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proved to be advantageous in terms of the number of impu-
rities identified. The column-switching and online deminer-
alization technique made the mobile phase conditions com-
patible with mass spectrometry. Thus, the method solves 
the problem of incompatibility between non-volatile salt 
mobile phases and mass spectrometry, making it worthy of 
popularization and application in impurity identification.

Keywords  5-Aminolevulinic acid · Impurities · Two-
dimensional column switching · Online demineralization · 
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Introduction

5-Aminolevulinic acid (ALA) is the first compound in 
the porphyrin synthesis pathway, the pathway that leads 
to heme in mammals and chlorophyll in plants. It is an 
important intermediate product in the synthesis of hemo-
globin [1]. As a gamma-keto acid derivative with a 
hydrophilic group, ALA and its related impurities are not 
retained and may co-elute together on a reversed-phase 
C18 column [2]. To solve these problems, phosphate buff-
ers and ion-pair reagents have been used in the separation 
of ALA to improve the peak shape on a C18 column [3, 
4]. Ion-exchange chromatography has been used for the 
determination of ALA in plasma and urine [5]. A capil-
lary electrophoretic method has also been developed for 
the quantification of ALA and two of its degradation prod-
ucts [6, 7]. However, due to non-volatilization and ioniza-
tion suppression in the above mobile phase, it is necessary 
to modify the analytes to meet the requirements of the 
HPLC–MS analysis. A C8 reversed-phase column has also 
been used for the quantification of ALA and porphobilino-
gen in physiological fluids using a chemical derivatization 
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method [8]. Hydrophilic interaction liquid chromatography 
(HILIC)-electrospray ionization/tandem mass spectrometry 
has been used for the direct and simultaneous determina-
tion of 5-aminolevulinic acid and porphobilinogen in urine 
[9, 10]. However, the identification of impurities in ALA 
using the conventional one-dimensional (1D)-HPLC–MS 
is difficult, because the peak area of the major ingredient 
ALA is high and there is obvious peak tailing, which may 
suppress and submerge the signals of other impurities.

Online two-dimensional (2D) separation, heart-cutting 
or column-switching liquid chromatography show a better 
separation selectivity and resolving power than the conven-
tional HPLC analysis due to the involvement of different 
separation modes. 2D-HPLC can significantly increase the 
resolving power and facilitate separations that cannot be 
achieved by 1D chromatography [11]. The application of 
2D-HPLC has extensively been reported for the analysis of 
biological samples [12–14], proteomics [15, 16], and natu-
ral products [17, 18]. We developed an off-line 2D-HPLC 
MS method for the proteomics analysis in a previous study 
[19]. The use of 2D-HPLC in pharmaceutical analysis has 
also been attracting more attention recently [20–25]. For 
the pharmaceutical and proteomics analysis, MS-incom-
patible mobile phases can be used in the first dimension of 
liquid chromatography, and then, MS-compatible mobile 
phases can be used in the second dimension [16, 26, 27].

In this study, two-dimensional column switching and 
online demineralization combined with linear ion trap mass 
spectrometry have been developed for the identification of 
unknown impurities in ALA. The column-switching and 
online demineralization techniques allow the use of con-
ditions that are compatible with mass spectrometry. Six 
ALA-related impurities were identified by their MSn frag-
ments, and the mass fragmentation patterns were also stud-
ied. In addition, comparative studies employing a conven-
tional one-dimensional normal-phase HPLC–MS method 
are presented.

Experimental

Chemicals and Reagents

A sample of ALA was provided by Shanghai Fudan-
Zhangjiang Bio Pharmaceutical (Shanghai, China). The 
deionized water used in this study was from a Milli-Q 
water purification system (Millipore Corp., Bedford, MA, 
USA). LC–MS grade acetonitrile was purchased from 
Anpel Laboratory Technologies (Shanghai, China); sodium 
octanesulfonate (chromatographic grade) was purchased 
from TCI Chemical Co. (Tokyo, Japan). Potassium dihy-
drogenphosphate, sodium hydroxide, and hydrochloric acid 

were purchased from Shanghai Chemical Reagent Corp. 
(Shanghai, China). ALA standard was purchased from Alfa 
Aesar (Lancaster, UK).

