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ABSTRACT

Nafamostat mesylate is a serine protease inhibitor used in the treatment of acute pancreatitis. The im-
purities in nafamostat mesylate, the active pharmaceutical ingredient (API), were profiled via high
performance liquid chromatography tandem ion trap coupled with time-of-flight mass spectrometer
(HPLC-IT-TOF/MS). The chromatography was performed on an ACE-3 Cyg column (200 mm x 4.6 mm,
3 um) using methanol and 0.1% formic acid in purified water as mobile phase at a flow rate of 1.0 mL/min.
The ions were detected by IT-TOF/MS with a full-scan mass analysis from m/z 100 to 800. In total, eleven
impurities were detected in nafamostat mesylate APL The impurity profile was estimated based on the
HPLC-IT-TOF/MS data, including accurate masses, MS" fingerprints of fragmentation pathways and a
series of double-charged ions. Finally, seven impurities were identified and reported for the first time.
The results will provide technical support for the quality control and clinical safety of nafamostat
mesylate.

© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nafamostat mesylate (benzoic acid, 4-[(aminoiminomethyl)
amino]-, 6-(aminoimino-methyl)-2-naphthalenyl ester, dimetha-
nesulfonate; CAS: 82956-11-4, Fig. 1) is a serine protease inhibitor
used in the treatment of acute pancreatitis and disseminated
intravascular coagulation [1—6]. It can effectively prevent post-
endoscopic retrograde cholangiopancreatography pancreatitis [7].
As an anticoagulant in continuous hemofiltration and continuous
hemodiafiltration, it has shown efficacy in critically ill patients [8].
It is reported that nafamostat mesylate is effective for proteinuria
and hypocomplementemia in the treatment of systemic lupus er-
ythematosus with nephrotic syndrome [9]. Dose-dependent car-
dio-protection was observed, which demonstrates that nafamostat
can reduce inflammatory myocardial injury by complement and
neutrophil inhibition [10].

Several methods have been reported, including high perfor-
mance liquid chromophotograph coupled with an ultraviolet
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detector (HPLC-UV) [11] and solid-phase extraction mass spec-
trometry (SPE-MS) [12] to determine nafamostat mesylate as a
single analyte [12], in combination with its important metabolites
[11], with other drugs in vitro, or in biological samples [4,6].
However, a systematic method for detecting and identifying the
impurity profile in nafamostat mesylate is not available and it is
necessary to develop one.

In this work, a rapid HPLC-IT-TOF/MS-based method was
developed to profile the impurities in nafamostat mesylate. Eleven
impurities were detected by it. The fragmentation pathways of the
nafamostat mesylate API were interpreted through accurate mea-
surements of m/z values combined with MS" fragmentation anal-
ysis. A series of double-charged ions were detected. According to
their fragmentation pathways, seven impurities were identified for
the first time, which will help improve the quality control and
clinical safety of nafamostat mesylate.

2. Materials and methods
2.1. Chemicals, reagents and materials

The three batches of nafamostat mesylate active pharmaceutical
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Fig. 1. Structure of nafamostat.

ingredient (Batch No.s:14092001, 14092002, 14092003) were sup-
plied by Jiangsu D&R Pharmaceutical Corporation (Taizhou, P. R.
China). Methanol of chromatographic grade was purchased from
Merck (Merck Company, Germany). Formic acid was of analytical
grade and purchased from Nanjing Chemical Reagent Co., Ltd.
(Nanjing, P. R. China). Double distilled water was prepared by passing
water through the Milli-Q Water System (Merck Millipore, Massa-
chusetts, USA).

2.2. Instrumentation

The chromatographic separation was performed on a Shimadzu
UFLC system (Shimadzu, Kyoto, Japan). The LC system consists of an
LC-30AD pump system, an SIL-30AC autosampler, a CTO-20AC
column oven, a CBM-20 Alite system controller, an SDPM20A
diode array detector and a hybrid ion trap/time-of-flight mass
spectrometer (IT-TOF/MS, Shimadzu, Kyoto, Japan), controlled by
LCMS solution software (version 3.0, Shimadzu).

