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Abstract
It is desirable to develop a fast method for quantification of melphalan due to its instability. Here we report a method for 
quantification of melphalan (MPL) in human plasma using a UPLC–PDA system. Briefly, 50 µL plasma sample was mixed 
with 25 µL internal standard (2500 ng/mL acetylmelphalan in methanol) and 25 µL 20% trichloroacetic acid, and centrifuged 
at 21,000 g (15,000 rpm) at 4 °C for 3 min. The supernatant (5 µL) was injected onto an Acquity™ BEH C18 LC column 
(2.1 × 50 mm, 1.7 µm) and eluted with 25 mM NH4AC (pH 4.7)—acetonitrile in a gradient mode at a flow rate of 0.6 mL/
min. The column kept at 40 ± 5 °C and the autosampler kept at 4 ± 5 °C. The detector set at 261 nm, and sampling rate was 
40points/sec. The retention times were typically 2.11 min for melphalan and 2.38 min for the internal standard. Total run 
time is 4 min per sample. Calibration range was 100–40,000 ng/mL. The lower limit of quantification was 100 ng/mL. The 
method was validated based on the FDA guidelines, and applied to a clinical pharmacokinetic study in pediatric patients.
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Introduction

The serendipitous observation, that victims of mustard gas in 
World War I often had leukopenia [1], lead to development 
of nitrogen mustards as anti-cancer drugs. As one of the 
early developed nitrogen mustards, melphalan (MPL) has 
been used in the treatment of haematological malignancies 
for over 60 years [2]. Lately, MPL has also been used as a 
conditioning treatment at a high-dose prior to both auto-
loguous and allogeneic hematopoietic cell transplantation 
(HCT) [3]. Chemically, MPL is nitrogen mustard coupled 
with L-phenylalanine synthesized in early 1950s in the UK 

(Fig. 1) [4]. It is a bifunctional alkylating agent targeting 
DNA. It is unstable in aqueous solution, mainly degraded to 
mono- and di-hydroxymelphalan with other minor products 
[5]. In plasma, 69% MPL is bound to proteins, contributing 
to a threefold higher stability than aqueous solution. The 
degradation half-life in human plasma is 12.8 h [6]. MPL is 
mainly eliminated by renal excretion [7].

To support a clinical study for the evaluation of systemic 
MPL exposure in pediatric HCT recipients, a method for 
quantification of MPL in low volumes of human plasma is 
needed. Based on the regimens of the intended clinical study 
and previous pharmacokinetic (PK) studies [3, 8–12], we 
expect minimal concentrations in plasma to be > 100 ng/
mL. The maximum concentration reported in the PK studies 
is < 20,000 ng/mL. Therefore, we aim to develop a method 
with the calibration range at 100–40,000 ng/mL. Since sta-
bility of MPL is a major concern but sensitivity requirement 
is not high, our goal is to develop a high throughput method 
with ultraviot (UV) spectrophotometry detection. Numer-
ous methods using high performance liquid chromatography 
coupled with UV detector (HPLC–UV) have been published 
for measurement of MPL in human plasma [13–16]. The 
run times per sample are all over 10 min. Ultra performance 
liquid chromatography (UPLC) enables us to develop high 
throughput method with a run time of less than 5 min. So 
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far, no UPLC–UV methods have been published. Here we 
reported a method using a UPLC system with a photo Diode 
Array (PDA) detector. The run time was only 4 min per 
sample.

Materials and methods

Chemicals and reagents

Melphalan hydrochloride was purchased from Sigma-
Aldrich Co. (Saint Louis, MO, USA); the internal standard 
(IS) N-acetyl melphalan (Ac-MPL) was from ChemDiv Inc. 
(San Diego, CA, USA). Acetonitrile, methanol, water, and 
ammonium acetate, acetic acid, trichloroacetic acid (Certi-
fied ACS) were purchased from Thermo-Fisher Scientific 
(Fair Lawn, NJ, USA) as HPLC grade unless mentioned 
individually. Human plasma (sodium heparin as the antico-
agulant) was purchased from Biological Specialty Co. (Col-
mar, PA, USA). Mobile phase A was prepared by dissolving 
1.927 g ammonium acetate (NH4AC) and 1 mL glacial ace-
tic acid in 1L water followed by filtration before use; 20% 
trichloroacetic acid (TCA) was prepared by dissolving 4 g 
TCA in 20 mL water.