Preparation of the Test Solutions

A stock solution of ALA standard or sample was prepared 
by dissolving 50  mg in 5  mL water. The stock solution 
was stored at 4  °C in the dark before use. For the one-
dimensional normal-phase HPLC–MS analysis, ALA was 
prepared by dissolving 10  mg in 5  mL water/acetonitrile 
(50:50).

Alkali Decomposition Test

An aliquot (5 mL) of stock solution was diluted with 5 mL 
of 0.2 mol L−1 sodium hydroxide solution and the mixture 
was heated in a water bath at 40 °C for 30 min. It was then 
cooled to room temperature and adjusted to pH 7.0 using 
0.2 mol L−1 hydrochloric acid. The resulting solution was 
then diluted to 25 mL with the mobile phase used for the 
first dimension of chromatography prior to injection.

Heating Decomposition Test

An aliquot (5 mL) of stock solution was heated in a water 
bath at 85 °C for 2 h. The solution was then cooled to room 
temperature and diluted to 25  mL with the mobile phase 
used for the first dimension of chromatography prior to 
injection.

Instrumentation

Figure  1 shows the set-up of the 2D HPLC system and 
illustrates the valve configuration. The first dimension 
includes a ternary pump, an autosampler, a thermostat-
ted column compartment, and a UV detector. The second 
dimension includes a binary pump, an autosampler, and a 
thermostatted column compartment with a six-column-
switching feature, a diode-array detector, and a linear ion 
trap mass spectrometer. The interface between the first and 
second dimensions is a six-loop valve trapping system with 
a trap column (C18, 12.5 mm × 4.6 mm, 5 μm) connected 
to a loop ring with a volume of 100 μL from Agilent Tech-
nologies (Santa Clara, CA, USA). The two gradient pumps, 
autosamplers, thermostatted column compartments, UV 
detector, and diode-array detector are Infinity 1260 HPLC 
set-ups (Agilent Technologies) with an LTQ XL mass spec-
trometer equipped with an electrospray ionization (ESI) 
source (Thermo Fisher Scientific, San Jose, CA, USA). 
Data acquisition, handling, and instrument control were 
performed using the Xcalibur 2.3.1 software.



1471Identification of Impurities in 5-Aminolevulinic Acid by Two-Dimensional Column-Switching…

1 3

Chromatographic Conditions

The first dimension utilized a Gemini C18 column 
(150  mm ×  4.6  mm, 5  µm; Phenomenex, Torrance, CA, 
USA) at a temperature of 35  °C. The mobile phase was 
sodium octanesulfonate (4  mm)/potassium dihydrogen-
phosphate (pH  2.0; 40  mm)/acetonitrile (43:43:14, v/v/v); 
the flow rate was set to 1 mL min−1, wavelength 205 nm, 
injection volume 20 μL. The second dimension of chro-
matography was as follows: ZORBAX SB C8 column 
(150 mm × 4.6 mm, 3.5 μm; Agilent Technologies); col-
umn temperature maintained at 35  °C. Mobile phase A: 
water (0.1  % acetic acid); mobile phase B: acetonitrile; 
mobile phase B was set at 3 % in 5 min. The flow rate was 
set at 1.0 mL min−1, with a split-flow ratio of 1:4 of mass 
spectrometer to waste. UV detection was performed at 
205 nm. The divert times for trapping and elution are listed 
in Table  1. For comparison, different kinds of columns 
were investigated, including a Waters Cortecs C18 column® 
(100 mm × 2.1 mm, 2.7 μm), an Agilent ZORBAX SB C8 
column (150  mm ×  4.6  mm, 3.5 μm), a Waters Acquity 
UPLC® HSS T3 column (50  mm ×  2.1  mm, 1.8 μm), a 
Waters XBridge® amide column (150  mm  ×  2.1  mm, 
3.5  µm), and a Thermo Acclaim™ Trinity™ Q1 column 
(50 mm × 2.1 mm, 3 μm).

