homologues based on
the mass fraction of avermectin B1a as 93.08%, since the molar ratio is
proportional to the absorbance for avermectin B1a and its homologues.
The results of main homologues (except avermectin B1b isomer 4 with
the lowest content) and the results of mass balance method are listed in
Table 3.

4. Conclusion

A new approach with high accuracy and high selectivity for
determination of mass fraction of complex organic compounds was
explored by an offline ISRC-HPLC-qNMR, which excluded the influ-
ence from structure similar impurities.

The advantages of this method are as below:

(1) It is accurate by excluding the influence of impurity. Based on this
correction calculation, no matter how much loss happens during
separation, collection, evaporation and re-dissolution changes, and
the result of avermectin B1a does not change. The result is 93.08%
with RSD of 0.18%. As shown in Table 2, different loss occurred in
7 experiments, the Pa value varied very much. However, after
correction by the correction factor (f), the purity values were
consistent. This result showed this method's advantage of high
accuracy and high precision for determination of complex com-
pounds. Furthermore, if the major component is partially resolved
from other impurities in HPLC, accurate determination could also
be performed by partial collection.

(2) It is low-cost by using common mobile phase, instead of several
hundred milliliter assumption of deuterated mobile phase by many
HPLC-qNMR methods. Only 0.6 mL of deuterated solvent was
used for qNMR, which assumption is the same as a routine NMR.

(3) It extends the applicable scope of qNMR to lower purity and higher
molecular weight. If the ISRC-HPLC-qNMR is not performed, the
result of direct qNMR determination of the origin solution is about
96.6%, which is evidently incorrect since some peaks from homo-
logues are incompletely separated from the quantitative peak in
the avermectin sample. This new method has overcome the critical
problem of qNMR that it is difficult to determine the compounds

Fig. 6. The total ion current graph of HPLC-IT-TOF-MS for avermectin sample.

Table 3
The quantitative result of main homologues.

No. [M+Na]: m/z AS/Ab1a (%) PS (%) PMB (%)

1 881.4565 B1b isomer 1 0.173 0.159 0.160
2 913.4719 B2a 0.175 0.166 0.163
3 927.5650 A2a 0.426 0.411 0.408
4 881.4518 B1b isomer 2 0.170 0.156 0.143
5. 881.4549 B1b 2.439 2.235 2.281
6 881.4549 B1b isomer 3 0.037 0.034 0.040
7 881.4517 B1b isomer 4 – – –

8 895.4700 A1b 0.064 0.060 0.041
9 909.4858 A1a 0.587 0.555 0.599
10 909.4855 A1a isomer 0.433 0.409 0.432
11 893.4559 C48H70O14 0.262 0.243 0.278

PMB: the results of mass balance method.
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with highly structural similar impurities and highly overlapped
peaks.

Moreover, the homologues of avermectin B1a were determined
based on the identification analysis. Since the internal standard is a
certified reference material with metrological traceability to the
International System of Unit, a traceability chain was established for
the mass fractions of the avermectin B1a and its homologues, as shown
in Fig. 7.

The result showed that this method could be widely used for the
organic compounds with lower purity and molecular weight higher
than 500. It will be widely used in analytical chemistry, because it
overcomes the problem of combination of HPLC and qNMR with low-
cost and high accuracy. Moreover, it clears the potential error of qNMR
method and could promote qNMR to become a primary method in the
internal metrological systems for supporting mutual recognition of
calibration and measurement capacities of difference laboratories
worldwide.
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a b s t r a c t

Precise measurement for the purity of organic compounds will fundamentally improve the capabilities
and measurement services of the organic chemical analysis. Quantitative nuclear magnetic resonance
(qNMR) is an important method to assess the purity of organic compounds. We presented a precise
measurement method for the purity of small molecule with identification of impurities. In addition, the
qNMR was rarely applied to purity of large compounds such as peptide, for which qNMR peaks are too
crowded. Other than general idea of qNMR, we removed unwanted exchangeable peaks by proton
exchange, as a new approach for qNMR, to make the quantitative protons of peptide isolated, which can
ensure precise measurement. Moreover, a suitable internal standard, acesulfame potassium, was applied.
The analytes were valine and peptide T5, due to their importance for protein analysis. For valine, the
intraday CV was 0.052%, and the interday CV during 8 months was 0.071%. For peptide T5, simpler
operation, shorter analytical time (1 h vs. 3 days) and smaller CV (0.36% vs. 0.93%) were achieved by
qNMR, compared with a traditional method (amino acid based isotope labeled mass spectrometry) via a
hydrolysis reaction. This method has greatly increased the quantitative precision of qNMR for small
compounds, and extended application scope of qNMR from small compounds to peptides.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Precise measurement for purity of organic compounds will
fundamentally improve the capabilities and measurement services
of the organic chemical analysis. Measurement precision is the
closeness of agreement between indications or measured quantity
values obtained by replicate measurements on the same or similar
objects under specified conditions. It is usually expressed numeri-
cally by measures of imprecision, such as standard deviation,
variance, or coefficient of variation under the specified conditions
of measurement [1].