Instrumental

The work was performed on a Waters Acquity™ UPLC sys-
tem consisted of Waters Acquity™ Binary Solvent Man-
ager (two pumps), Sample Manager (Autosampler) and PDA 
detector, managed with Waters Empower® chromatography 
software version 3.0. LC separation was achieved on Acquity 
UPLC® BEH C18 column (50 × 2.1 mm, 1.7 µm) protected 
with VanGuard™ pre-column (5 × 2.1 mm, 1.7 µm) from 
Waters Inc, Milford, MA, USA. The LC setting was as fol-
lows: Mobile phase solvents were 25 mM NH4AC 0.1% 
HOAC (A) and acetonitrile (B). The flow rate was 0.6 mL/
min. The gradient program consisted of 5%B (0–0.5 min), 
5–50%B (0.5–3.00 min), 50–90%B (3.00–3.01 min), 90%B 
(3.01–3.50  min), 90–5%B (3.50–3.51  min), and 5%B 
(3.51–4.00 min). The column was heated at 40 ± 5 °C and 
autosampler was cooled to 4 ± 5 °C. The PDA detector was 

set at 261 nm with a sampling rate of 40 points/sec. Injection 
volume was 5 µL. The weak and strong needle wash solvents 
were 40% and 100% acetonitrile, respectively. The seal wash 
solvent was 20% methanol.

Preparation of calibrators and QC samples

Two aliquots of melphalan hydrochloride salt were weighed, 
converted to base form weight using a conversion factor of 
0.893, and dissolved in methanol separately to prepare the 
MPL primary calibrator and QC stock solutions at 2 mg/
mL (as base form).To confirm accuracy, the two stocks were 
diluted to 1 µg/mL in water and immediately injected onto 
the UPLC system. The signal difference of the two solutions 
should be less than 5%. The stocks were diluted in methanol 
to prepare working solutions, which were spiked into hep-
arinized human plasma to make the calibrators at 100, 250, 
500, 1000, 5000, 10,000, and 40,000 ng/mL and QC samples 
at 300, 1500, and 32,000 ng/mL. The content of methanol 
in the spiked plasma samples was ≤ 2.5%. Stock solution 
of Ac-MPL (the IS) was prepared in methanol, which was 
diluted in methanol to make 2.5 µg/mL IS working solution. 
The prepared solutions and plasma samples were stored at 
− 70 °C until use.

Sample preparation

Plasma sample was pre-treated based on a previous method 
[17]: Plasma samples (50 µL) were pipetted into 1.5 mL 
polypropylene eppendorf tubes, to which were added 25 µL 
IS (2.5 µg/mL AC-MPL) and 25 µL 20% TCA. After vortex 
mixed, the samples were centrifuged at 25,000g at 4 °C for 
3 min and 60 µL of the supernatant was transferred to an 
autosampler vial. The processed samples were immediately 
placed in the autosampler maintained at 4 °C for injection. 
Injection volume was 5 µL. Samples were processed and run 
by a batch of 48 samples to avoid significant degradation.

Validation

The method was validated according to the guidelines of NIH-
sponsored AIDS Clinical Trial Group Network [18], which 
was based on FDA guidelines [19]. One set of calibrators 
were processed for each run and injected in the beginning. 
Calibration curves were constructed by linear regression of the 
peak area ratio of analyte to internal standard (Y-axis) versus 
the nominal analyte concentrations (X-axis) with a weight-
ing factor of 1/x. The lower limit of quantification (LLOQ) 
was established with precision and accuracy < 20%. Intra-day 
precision and accuracy were determined by analysis of at 
least five replicates of each QC sample at low (300 ng/mL), 
medium (1500 ng/mL), and high (32,000 ng/mL) concentra-
tion levels extracted with a set of calibrators in one batch. The 

Fig. 1   Chemical structures of melphalan and acetyl-melphalan (IS)
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same procedure was repeated on at least 2 different days with 
new samples to determine inter-day precision and accuracy 
(total: n ≥ 15 per concentration level). Precision was reported 
as relative standard deviation (RSD) and accuracy as percent 
deviation of the nominal concentration (% dev).