Mass Spectrometric Conditions

ESI source, mass range: m/z 50 to 1500. In positive mode, 
the source voltage was 4 kV, the capillary temperature was 
350 °C, the sheath gas flow was 40 arbitrary units (arb), the 
sweep gas flow was 1.0 arb, and the capillary voltage was 
24 V. In the MS2 and MS3 analyses, the fragmentation was 
performed through collision-induced dissociation (CID) at 
collision energies in the range 25–40 eV. In negative mode, 
the source voltage was 3.5  kV, the capillary temperature 
was 350 °C, the sheath gas flow was 35 arb, the auxiliary 
gas flow was 15.0 arb, the sweep gas flow was 1.0 arb, and 

the capillary voltage was 43 V. The eluate from the second 
dimension was diverted to waste for 1 min through a divert 
valve on the inlet of mass spectrometer. Mass spectrometric 
scanning was then performed when the divert valve on the 
inlet of MS was switched from waste to load.

Comparison with One‑Dimensional Normal‑Phase 
HPLC–MS Method using an Amide Column

A Waters XBridge® amide column (150  mm ×  2.1  mm, 
3.5  µm) was used. Mobile phase A was water (20  mm 
ammonium acetate) and mobile phase B was acetonitrile, 
with gradient elution: 0–7 min 95 % B–60 % B, 7–19 min 
60  % B; the flow rate was 0.25  mL  min−1, wavelength 
205 nm, injection volume 20 μL. The eluate from 10.5 to 
14 min was diverted to waste. In this way, the contamina-
tion of the MS source by the major ingredient could be 
avoided.

Results and Discussion

First‑Dimensional HPLC–UV Analysis of ALA with an 
MS‑Incompatible Mobile Phase

As mentioned above, ALA is a gamma-keto acid deriva-
tive with a hydrophilic group. Hence, the retention times 
of ALA or other impurities are short (within 1  min), and 
such substances may co-elute together using a reversed-
phase C18 column. Band broadening and peak tailing were 
observed using normal-phase amide or HILIC columns, 
despite the addition of MS-compatible salts, such as 20 mm 
ammonium acetate or 20  mm ammonium formate. Thus, 
the above methods using an MS-compatible buffer are not 
suitable for the separation of the major ingredient and other 
impurities. In our experiments, an ion-pair reagent was 
used for separation. Sodium octanesulfonate (4 mm)/potas-
sium dihydrogenphosphate (pH  2.0; 40  mm)/acetonitrile 

Fig. 1   Scheme for the valve 
configuration: a eluate from 
the trap column was transferred 
to analytical column 2 in the 
second dimension; b MS-
incompatible mobile phase from 
analytical column 1 in the first 
dimension was retained on the 
trap column
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(43:43:14, v/v/v) was used as the mobile phase in the first 
dimension of HPLC separation. Figure  2a and b show 
the chromatograms of the ALA sample following alkali 

decomposition and heating decomposition tests, respec-
tively. As shown in Fig.  2a, six impurities were observed 
under the alkali decomposition conditions; the peak area 

Table 1   Information on the identified compounds

Peak
No.

tR  (1st
D)

tR (2nd
D)

Divert 
time 

for trap

Divert 
time 
for 

elution

Positive 
mode
(m/z)

Negative 
mode
(m/z)

Chemical name MSb (+) MSb (+) Peak area 
(%)

Chemical structure

1 1.5 1.8 1.0 1.7 114.0 NDa Piperidine-2,5-
dione (PD)

86.0 NDb 4.24

2 1.9 1.5 1.4 2.1 225.1 223.1 2,5-dicarboxy-
ethylpyrazine 

(PY)

207.1, 
197.1

179.0,
165.0,
161.1

0.433

3 2.0 1.2 1.5 2.2 217.1 NDa 5-amino-4-((4-
hydroxy-2-

oxobutyl)imino)
pentanoic acid 

(PA)

199.0, 
154.9

182.1,
171.0, 
155.0

4.50

4 2.9 1.8 2.4 3.1 132.0 130.0 ALA 113.9 85.9 78.1

5 4.0 1.8 3.5 4.2 227.1 225.2 2,5-
dicarboxyethyl-

3, 6-
dihydropyrazine 

(DHPY)

209.0, 
191.0, 
149.0

191.0,
149.0

8.50

6 4.6 1.8 4.1 4.8 NDc 165.0, 
201.0

Phthalic acid 137.0, 
121.0

93.0 2.94

7 7.2 2.1 6.7 7.4 245.1 243.2 ALA-dimer 227.1, 
209.1

209,1,
191.0,
149.0

0.98

a  Not detected in negative mode
b  Not detected at the collision energy of 45 eV
c  Not detected in positive mode

Fig. 2   First-dimensional 
HPLC–UV chromatogram 
using MS-incompatible buffer 
(the chromatogram has been 
enlarged): a alkali decomposi-
tion test; b heating decomposi-
tion test
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percentages of these impurities compared with the total 
area of the chromatogram are listed in Table  1; the peak 
area percentages ranged from 0.433 to 8.50 %. The mobile 
phase produced good chromatographic peak shapes and 
resolved all analytes.