Generally speaking, the chemical purity of organic reference
materials can be established according to one of the following
approaches: (i) direct assay of the principal component; (ii)
measurement of all detectable impurity components and subtract-
ing these from 100%; or (iii) a combination of both approaches
(i) and (ii). Methods commonly used for giving direct estimate of
the principal component were gas chromatography–flame ioniza-
tion detection, liquid chromatography–ultraviolet spectroscopy,
quantitative nuclear magnetic resonance (qNMR), and elemental
analysis. Methods commonly used for giving estimates of impurity
components were differential scanning calorimetry, loss on drying
at a specific temperature, Karl-Fisher titration, gas chromatogra-
phy, nuclear magnetic resonance, ion chromatography, inductively
coupled plasma-mass spectrometry, inductively coupled plasma-
atomic emission spectrometry, X-ray fluorescence spectrometry
and liquid chromatography–ultraviolet spectroscopy [2].

The approach (ii), also called the mass balance method,
involves complicated experiments with various instruments [3,4].
The mass balance method needs to determine the total amount of
the related structure organic substances, water, residual organic
solvent and non-volatiles/inorganic substances by using various
instruments. The purity value is 100% subtracting the total mass
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fraction of impurities. For certification of the Standard Reference
Material of amino acids in solution, National Institute of Standards
and Technology of USA assessed the purity of 17 amino acids, by
organic purity determination (liquid chromatography, titration,
and thin layer chromatography), water content determination
(Karl Fisher titration) and elemental analysis. The combined
uncertainties of amino acids were 1–3% [5].

For the purity of peptide, the amino acid based isotope dilution
mass spectrometry is a precise method. In this method, the purity
of peptide is determined via hydrolysis of peptide into amino
acids, with isotope labeled amino acids as internal standards.
However, the hydrolysis reaction will increase uncertainty of
measurement, and the coefficient of variance (CV) is about 0.8–1.5%
[6–9].

The qNMR in approach (i) is a reliable quantitative spectroscopic
technique in which the intensity of a resonance line is directly
proportional to the number of resonant nuclei, so it can detect most
of the organic compounds by using several certified reference
materials as the internal standards. It is a promising primary and
universal method with the following advantages. It is usually non-
destructive and requires minimal sample preparation. It usually
does not need to determine inorganic impurities (i.e. non-volatiles/
inorganic substances and water). It can establish the traceability of
the purity value for the analyte when the purity value of the
internal standard can be traceable to the International Standard
Units. However, before qNMR, one baseline-separated resonance for
the analyte and one for the internal standard should be found. Also
a careful identification of the analyte as well as its structure related
organic impurities should be performed to confirm no overlapping
on the peaks for quantification. QNMR was widely used in chemical
purity assessments [2]. Often the solution state 1H-NMR with an
internal standard method is used for purity assessment due to high
sensitivity and high precision.

Malz and Jancke [10] studied the linearity, robustness, specifi-
city, selectivity and accuracy of qNMR, and found that the max-
imum combined measurement uncertainty of round-robin tests is
1.5%. Pauli et al. [11] provided a quantitative 1H-NMR protocol with
13 key factors, including selection of NMR parameters, such as
relaxation delay, pulse width, etc. Saito et al. [12] presented a
practical guide for accurate quantitative solution state NMR
analysis, and suggested that the accuracy is better than 1% if the
key conditions are fulfilled. Saito et al. [13] determined the purity
values of 17 organic pollutant using qNMR, and the variance
(0.13%) is rather low among recent reports.

In this study, a precise qNMR measurement method for the
purity of amino acid was presented. The relaxation delay, as a key
parameter of qNMR, was optimized by experiments. Identification
of impurities by LC–MS/MS facilitated the assignment of the
impurity peaks.