2.3. Chromatographic conditions

The chromatography was carried out on an ACE-3 Cig column
(200 mm x 4.6 mm, 3 pm) using methanol (A) and 0.1% formic acid
in purified water (B). A gradient elution was adopted, starting with
23% A, and was linearly increased to 30% A at 3 min, 35% A at 5 min,
40% A at 7 min, and maintained with 40% A until 12 min and with
55% A from 12th to 20th min. The column temperature was kept at
40 °C. The flow rate was 1.0 mL/min. The samples (20 uL) were
injected into the HPLC-IT-TOF/MS with a split ratio of 5:1 (V/V).

2.4. Mass spectrometry

The electrospray ionization (ESI) source was set at both positive
and negative ionization modes. Ultra-high-purity Ar was used as
the collision gas and high-purity N5 as the nebulizing gas at a flow
rate of 1.5 mL/min. The MS instrumental parameters were set as
follows: The curved desorption line (CDL) and heat block temper-
atures were both 200 °C. The interface voltage was set at 4.5 kV for
the positive mode and —3.5 kV for the negative mode, and the
detector voltage at 1.65 kV. The scanned mass range was from m/z
100 to m/z 800 using an accumulation time of 20 ms per spectrum.
The mass spectrometry was calibrated with the standard calibra-
tion solution before sample analysis. The mass deviation of the
instrument was within 10 ppm.

2.5. Sample preparation

Standard stock solutions for three batches of nafamostat
mesylate were prepared at a concentration of 4 mg/mL. Approxi-
mately 40 mg of nafamostat mesylate API was transferred to a
10 mL volumetric flask and dissolved in 10 mL water. Then the
standard stock solution was stored at 4 °C before the HPLC-IT-TOF/
MS analysis.

3. Results and discussion

A rapid approach using HPLC-IT-TOF/MS was developed to
detect and identify the impurities in nafamostat mesylate. After
detection, the characteristic product ions and fragmentation
pathways were interpreted. The structures of the impurities were
identified from the MS" fingerprints of fragmentation pathways by
comparing those of the impurities and that of the active pharma-
ceutical ingredient. The workflow is summarized in Fig. 2.

3.1. HPLC conditions and sample preparation

Several previous reports that determined nafamostat mesylate
used non-volatile phase buffers, which are incompatible with MS
analysis. To overcome this limitation, a mobile phase of volatile
formic acid was used. To obtain chromatograms with good reso-
lution for nafamostat mesylate and its impurities, the HPLC con-
ditions were established by testing different mobile phases.
Different proportions of methanol or acetonitrile with different
concentrations of formic acid were tested to separate the API and its
impurities. The results indicated that methanol gave better reso-
lution than acetonitrile. However, neither one of them could
completely separate nafamostat mesylate and its impurities in
isocratic elution. In the end, a gradient elution was chosen with a
mobile phase consisting of methanol and 0.1% formic acid in puri-
fied water.

3.2. HPLC analysis

The chromatograms of nafamostat mesylate are shown in Fig. 3.
Eleven impurities were detected in all three batches of the API
through the developed method, and seven of them, i.e., impurities
A, B, D, E F H and I, were ultimately identified.