Optimization of the Second Dimension of the HPLC 
Separation Method

Two different trap columns, namely a ZORBAX C18 
column (12.5  mm ×  4.6  mm, 5 μm) and a C18 column 
(12.5 mm × 2.1 mm, 5 μm) were compared. The 4.6 mm 
ID column had an internal volume of about 200 μL, and 
the 2.1 mm ID column had an internal volume of less than 
40 μL. A loop ring with a volume of 100 μL was also con-
nected to the trap column. The flow rate in the first dimen-
sion was 1 mL min−1. However, the peak width in the first 
dimension was 0.3 min, and hence, the 2.1 mm ID column 
was unable to trap all of the eluate. The 4.6 mm ID column 
with an internal volume of about 200 μL was sufficient to 
trap all of the eluate at 0.2 min after the retention time of 
the corresponding peak observed in the first dimension. A 
loop ring with a volume of 300 μL without a trap column 
was also used, but peak broadening was obvious in the sec-
ond dimension with peak width >1  min. The 4.6  mm ID 
column could trap and enrich the fraction from the first 
dimension, and decrease the peak broadening in the second 
dimension with a peak width <0.5 min.

The choice of column for the second dimension is impor-
tant for desalting and separation of impurities from the MS-
incompatible mobile phase. Different kinds of columns were 
investigated in our preliminary experiments, including a 
Waters Cortecs C18 column® (100 mm × 2.1 mm, 2.7 μm), 
an Agilent ZORBAX SB C8 column (150 mm × 4.6 mm, 
3.5  μm), a Waters Acquity UPLC® HSS T3 column 
(50  mm  ×  2.1  mm, 1.8  μm), a Waters XBridge® amide 
column (150  mm  ×  2.1  mm, 3.5  µm), and a Thermo 
Acclaim™ Trinity™ Q1 column (50 mm × 2.1 mm, 3 μm). 
The total ion chromatograms (TICs) of the second-dimen-
sional system with different columns are shown in the Sup-
plementary Material Figs.  S1–S3. Impurities were eluted 
within 1  min using a C18 column even with a high ratio 
of phase A to phase B (water/acetonitrile, 98:2) at a flow 
rate of 0.25 mL min−1. A T3 column was used with 100 % 
water, but the impurities were also eluted within 1  min at 
a flow rate of 0.15 mL min−1; thus, not all of the impuri-
ties could be separated from potassium dihydrogenphos-
phate and sodium octanesulfonate. For the HPLC separation 
of ALA with the Waters Cortecs C18 column, the Agilent 
ZORBAX SB C8 column, and the Waters T3 column by 
the conventional 1D method using a mobile phase of water/
acetonitrile (97:3), ALA was eluted at 1.4 min, 1.6 min, and 
1.2 min, respectively. When a small amount of mobile phase 

eluted from the first dimension, that is, 300 μL of sodium 
octanesulfonate (4  mm)/potassium dihydrogen phosphate 
(pH 2.0; 40 mm)/acetonitrile (43:43:14, v/v/v), the composi-
tion of the mobile phase in the second dimension changed 
greatly. The retention times of ALA on the C18 and T3 col-
umns decreased to 0.7 min, but its retention time on the C8 
column increased to 1.8 min. The small amount of mobile 
phase A eluted from the first dimension may have slightly 
increased the retention of ALA on the C8 column. Gong-
Xin He also found that the retention times of strongly polar 
compounds with amino and carboxyl acid groups, such as 
l-carnitine and crotonoylbetaine, increased on a C8 col-
umn when using sodium octanesulfonate as a mobile phase, 
whereas their retention times decreased on a C18 column 
[28].