In addition, the qNMR was rarely applied to determine the
purity of large compounds such as peptide, because the qNMR
peaks of peptide are too crowded to select an isolated peak for
quantitative analysis. The general idea of qNMR is to select an

isolated unexchangeable peak in the spectrum. Most quantitative
NMR experiments avoid using the exchangeable protons due to
the variation in the intensity of exchangeable proton which
depends on the amount of deuterated solvent. Proton exchange,
as a general technique for qualitative NMR, is rarely used in
quantitative NMR. In this study, proton exchange was applied to
remove unnecessary peaks (exchangeable proton) of peptide, in
order to make quantitative peaks isolated, which can ensure
precise measurement. After suppression of exchangeable protons
by deuterium oxide, the isolated unexchangeable protons among
exchangeable peaks were applied for quantification. Moreover,
a suitable internal standard, acesulfame potassium, was selected.

The selected analytes were valine and peptide T5, due to their
importance for protein analysis. Absolute quantification of protein
is often undertaken by hydrolysis or enzymatic digestion. In
analysis via hydrolysis, the traceability of protein is based on the
purity of the amino acids. In analysis via digestion (often using
trypsin), the traceability of protein is based on the purity of its
specific peptides. Precise assessments of the purity of amino acids
and specific peptides can greatly decrease the measurement
uncertainties and improve the accuracy of protein. Valine is an
important amino acid, which is often used as the reference
material for protein [7–9]. Human chorionic gonadotropin (hCG)
is an important glycoprotein hormone protein which is monitored
in pregnancy testing, cancer detection and doping control in sports
[14]. The peptide T5 (sequence: VLQGVLPALPQVVCNYR, molecular
weight: 1869 g mol�1, structure: see Fig. 1) is the 5th peptide from
the β-unit of hCG after tryptic-digestion. The peptide T5 is a
specific marker for hCG determination [15,16]. For establishment
of metrological traceability, all candidates as internal standards
were reference materials certified by National Institutes of Metrology.
The aim of this study is to develop a precise qNMR method for the
certification of the purity reference materials of amino acids and
peptides, which can underpin the absolute quantification of protein.

2. Experimental

2.1. Materials and reagents

Valine was the sample of the intercomparison study (CCQM-
K55.c) organized by Bureau International des Poids et Mesures
(BIPM). For comparison, the valine purity CRM (certified reference
material, No. GBW(E)100055) of NIM (National Institute of Metrol-
ogy, China) with a purity value of 99.4% and an expanded uncer-
tainty of 1.4% (coverage factor k¼2) was also used. Creatinine was
the SRM (Standard Reference Material) 914a from NIST (National
Institute of Standard and Technology, US), with a purity value of
99.7% and an expanded uncertainty of 0.3% (k¼2). Benzoic acid was
the SRM 350b of NIST, with a purity value of 99.9978% and an
expanded uncertainty of 0.0044% (k¼2). Ethyl paraben was the
CRM (No. GBW(E)100064) of NIM, with a purity value of 99.7% and
an expanded uncertainty of 0.2% (k¼2). Acesulfame potassium was

Fig. 1. Structure of peptide T5.
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the CRM (No. GBW100065) of NIM with a purity value of 99.6% and
an expanded uncertainty of 0.6% (k¼2). Deuterium oxide (D2O) and
dimethyl sulfoxide-d6 (DMSO-d6) were purchased from Sigma-
Aldrich (US). Alanine, leucine and isoleucine were the CRMs of
NIM. 2-Aminobutyric acid was purchased from TCI (Tokyo, Japan).
Peptide T5 was purchased from GL Biochem (Shanghai, China). 13C5-
proline(98%) and d10-leucine (98%) were purchased from Cam-
bridge Isotope Laboratories (MA, USA).

2.2. Apparatus

Main measurements were carried out on a Bruker Ascend 800
spectrometer with a 5 mm CPQCI cryoprobe at 800 MHz (1H). The
TopSpin 3.1 Bruker NMR software was used for data processing.
The weighing was carried out on a Sartorius SE 2 balance
(d¼0.1 μg). Identification of impurities was performed on a
Shimadzu HPLC–IT–TOF–MS (high performance liquid chromato-
graphy–ion trap–time of flight–mass spectrometry).