3.3. Fragmentation pathways of nafamostat mesylate

It is necessary to understand the fragmentation pathways of
nafamostat mesylate in order to identify its impurities. Character-
istic MS" fingerprint product ions were detected. Table 1 shows m/z
values and mass differences between values observed by IT-TOF/MS
and calculated. Due to the presence of guanidine and amidine in
nafamostat, this compound is more easily ionized in the ESI posi-
tive mode than in the negative mode. Under the current condition,
the most intense ions are the double-charged [(M+2H)/2]" in the
positive mode, and [M — H]™ in the negative mode, which confirms
Yan-guang Cao’s results [12]. In the ESI positive mode, m/z 174 from
[(M+2H)/2]* was detected as the most intense ion, with an ion
abundance of 100%, and m/z 348 from [M+H] " was also detected at
53.7% abundance. In the MS? spectrum, m/z 166 and 145 were
obtained from the cleaving of m/z 174, and m/z 187 and 162 from m/
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Fig. 2. Workflow of impurity identification in nafamostat mesylate.
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Fig. 3. Chromatograms of three batches of nafamostat mesylate. (A) Batch No:14092001, (B) Batch No:14092002, and (C) Batch No:14092003.

Table 1
IT-TOF MS" analysis of nafamostat mesylate.

Ionization mode MS, Observed mass (m/z)?* Proposed formula® Calculated mass (my/z)* Difference (ppm) Ton abundance (%)
Positive MS 348.1435 (1) C19H18Ns50, " 348.1455 (1) -5.74 53.7
174.576 (2) Cy9H19N50,%" 174.5764 (2) -2.29 100
MS? 162.0660 (1) CgHgN30™ 162.0662 (1) -1.23 100
187.0871 (1) C11H11N202" 187.0866 (1) 2.67 51.4
166.0625 (2) Cy9H16N402%" 166.0631 (2) -3.61 5.82
145.0515 (2) CygH14N,0,%" 145.0522 (2) -4.83 4.35
ms3? 120.0435 (1) C;HgNO™ 120.0444 (1) —7.50 100
170.0605 (1) Cy1HgNO" 170.0600 (1) 2.94 89.5
157.5500 (2) Cy9H13N30,%" 157.5498 (2) 1.27 25.7
Negative MS 346.1327 (1) C19H16N502~ 346.1309 (1) 5.20 100
Ms? 304.1100 (1) Cy8H14N302~ 304.1092 (1) 2.63 36.7
185.0726 (1) Cy1HgN,0™ 185.0720 (1) 3.24 100
Ms3 168.0482 (1) Cy11HgNO™ 168.0455 (1) 417 100
143.0534 (1) Cy0H,0~ 143.0502 (1) 1.40 15.7

2 (1): Single-charged ion, (2):Double-charged ion.

z348. In the MS> spectrum of m/z 174, a product ion at m/z 157 was
observed. In addition, the ion at m/z 170 could be generated from
the cleaving of m/z 187. In the ESI negative mode, [M — H]~ with a
m/z of 346 was detected as the most abundant ion, and product ions
at m/z 185 and 304 were observed. In the MS? spectrum, m/z 168
and 143 were generated from m/z 185. In summary, these charac-
teristic product ions in both ESI positive and negative modes could
be used to identify the impurities. The proposed fragmentation
pathways of nafamostat are shown in Fig. 4.

3.4. Identification of seven impurities in nafamostat mesylate
Impurities in the different batches of nafamostat mesylate were

identified. The retention time, molecular weight, proposed formula
and MS product ions of seven impurities (A-B, D-F, H-I) in

nafamostat mesylate are shown in Table 2. The MS spectra of the
seven impurities are shown in Figs. S1- S7 and their structures in
Fig. 5.

The most intense ions in the MS spectra of impurities A and B
were not double-charged, which indicated that they could have
been generated from the breaking of the ester bond. Nafamostat
mesylate is synthesized from 4-guanidinobenzoic acid and 6-
amidino-2-naphthol, and has one aliphatic amine group on each
end, which is easily protonized. As a result, nafamostat mesylate
has two ionization sites with high pka values. The molecular
weights of impurities A and B were identified as 179 and 186,
respectively, based on the ESI positive and negative modes, which
correspond to 4-guanidinobenzoic acid and 6-amidino-2-naphthol.
This was also validated by analyzing the standards of these two
compounds.
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Fig. 4. Proposed fragmentation pathways of nafamostat. (A) Positive ionization mode and (B) negative ionization mode.

Table 2
Mass data of the impurities detected in nafamostat mesylate.