An amide column was further used under the gradient 
elution conditions. The retention times of analytes were 
sensitive to the mobile phase in amide column separa-
tion; a small increase in water content in the mobile phase 
shortened the retention times of the target compounds. For 
the HPLC separation of ALA and related impurities on an 
amide column by the conventional 1D method, samples 
were prepared in water/acetonitrile (50:50), and the injec-
tion volume was small at only 20 μL; thus, the composition 
of mobile phase did not change greatly. However, when the 
small amount of mobile phase eluted from the first dimen-
sion was sodium octanesulfonate (4  mm)/potassium dihy-
drogenphosphate (pH  2.0; 40  mm)/acetonitrile (43:43:14, 
v/v/v), the aqueous phase constituted 86  % thereof, and 
the volume of the interface between the first and second 
dimensions was 300  μL; thus, the composition of the 
mobile phase in the second dimension changed greatly. The 
increase of water content in the mobile phase greatly short-
ened the retention times of impurities on the amide column, 
such that all of the impurities eluted within 1 min. Dihydro-
genphosphate and ion-pair reagents could be used to sup-
press the signals of target impurities. An Acclaim Trinity 
Q1 column was used under the gradient elution conditions, 
but the target impurities co-eluted with MS-incompatible 
buffer at 2.6 min and could not be separated. Thus, in our 
experiments, a C8 column was used for the analysis of the 
target compounds. All of the impurities were eluted after 
1.2  min, while potassium dihydrogenphosphate eluted 
within 1  min, thus permitting their separation. The MS-
incompatible salts were diverted to waste for 1 min through 
a divert valve on the inlet of mass spectrometer.

Second Dimension of HPLC–MS/MS Identification 
of Impurities in ALA with an MS‑Compatible Mobile 
Phase

To reduce fluctuation of the baseline in the first dimen-
sion and to increase the compatibility of the organic phase 
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between the two different dimensions, acetonitrile was 
used as organic phase in the second dimension. To identify 
the structures of impurities, six impurities and the main 
component from the first dimension were trapped indi-
vidually for each injection and transferred to the analytical 
column in the second dimension, as shown in Fig. 1a and 
b. In the second dimension of the HPLC-LIT MS analy-
sis, the valve was set at the position of Fig. 1b at 0.5 min 
before the retention time of the corresponding peaks in the 
first dimension, then switched from the position in Fig. 1b 
to that in Fig. 1a at 0.2 min after the retention time of the 
corresponding peak observed in the first dimension (which 
means the time delay between divert time for trap and 
divert time for elution is 0.7 min). After 1 min, the valve 
was switched to the original position (Fig.  1b) and the 
first-dimensional column was eluted with the mobile phase 
for the next injection. When the second dimension separa-
tion was carried out, the first separation was not stopped 
and was eluted, thus other peaks of impurities were waste 
for every injection in the first dimension. In our experi-
ment, the elution time in the second dimension was 5 min 
for one cycle of analysis of impurities, and this elution 
time was longer than the time interval between those peaks 
in the first dimension; thus, samples had to be injected into 
the 1D-HPLC system several times to identify all of the 
impurities.

The analytes in the trap column were eluted to the sec-
ond-dimensional C8 analytical column and finally eluted 
to the ESI–MS/MS system. To remove the remaining ion-
pair reagents and phosphate salts eluted from trap column, 
the eluate from the C8 analytical column was diverted to 
waste for 1  min to avoid elution of the salts to the mass 
spectrometer. In this way, ion suppression caused by non-
volatilized salts was significantly reduced. MS signals in 
both positive and negative modes were obtained for these 
impurities and structures were elucidated on the basis of 
MSn information. According to the literature, ALA can be 

synthesized from 4-oxopentanoic acid and phthalimide 
[3]. 2-aminoacetic acid is also involved as a reactant in the 
biosynthesis method [29]. Under the alkaline conditions, 
the formation of 2,5-dicarboxyethyl-3,6-dihydropyrazine 
(DHPY), porphobilinogen, and pseudoporphobilinogen 
via an open-chain dimeric ketimine has previously been 
postulated, and the oxidation of DHPY to 2,5-dicarboxy-
ethylpyrazine (PY) in the presence of oxygen has also been 
reported [6, 30]. The synthesis route and the possible by-
products are shown in Fig. 3. The retention times of each 
peak in the first and second dimensions, m/z in positive and 
negative modes, MS2 and MS3 fragments, chemical names, 
divert times, and the structures are listed in Table  1. The 
impurities were identified as the degradation products, the 
dimer product, the dehydration product, the oxidative prod-
uct, and the hydrolysis product from the reactant.