2.3. Experiment and calculation of qNMR

The sample solution of valine was prepared by following steps:
valine (10–20 mg) and creatinine (5–8 mg) were accurately
weighed, dissolved in D2O (1 mL), and transferred to a NMR tube.
The sample solution of peptide T5 was prepared by following steps:
peptide T5 (2–2.5 mg) and acesulfame potassium (0.8–1 mg) were
accurately weighed, dissolved in DMSO-d6 (0.500 mL) and D2O (0–
0.050 mL), and transferred to an NMR tube.

The experiments were carried out using the following para-
meters optimized for qNMR: 301 pulse, 65,536 data points,
relaxation delay of 32 s for valine and 36 s for peptide T5, and
32 scans. Fourier transformation was done with exponential
filtering of zero after zero filling the data to 65,536 time domain
points.

The calculation equation of qNMR [2,13] for the purity is as
follows:

Px ¼ Ix
Is

Ns

Nx

Mx

Ms

ms

mx
Ps ð1Þ

where Is, Ns, Ms, ms and Ps are the peak area, number of proton,
molecular weight, mass and purity of the internal standard,
respectively. Ix, Nx, Mx, mx and Px are the peak area, number of
proton, molecular weight, mass and purity of the sample,
respectively.

Since the number of proton in a molecule is certain, the relative
standard uncertainty of assign value is

uðPxÞ
Px

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� �2
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� �2
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� �2
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� �2

þ uðmsÞ
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� �2

þ uðPsÞ
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� �s

ð2Þ

In experiments using advanced balances, the uncertainty from
mass is often neglectable. The uncertainty from molecular weight is
often rather small. Therefore, the main contribution of the uncer-
tainty was often from the first polynomial (repeatability of peak
area) and the last polynomial (purity of the internal standard).

2.4. LC–MS/MS

In LC–MS/MS for valine, aliquots (2 μL) of calibrators or
samples were separated by HPLC on a Primesep 100 column
(2.1�250 mm, 5 μm) at 25 1C with a mobile phase consisting of
80% water (with 0.5% formic acid) and 20% acetonitrile (with 0.5%
formic acid). The flow rate was 0.4 mL min�1.

2.5. Amino acid based isotope dilution mass spectrometry for
peptide T5

The experiments were in accordance with reference [6] for
hydrolysis and amino acid based isotope dilution mass spectro-
metry for peptide T5. Before hydrolysis, specific amount of isotope
labeled leucine and proline (d10-leucine and 13C5-proline) were
added as internal standards, to make the mass ratios of unlabeled/
labeled amino acids about 1:1. For calibration, a higher level
standard solution and a lower level standard solution were
prepared in the mass ratio of 1.1:1 and 0.9:1, respectively. After
hydrolysis, leucine and proline were determined by mass spectro-
metry. The purity result of peptide T5 was the mean of results
calculated from the two amino acids.

The equation for concentration of leucine (cLeu) after hydrolysis
[6] is

cLeu ¼
PPHms½RsampleðI1� I2Þ�ðI1R2� I2R1Þ�

mðR1�R2Þ
ð3Þ

where P is the purity of leucine, PH is hydrolysis efficiency
of peptide T5, ms is the mass of d10-leucine, Rsample is the
leucine/d10-leucine area ratio of the sample solution, I1 is
the leucine/d10-leucine mass ratio of the lower level standard
solution, I2 is the leucine/d10-leucine mass ratio of the higher level
standard, R1 is the leucine/d10-leucine area ratio of the lower level
standard, R2 is the leucine/d10-leucine area ratio of the higher
level standard, and m is the sample mass.

The purity of peptide T5 calculated from leucine (PPep,Leu) is

PPep;Leu ¼
CLeuMPep
NLeuMLeu

ð4Þ

where MPep is the molecular weight of peptide T5, MLeu is the
molecular weight of leucine, and NLeu is the number of leucine
residue in the peptide T5.