Impurity tg (min) Molecular weight Proposed formula ESI positive mode MS,* ESI negative mode MS,

A 2.96 179 Cy1H10N> MS:180; MS%:162,120 MS:178;

B 4.67 186 CgHoN30, MS:187; MS?:170 MS:185;

D 8.00 508 Cy7H24Ns03 MS:255 (2),509; MS%:492,204,162,306,246 (2) MS:507; MS?:329,168,185,202
MS3:331,179,187,162,120,238 (2) Ms3:168,185,143
MsS*:170,187,145

E 1135 509 Ca7H23N704 MS:256 (2),510; MS%:180,163,161,144,331,120 MS:508
MS>:163,138

F 11.67 348 C19H16N403 MS:349; MS?:171,315,162,120 MS>:143 MS:347; MS?:305,186

H 12.65 466 Ca6H22N603 MS:234 (2),467; MS%:225 (2),264,145,281,162,187 MS:465; MS?:185,168
Ms3:170,120,145

1 15.45 305 CygH15N30, MS:306; MS?:187,120,170

2 (2):Double-charged ion.

The most intense ions of impurities D, E and H in the MS spectra
were double-charged, which suggests that these ions have at least
two sites easily ionized in the ESI positive mode. Since these im-
purities have similar product-ion fragments at MS? and MS?, they
may have a structure similar to that of nafamostat. m/z 187 and 170
were observed as product-ion fragments of these impurities, which
indicated that some 6-amidino-2-naphthol did not change. These
three impurities were generated from 6-amidino-2-naphthol and
4-guanidinobenzoic acid. The molecular weight of impurity D was
detected at 160Da higher than that of nafamostat, which indicated

that it has a structure similar to that of 4-guanidinobenzoic acid.
The structure characterization of impurity D was inferred from its
ion fragmentation data. As the molecular weight of impurity E is
only 1Da greater than that of impurity D, and a similar fragmen-
tation pathway was identified for impurity D, we speculate that an
N atom was substituted by an O. Fragments of impurity H were
observed at m/z 162 and 120, which indicates that the part of 4-
guanidinobenzoic acid was also present in this impurity. Mean-
while, the molecular weight of impurity H was detected at 119Da
higher than that of nafamostat, from which we can deduce that
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Fig. 5. Structures of seven impurities in nafamostat mesylate.

there may be a structure similar to that of the fragment ion at m/z
120. The structure of impurity H was characteristic of its fingerprint
data.

The double-charged ions were not found in the MS spectra of
impurities F and I, which suggests that only one easily-ionized site
is present in their structure. Meanwhile, the molecular weight of
impurity F is only 1Da higher than that of nafamostat according to
those of the most intense ions in the positive and negative modes.
We deduce that an N atom of the guanidine or amidino in nafa-
mostat was substituted by an O atom to make impurity F. m/z 162
and 120 were detected among F’s ion fragments, indicating that the
part of 4-guanidine benzoic acid did not change. Therefore, we
deduce that an N atom in amidino was substituted. The structure of
impurity F was identified from m/z 171 and 315. The molecular
weight range of impurity I's ion fragments in the negative ioniza-
tion mode was lower than that in the positive mode, but the ion
fragmentation information from the positive mode was consistent
with the fragments of impurity D, and the structure of impurity 1
was identified accordingly.

4. Conclusions

The present work introduces an optimized HPLC-IT-TOF/MS
method for detecting impurities in the nafamostat mesylate API.
A reversed-phase LC method was developed to separate and detect
eleven impurities. The impurities in nafamostat mesylate were
characterized based on their fragmentation pathways and deter-
mined accurate molecular masses. In total, seven of the impurities
were identified, which had not been previously reported. The re-
sults suggest that HPLC-IT-TOF/MS can be a useful and important
method for the identification of impurities in drugs. This systematic
study on impurity identification in nafamostat mesylate will help
provide technical support in its quality control and clinical safety.
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