Peak 1 was assigned to piperidine-2,5-dione (PD) with 
[M + H]+ at m/z 114.0; the TIC and EIC of peak 1 in the 
second dimension are shown in Fig.  4. No fragment ion 
was generated with collision energy of 30  eV due to the 
structure of the lactam ring. A further increase in colli-
sion energy from 30 to 40 eV generated product ions at m/z 
86.0 (the MS1 and MS2 spectra are given in Supplementary 
Material Figs. S4 and S5). The product ion was attributed 
to cleavage of a carbonyl group, which led to loss of a mol-
ecule of CO.

Peak 2 was assigned to 2,5-dicarboxy-ethylpyrazine 
(PY) with [M + H]+ at m/z 225.1. Figure 5 shows the TIC 
and EIC of peak 2 in the second dimension. The main dis-
sociation processes are the loss of one molecule of either 
H2O or CO from the precursor ion at m/z 225.1, which gen-
erate the peaks at m/z 207.1 and 197.1, respectively. The 
MS3 product ions from that at m/z 207.1 include those at 
m/z 179.0, 165.0, and 161.1, which are generated from the 
further loss of CO, CH2CO, and H2O, respectively (the 
MS1, MS2, and MS3 spectra are shown in Supplementary 
Material Figs. S6–S8).

Fig. 3   Synthesis route and the 
possible by-products of ALA
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Peak 3 was identified as 5-amino-4-[(4-hydroxy-2-ox-
obutyl)imino]pentanoic acid (PA) with [M +  H]+ at m/z 
217.1. Figure  6 shows the TIC and EIC of peak 3 in the 
second dimension. The MS1, MS2, and MS3 spectra of peak 
3 are shown in Supplementary Material Figs. S9–S11. The 

main dissociation process is the loss of a molecule of water 
from the precursor ion at m/z 217.1, which generates the 
peak at m/z 199.0. That at m/z 154.9 is generated by the 
loss of CO2 from a carboxyl group. The MS3 product ions 
from that at m/z 199.0 include those at m/z 182.1, 171.0, 

Fig. 4   TIC and EIC of peak 1 in the second dimension: a TIC, b EIC, m/z 114.0

Fig. 5   TIC and EIC of peak 2 in the second dimension: a TIC, b EIC, m/z 225.1

Fig. 6   TIC and EIC of peak 3 in the second dimension: a TIC, b EIC, m/z 217.1
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and 155.0, which are generated by loss of NH3, CO, and 
CO2, respectively.

Peak 4 is the major component ALA with [M + H]+ at 
m/z 132.0 (MS1 spectrum shown in Supplementary Mate-
rial Fig. S12). The main dissociation process is the loss of 
a molecule of water, which generates the peak at m/z 113.9 
(shown in Supplementary Material Fig.  S13). The MS3 
product ion at m/z 85.9 was produced from the MS2 prod-
uct ion at m/z 113.9 (the MS3 spectrum is given in Supple-
mentary Material Fig. S14).

Peak 5 was assigned to 2,5-dicarboxyethyl-3,6-dihydro-
pyrazine (DHPY) with [M + H]+ at m/z 227.1 (see Supple-
mentary Material Fig. S15). The main dissociation process 
is the breakage of an αC-βC bond and the loss of one and 
two molecules of water from the precursor ion at m/z 227.1, 
which generates the peaks at m/z 149.0, 209.0, and 191.0, 
respectively (the MS2 spectrum is shown in Supplementary 
Material Fig. S16). The peaks at m/z 191.0 and m/z 149.0 
were also produced from the MS2 product ion at m/z 209.0 
in the MS3 spectrum (the MS3 spectrum is given in Supple-
mentary Material Fig. S17).

Peak 6 was detected as [M  −  H]− at m/z 165.0 and 
[M + Cl]− at m/z 201.0 in negative mode; m/z 137.0 and 
121.0 were observed in the MS/MS spectrum, which were 
produced by loss of a molecule of CO or CO2, respectively, 
from the precursor ion at m/z 165.0. Peak 6 was identified 
as phthalic acid, produced by the hydrolysis of phthalim-
ide (the MS1 and MS2 spectra are shown in Supplementary 
Material Figs. S18 and S19).