The concentration of proline after hydrolysis (cPro) and the
purity of peptide T5 calculated from proline (PPep,Pro) were
obtained by similar equations as Eqs. (3) and (4).Then, the purity
result of peptide T5 was calculated as follows:

PPep ¼
PPep;LeuþPPep;Pro

2
ð5Þ

2.6. Comparison of the results

For comparison of the result with the certified value [17], absolute
difference (Δ) between the mean measured value (cm) and the
certified value (cCRM) was calculated (Eq. 6). The uncertainty of Δ
was also calculated (Eq. 7). To evaluate method performance, Δ is
compared with UΔ; if ΔrUΔ, then there is no significant difference
between the measurement result and the certified value [17]

Δ¼ jcm�cCRMj ð6Þ

UΔ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
mþu2

CRM

q
ð7Þ

The F-test was applied to test equal-precision between the two
different methods, in which equal-precision requires

f αðν1;ν2ÞoFo 1
f αðν1;ν2Þ

ð8Þ

F ¼ S21
S22

ð9Þ

where S1 and S2 are the standard deviations of two methods, α is
the degree of confidence, and ν1 and ν2 are the degrees of freedom
of two methods.
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The t-test was applied to test consistency between two meth-
ods, in which consistency requires

jtjota;ðn1 þn2 �2Þ ð10Þ

t ¼ x1�x2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððn1 �1ÞS21 þðn2 �1ÞS22Þ

ðn1 þn2 �2Þ �ðn1 þn2Þ
n1n2

q ð11Þ

where n1 and n2 are the numbers of determination of the two
methods.

3. Results and discussion

3.1. Selection of internal standard for valine

Benzoic acid is a SRM with high purity and very small
uncertainty, but its solubility in water is low (�1.8 mg/mL). Water,
methanol, dimethyl sulfoxide, as well as mixture solvent of
methanol and water were examined. No suitable solvent can
dissolve both benzoic acid and valine with sufficiently high
concentrations. Both creatinine and valine can be dissolved in
water with sufficiently high concentrations. Solubility of valine in

water is more than 43 mg/mL. Moreover, the NMR peak of
creatinine with the chemical shift (δ) of 2.9 does not overlap with
any peak of valine. Therefore, creatinine was selected as the
internal standard.

3.2. Assignment of peaks for valine

According to the result of LC–MS (Fig. 2), by comparison with
NMR spectra of authentic samples of each impurity (Fig. 3), and
assisted by a 2D-1H-COSY (correlation spectroscopy) (Fig. 4), four
impurities in the valine sample (alanine, leucine, isoleucine and 2-
aminobutyric acid) were identified. All peaks in the valine sample
were identified, as shown in Fig. 5.

3.3. Selection of quantitative peak for valine

Based on the outcome of this assessment, the valine beta
proton at δ¼2.1 and the creatinine N–CH3 singlet at δ¼2.9 were
selected as the peaks for quantification. Because the 13C satellite
peaks of the valine beta proton at δ¼2.1 did not resolve with their
major peak, the integration of these peaks included respective 13C
satellite peaks. Moreover, in order to confirm no overlapping

Fig. 2. The chromatogram of valine sample by LC–MS. 1: unknown peak from blank solvent, 2: alanine, 3: valine, 4: isoleucine, and 5: leucine.

Fig. 3. Comparison with NMR spectra of the valine sample and authentic samples of each impurity.
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between the two peaks for quantification, creatinine/D2O solution
and valine/D2O solution were separately determined by NMR. No
visible peak was observed at δ¼2.9 in the valine solution, and no
visible peak was observed at δ¼2.1 in the creatinine solution.

3.4. Pulse angle and relaxation delay for valine

Longer pulse angle can obtain higher sensitivity, but longer
relaxation delay is needed; thus pulse angle of 301 was applied.
Relaxation delay (d1) is a key parameter of qNMR, which is

suggested to be more than 5T1,max in qNMR. The respective spin-
lattice relaxation time values (T1) for the two quantitative peaks
were determined, which were 2.6 s (peak of δ¼2.9) and 2.4 s
(peak of δ¼2.1). Thus the largest spin-lattice relaxation time
(T1,max) for this quantification was 2.6 s. Relaxation delay values
of 8 s, 16 s, 32 s and 64 s were examined for a sample solution.
The resulting 7CVs were 99.72070.050%, 99.26570.038%,
99.01370.026% and 99.00670.021%, correspondingly. The differ-
ence between results of 32 s and 64 s was 0.007%, which was less
than respective CVs. Therefore, relaxation delay of 32 s (or 12.3
T1,max) was applied to achieve sufficient precision in reasonable
experiment time.