Recovery was evaluated by spiking MPL working solution 
in plasma and water, respectively, at the low and high concen-
trations, processed and analyzed in triplicate. Matrix effect was 
evaluated by spiking the MPL working solution in six different 
lots of heparin plasma and two lots of K3EDTA plasma at low 
and high concentration, processed and analyzed in triplicate 
along with a set of calibrators. Dilution integrity was evaluated 
by diluting an extra-high QC at 100 µg/mL by three-, five- and 
tenfold with blank plasma, processed and analyzed in triplicate 
along with a set of calibrators and 2 sets of QCs. The stability of 
MPL was evaluated in the following conditions: 3 freeze–thaw 
cycles, freezer (− 70 °C) for 2 years, 4 °C and room tempera-
ture (22–25 °C) in plasma and injection solvent (in autosampler 
4 °C) for 24 h. Stock solution of MPL was tested for 2 years 
at − 70 °C. MPL working solution was tested in methanol for 
4 days and water and 50% acetonitrile for 24 h. IS working 
solution was tested at room temperature (22–25 °C) for 6 days. 
The treated plasma samples were measured in triplicate at low 
and high concentrations and compared to the corresponding 
untreated samples. The treated neat solutions were diluted to 
1 µg/mL in water and immediately measured in triplicate. Sta-
bility was expressed as % degradation and calculated as follows:

where C represents the measured mean concentration.

Application

The assay has been used in an ongoing clinical PK study on 
pediatric HCT patients at the University of California Beni-
off’s Children’s Hospital. The Institutional Review Board 
(IRB) at the University of California San Francisco approved 
this study and all patients and/or guardians provided written 
informed consent to participate in PK sampling. MPL was 
infused at variable doses per protocol over 15–30 min. Blood 
specimens (~ 0.5 mL) were collected in 2-mL lithium heparin 
tubes at 5 min, 15 min, 30 min, 1 h, and 2 h post end-of-
infusion and centrifuged at 3000–4000 rpm for 10 min at 4 °C 
within 30 min of drawing. After centrifugation, the plasma 
fraction was collected and frozen at − 70 °C until analysis.

Results and discussion

UPLC optimization

MPL is acidic with predicted pKa1 = 2.1 and pKa2 = 9.5, 
calculated with advanced chemistry development (ACD/

% degradation = 100 ×
(

Ctreated − Cuntreated

)

∕Cuntreated,

labs) software V11.02. We chose 25 mM NH4AC 0.1% 
HOAC in water (pH 4.7 ± 0.2) as mobile phase solvent A 
and acetonitrile as mobile phase B. Initially we tried to 
detect MPL and its hydrolyzed products monohydroxy 
MPL and dihydroxy MPL on an Acquity BEH C18 column 
(50 × 2.1 mm, 1.7 µm), the retention time was 0.40 min, 
1.34 min, and 2.11 min for dihydroxy-, monohydroxy- and 
parent MPL. However, interfering peaks were observed from 
plasma samples. We changed to an Acquity HSS T3 column 
(75 × 2.1 mm, 1.8 µm), with retention times for the three 
analytes at 0.75 min, 1.64 min, and 2.44 min, respectively. 
Interfering peaks for dihydroxy MPL were still observed. 
Since our primary goal is to measure MPL, the method was 
validated for quantification of MPL only, while the hydro-
lyzed products could be qualitatively profiled if needed.

Sample preparation

To minimize the time of analysis, simple protein precipi-
tation was chosen for sample preparation. A published 
method for MPL utilized MeCN to precipitate plasma pro-
tein, which required further dilution to match the low initial 
organic mobile phase [20]. Precipitation with cold metha-
nol followed by direct injection was also reported [13], but 
distorted MPL peak was observed in our case. To simplify 
the procedure and match the initial LC mobile phase, here 
we used aqueous TCA to precipitate plasma protein as we 
described before [17]. The supernatant could be directly 
injected onto UPLC system without compromising the peak 
shape. In addition, sample was only diluted by twofold after 
TCA protein precipitation, while protein precipitation with 
organic solvents resulted in more diluted samples [21]. The 
following procedure was used in this assay: 25 µL 20%TCA 
and 25 µL IS solutions were added into a 50 uL of plasma 
sample. After vortex-mixing and centrifugation, 70 µL of the 
supernatant was transferred into an autosampler vial main-
tained at 4 ± 5 °C and 5 µL was injected onto the UPLC 
system.

Validation

Calibration range

At 100 ng/mL, the peak area of MPL was 900, and the ratio 
of signal/noise was 13. Therefore, the LLOQ in this assay 
was set at 100 ng/mL. The calibration curve was constructed 
with least square linear regression weighted by 1/x. In the 
three intra-/inter-day precision/accuracy experiments, the 
coefficient of determination (R2) of calibration curve was 
0.9992 or higher. The inter-day back-calculated concentra-
tions of calibrators over 3 days are listed in Table 1. Repre-
sentative chromatograms of MPL at LLOQ level along with 
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blank plasma (double blank) and blank plasma spiked with 
IS are shown in Fig. 2.