Peak 7 was identified as ALA dimer with [M +  H]+ 
at m/z 245.1 (see Supplementary Material Fig.  S20). The 
main dissociation process is the loss of one molecule of 
water from the precursor ion at m/z 245.1, which gener-
ates the peak of DHPY at m/z 227.1 (see Supplementary 
Material Fig.  S21). The main dissociation process from 
m/z 227.1 is the same as the MS2 fragmentation of DHPY, 
which generates MS3 product ions at m/z 209.1, 191.0, and 
149.0 (the MS3 spectra are shown in Supplementary Mate-
rial Fig. S22).

In the heating decomposition test, the peak at 1.9  min 
increased in the HPLC–UV chromatogram of the first 
dimension (see Fig. 2b). This peak was trapped and trans-
ferred to the second-dimensional column; m/z 225.1 was 
also observed for this peak in the MS1 spectrum. The MS1 
and MS2 spectra are consistent with peak 2 in Table 1 and 
thus attributable to PY.

Validation of the 2D Column‑Switching HPLC‑LIT MS 
Method

Analytical characteristics, including repeatability, linearity, 
and LOD were investigated. For the establishment of a lin-
earity equation, different concentrations of ALA standards 

(50, 10, 5, 2.5, 1, 0.5, and 0.2 μg  mL−1) were prepared. 
The EIC with m/z 132.0 was used for peak integration. Lin-
ear regression plots were obtained by plotting the peak area 
of the target standards versus the theoretical concentra-
tions. Good linearity was obtained for the ALA standards 
in the range from 0.2 to 50 μg  mL−1, with a correlation 
coefficient >0.99. To check the reproducibility of the devel-
oped method, a repeatability study was performed at three 
different concentration levels. Three replicate experiments 
were carried out for each concentration level with 0.5, 1, 
and 5 μg mL−1 of ALA. The repeatabilities, expressed as 
the relative standard deviation (RSD), were within 9.1 %. 
The LOD of the method was estimated based on the analy-
sis of ALA standard at S/N of three times the average of the 
baseline. The ALA standard was diluted to different con-
centrations and the EIC with m/z 132.0 was obtained. The 
LOD was 100 ng mL−1. The results showed that the pro-
posed analytical method is reliable.

Comparison with the One‑Dimensional Normal‑Phase 
HPLC–MS Method using an Amide Column

One-dimensional normal-phase HPLC–MS using an amide 
column was also performed for comparison with the two-
dimensional column-switching HPLC–ESI–MS/MS 
method developed in our study; the MS-compatible mobile 
phase was used. The HPLC–UV chromatogram using an 
amide column is shown in the Supplementary Material 
Fig.  S23. Three impurities, namely PA, PY, and DHPY, 
were identified for the ALA sample following the alkali 
decomposition test, with retention times of 2.2, 4.9, and 
7.2 min, respectively. The peak of the main component at 
11.0 min showed a significant broadening and tailing, with 
peak width >5  min; other impurity peaks may have been 
submerged in the main peak and such materials could have 
been simultaneously diverted to waste. Drifting baselines 
in chromatography also affect the veracity of analysis due 
to the gradient conditions and the UV cut-off absorption of 
the solvent at 205 nm. Thus, the two-dimensional column-
switching method developed in this study is advantageous 
in terms of the number of impurities identified compared 
with one-dimensional normal-phase HPLC–MS using an 
amide column.

Conclusions

We have developed a new analytical method with column-
switching HPLC-ESI-MSn for the identification of six 
impurities in ALA. The chemical structures of these impu-
rities have been identified using MS-incompatible mobile 
phases in the first dimension and MS-compatible mobile 
phases in the second dimension. The column-switching 
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and online demineralization technique made the chroma-
tographic conditions for ALA determination compatible 
with mass spectrometry. The use of this column-switch-
ing technology led to a significant increase in the number 
of identified impurities compared with the conventional 
normal-phase HPLC–MS using an amide column. The 
developed method is expected to prove very useful for 
solving the problem of incompatibility between a non-vol-
atile salt mobile phase and mass spectrometry in impurity 
identification.
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