3.5. Linearity of valine

For linearity test, the mass ratio of valine/creatinine (x) varied
from 1:10 to 10:1 in 6 sample solutions, and the peak area ratios of
valine/creatinine (y) were determined. Since this study is for the
purity of a compound, not an analyte in a matrix, the concentra-
tion was designed based on three considerations: (1) since too low
concentration (o1 mg/mL) leads to low sensitivity, concentration
was almost higher than 1 mg/mL; (2) since too high concentration
may lead to insolublity of sample, all concentrations of valine were
less than 25 mg/mL and those of creatinine were less than 10 mg/
mL; (3) the mass ratio of valine to creatinine varied from 0.1 to 10.
As shown in Table 1, the concentration range of valine was
1–25 mg/mL and that of creatinine was 1–10 mg/mL. The quanti-
fication concentration (valine: 10–20 mg/mL; creatinine: 5–8 mg/
mL) was covered by this linearity test. The data and regression line
are shown in Fig. 6. The regression formula was y¼0.32017x, and
the regression coefficient (r) was 0.99998.

3.6. Precision of results for valine

For intraday test, the results of seven sample solutions within
one day are shown in Table 2, and the CV was 0.052%. For interday
test, various samples were prepared and measured at various days

Fig. 4. 2D-1H-COSY of the valine sample and correlation peaks of impurities. For
the labels of peaks, see Fig. 5.

Fig. 5. The 800 MHz 1H-NMR spectrum of sample solution (valine, creatinine and D2O) and the structures of creatinine, valine and impurities in the valine sample. The
labeled peaks were assigned to protons in the molecules.
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in 8 months (250 days), and the result of each day was a mean
result from 2 to 7 samples at that day. The interday CV was 0.071%
(Table 2). The high precision was mainly contributed by high
signal-to-noise ratio, which was 4179 for the valine beta proton
(10 mg/mL).

3.7. Comparison with the traditional method for valine

The purity CRM was developed by NIM using a mass balance
method with liquid chromatography and titration. The certified value
was 99.4% with a combined uncertainty of 0.8%. Seven portions of
the CRM were determined by this qNMR method, and the results
were 99.751%, 99.724%, 99.859%, 99.598%, 99.712%, 99.767% and
99.691% (mean¼99.729%, standard deviation¼0.079%, and combined

uncertainty¼0.17%). According to Eqs. (6) and (7), absolute difference
(Δ) and its uncertainty (UΔ) were calculated, and were compared

Δ¼ jcm�cCRMj ¼ j99:729%�99:4%j ¼ 0:33%

UΔ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
mþu2

CRM

q
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:17%2þ0:8%2

p
¼ 1:6%

Since ΔrUΔ, the qNMR results are consistent with the certified
value. Moreover, the CRM may be recertified by this qNMR
method.

3.8. Assignment of peaks for peptide T5

The spectra of TOCSY (total correlation spectroscopy) and
NOESY (nuclear Overhauser effect spectroscopy) of peptide T5
dissolved in DMSO-d6 are shown in Fig. 7. The peaks for all protons
of peptide T5 were assigned. In the fingerprint area, all TOCSY
peaks were identified as correlation between the α-CH and the
backbone NH of each amino acid residues (marked in Fig. 7 as 1–6,
8 and 9 and 11–17). Since proline residue had no backbone NH, no
TOCSY peak existed in that area; the NOESY peak between the α-
CH of a proline residue and the backbone NH of its next residue is
marked in Fig. 7 (7 and 10). Since arginine had an –NH– group in
the side chain, the TOCSY peak between the proton of this group
and it neighboring δ-CH was found (marked as 17').

In the 16th residue, 2,6H and 3,5H represented the protons in
the phenol group of the tyrosine residue. These two peaks were
correlated with each other in TOCSY, and were also correlated with
β-CH2 of the 16th residue in NOESY. As shown in TOCSY spectrum,
these two peaks were not overlapped with the other peaks in the
1H-NMR. The 1H-NMR spectrum is shown in Fig. 8(a).

3.9. Selection of internal standard for peptide T5

Since a peptide is a polymer of amino acids, the spectrum is
characteristic. In general, chemical shifts of NHx protons and CHx

protons are 6.5–8.5 and 0.5–4.6, respectively. Therefore, it is
preferable to spike an internal standard which has any proton in
chemical shift of 4.6–6.5. Acesulfame potassiumwas selected as an
internal standard, which has a proton with chemical shift of 5.3.
Moreover, it is non-volatile and non-hygroscopic, so it is easy to be
weighed accurately.

3.10. Selection of quantitative peak for peptide T5

It is difficult to select an isolated NMR peak for complex
molecules. As shown in Fig. 8(a), the protons at 0.5–4.6 are too
crowded, so no suitable peak can be selected. Although some NH
protons at 6.5–8.5 are isolated, the NH protons are exchangeable
protons. Based on the principle of NMR, the intensity of exchange-
able proton is unsuitable for quantification. However, the 2,6H
peak (δ¼7.0) and 3,5H (δ¼6.6) peak are CH protons in the phenol
group of tyrosine residue. They are not exchangeable proton, and
they locate among some NH protons. By spiking deuterium oxide
(D2O), the exchangeable protons will exchange with the deuterium
oxide, and the peaks of exchangeable protons will decrease or
disappear in the NMR spectrum. Therefore, it is a good mean to
make the two phenol peaks isolated.

3.11. Relaxation delay for peptide T5

The relaxation time values (T1) for the three quantitative peaks
were determined, which were 2.5 s (peak of δ¼7.0), 3.8 s (peak of
δ¼6.7) and 7.2 s (peak of δ¼5.3). According to the experiments,
relaxation delay of 36 s (or 5T1,max) was applied to achieve
sufficient precision in reasonable experiment time.

Fig. 6. Linearity study for valine with creatinine as an internal standard.

Table 2
The intraday and interday tests for purity of valine (g g-1)

Intraday test Interday test

Sample Purity (%) Day (number of replicate sample) Purity (%)

1 99.132 0 (n¼3) 98.973
2 99.141 1 (n¼3) 98.937
3 99.220 15 (n¼2) 98.955
4 99.060 30 (n¼7) 99.134
5 99.170 60 (n¼6) 99.012
6 99.117 250 (n¼6) 99.013
7 99.100
Mean 99.134 Mean 99.004
CV 0.052 CV 0.071

Table 1
Results of linearity test.

CVal (mg/mL) Ccre (mg/mL) Rm RA

1.1656 9.9154 0.1176 0.0376
16.8348 8.3868 2.0073 0.6393
24.8040 6.0103 4.1269 1.3260
24.9920 4.1423 6.0333 1.9366
16.4023 2.0933 7.8355 2.5186
10.1763 0.9681 10.5116 3.3517

Cval: the concentration of valine, Ccre: the concentration of creatinine, Rm: the mass
ratio of valine/creatine in the solution, and RA: the peak area ratio of valine/creatine
in qNMR.
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3.12. Precision of results for peptide T5

Sample solutions of peptide T5 with various volume ratios of
D2O/DMSO-d6 (1:100, 3:100 and 10:100) were prepared, and the
NMR spectra are shown in Fig. 8(b–d). Compared with Fig. 8(a),
D2O had made the two phenol peaks isolated. At each ratio, the
CVs by using quantitative peak of δ¼7.0 were less than those of
δ¼6.6. So the peak of δ¼7.0 was used for quantification. The
result of sample solutions with three ratios (mean¼83.09%,
CV¼0.48%) was consistent with the result within the ratio of
1:100 (the sample 1–3 of qNMR column is shown in Table 3,
mean¼83.09%, CV¼0.49%). It indicated that 1% D2O is sufficient
for accurate quantification.

The signal-to-noise ratio of peptide T5 (δ¼7.0) was 378.
Since its molecular weight (1869 g mol�1) is larger than valine
(117 g mol�1), its molar concentration (2 mmol L�1) is much less
than that of valine solution (86–171 mmol L�1). Therefore, the CV
of peptide T5 is larger than that of valine. In order to improve
the precision, three peptide T5 solutions (12 mmol L�1) for
qNMR were prepared by weighing 12 mg of peptide T5, 6 mg of
acesulfame potassium, 0.050 mL of D2O, and 0.5 mL of DMSO-d6.

The signal-to-noise ratio of peptide T5 (δ¼7.0) was enhanced to
1224, and the CVs from δ¼7.0 and δ¼6.6 were 0.30% and 0.21%,
respectively. However, this experiment spent more amount of
peptide (12 mg per test), so 2 mmol L�1 of peptide solution was
recommended.

3.13. Comparison with the traditional method for determination
of peptide T5

Seven portions of peptide T5 were measured by amino acid
based isotope labeled mass spectrometry, and the results are
shown in Table 3. The t-test result agreed, which indicated that
the results between the two methods were consistent. But the
F-test result did not agree, which indicated that the precision
between the two methods was not equal. The CV (0.93%) of the
traditional method was rather good, compared with related
literatures (0.8–1.5%) [6–9], but it was larger than the CV of qNMR
(0.36%), since a hydrolysis reaction was needed in the amino acid
base method. In contrast, the qNMR method is a direct spectro-
scopic assessment without any reaction, and its precision can be
enhanced by increasing the number of scans (the signal-to-noise

Fig. 7. TOCSY (black) and NOESY (gray) of peptide T5 dissolved in DMSO-d6, 1–6, 8 and 9 and 11–17: the TOCSY correlation between the α-CH and the backbone NH of each
amino acid residues, 7: the NOESY correlation between the α-CH of 7th residue (proline) and the backbone NH of 8th residue, 10: the NOESY correlation between the α-CH of
10th residue (proline) and the backbone NH of 11th residue, 17': the TOCSY correlation between the δ-CH and its neighboring NH (the underlined: –CH2–CH2–CH2–NH–C
(QNH)–NH2.) in the 17th residue (argenine), 16β: the TOCSY correlation between the β-CH2 and the backbone NH of 16th residue (tyrosine), 16: 2,6H–16:3,5H: the TOCSY
correlation between the 2,6H and the 3,5H of the 16th residue.

Fig. 8. The 1H-NMR spectra of the sample solutions of 2.4 mg peptide T5 (sequence VLQGVLPALPQVVCNYR) and 0.5 mL DMSO-d6. (a) No spiking, (b) acesulfame potassium
(1 mg) and D2O (0.005 mL) spiked, (c) acesulfame potassium (1 mg) and D2O (0.015 mL) spiked, and (d) acesulfame potassium (1 mg) and D2O (0.050 mL) spiked. Numbers of
scan were 64 (a) and 32 (b–d).
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of NMR is proportional to the square of number of scans). In
addition, its precision can be enhanced by spending more sample
amounts per test. Moreover, the total experiment time of qNMR
was about 1 h (including weighing, dissolving and scanning),
much less than the traditional method (3 days, including weigh-
ing, hydrolysis of 48 h, LC–MS determination). Therefore, this
qNMR method is a more precise and promising method for the
purity determination of peptide.

4. Conclusions

A precise measurement method was presented for the purity of
valine with advantages of: (1) all visible peaks in the NMR
spectrum were assigned by identification of impurities; (2) no
overlap between the two quantitative peaks was confirmed. The
intraday CV of this method was 0.052%. The interday CV during
8 months was 0.071%, which is the lowest among the reported
references for purity of amino acid. This method greatly enhanced
the precision of qNMR for analysis of small organic compounds to
a new level.

A precise measurement method was presented for the purity of
peptide by: (1) selecting acesulfame potassium as a suitable
internal standard; (2) spiking deuterium oxide to suppress
exchangeable protons; and (3) using the CH protons in tyrosine
residue for quantification. The CV of this method was 0.49%, which
was less than the traditional method with the hydrolysis reaction
(0.85%). The experiment time of qNMR is about 1 h, much shorter
than that of traditional method (3 days).

A new approach was presented to directly determine the purity
of peptide, with simpler operation, shorter analytical time and

higher precision. By clearing the exchangeable proton peaks with
spiking deuterium oxide, the unexchangeable proton peaks among
that NMR spectrum area will be more isolated. It is significant for
biomolecular analysis because the NMR peaks for large molecule
such as peptide are too crowded to select an isolated peak for
qNMR. Moreover, the traditional method requires the hydrolysis
reaction with complicated operation, which will cost a long
analytical time and the CV is larger.

A peptide is a polymer of 20 kinds of common amino acids.
Since 19 kinds of common amino acids (except proline) have at
least one exchangeable proton (δ¼6.5–8.5), and only 4 kinds of
amino acids (histidine, phenylalanine, tyrosine and tryptophan)
have unexchangeable protons in the same area (δ¼6.5–8.5), the
unexchangeable protons in that area is not crowded as that in area
of methyl and methylene (δ¼0.5–4.6) if exchangeable protons
were all removed. This approach is suitable for peptide.

This method can be easily applied to any peptide or protein
containing these four amino acid residues, because these residues
have unexchangeable protons at 6.5–8.0 in the NMR spectrum. For
other peptides and proteins, if an isolated proton can be found in
their NMR spectra, this method can also be applied.
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