Precision and accuracy

The intra-day precision (n = 6) was within 5% at low, 
medium, and high concentrations. The inter-day precision, 
calculated with the individual mean concentration from 3 
days, was within 6% at all three concentration levels. The 
intra- and inter-day accuracy was all within 11%. At the 

Table 1   Inter-day average 
back-calculated calibrator 
concentrations (n = 3)

Nominal conc, 
ng/mL

100 250 500 1000 5000 10,000 40,000

Mean 97.9 243 541 962 5082 9833 40,091
%CV 12.5 2.1 2.1 7.0 4.3 2.0 1.1
% Dev − 2.13 − 2.67 8.27 − 3.83 1.65 − 1.67 0.23
n 3 3 3 3 3 3 3

Fig. 2   Representative chroma-
tograms of blank plasma (blue), 
blank plasma spiked with IS 
(red), and MPL at LLOQ level 
(black)

Table 2   Intra- and inter-day precision and accuracy

Intra-day Inter-day

Nominal, ng/mL 100 300 1500 32,000 100 300 1500 32,000
Mean 96 to 120 283 to 298 1344 to 1485 31,492 to 33,488 108 292 1425 32,250
% CV 2.3 to 6.9 1.6 to 2.4 1.8 to 3.8 1.2 to 3.1 11.1 2.9 5.1 3.4
% Dev − 3.8 to 20 − 5.8 to (− 0.7) − 10.4 to (− 1.0) − 1.6 to 4.6 7.7 − 2.5 − 5.0 0.8
n 6 6 6 6 3 3 3 3

Table 3   Dilution integrity (n = 3)

Dilution (fold) 3 5 10

Nominal, ng/mL 33,333 20,000 10,000
Mean 35,965 21,216 11,193
CV % 1.8 1.0 0.5
% Dev 7.90 6.08 11.9
n 3 3 3
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LLOQ levels, the precision and accuracy met the criteria of 
< 20% (Table 2).

Recovery and matrix effect

Recovery was evaluated by comparing the peak area of MPL 
or IS from plasma to the peak area of MPL or IS in injection 
solvent at the same concentration as the plasma samples. The 
recovery of MPL at low (300 ng/mL) and high (32,000 ng/
mL) was 81.8% and 87.8%, respectively, and the recovery 
for the IS was 95%. Matrix effect was evaluated using 6 dif-
ferent lots of sodium heparin plasma and 2 lots of K3EDTA 
plasma. The deviation from nominal values at 300 ng/mL 
and 32,000 ng/mL was from − 3.7 to 11.3%, for all lots of 
plasma, suggesting no significant matrix effect in the assay. 
In addition, no significant peak was found at the retention 
times of MPL and IS from the 6 lots of blank heparin plasma 
and 2 lots of K3EDTA plasma (supplementary material Fig. 
S1). Although residual peak was co-eluted with the IS in 
some cases, the intensity was < 5% of IS peak area.

Dilution integrity

Plasma sample at 100 µg/mL was diluted by three-, five- and 
tenfold and analyzed in triplicate. The precision was within 
5% and the deviation from nominal values was within 15% 
(Table 3). The results demonstrated clinical samples above 
the ULOQ level could be diluted by up to tenfold without 
compromising the integrity of samples.

Stability

In plasma, MPL was stable at room temperature (23 ± 2 °C) 
for 4 h, but over 50% degradation observed after 26 h; MPL 
was stable for up to 24 h at 4 °C and 2 years at − 70 °C. The 
plasma samples were also stable after 3 freeze–thaw cycles 
if the thaw time was less than 1 h. In autosampler maintained 
at 4 ± 5 °C, the processed samples were stable for 4 h but 
not stable overnight (21 h). We found the IS was degraded 
over 15% after 20 h in the autosampler. Therefore, analysis 
of samples on UPLC should be completed in a few hours 
after processed. MPL stock in methanol was stable for at 
least 12 days at room temperature and 2 years at − 70 °C. 
MPL working solution (10 µg/mL) was not stable in water 
with 21.9% degradation observed after 1.5 h and over 60% 
degradation after 8 h; it was stable in 50% acetonitrile for 
at least 8 h but 16.6% degradation was observed after 24 h 
(Table 4). Further investigation is ongoing to define long 
term stability in − 70 °C freezer.

Table 4   Stability of melphalan

Conditions Untreated Treated Degradation, %

Plasma, 23 ± 2 °C
 2 h
  300 ng/mL 312 ± 5 287 ± 8 − 8.0
  32,000 ng/mL 32,459 ± 367 30,091 ± 413 − 7.3

 4 h
  300 ng/mL 277 ± 1 − 11
  32,000 ng/mL 28,418 ± 165 − 12.4

 26 h
  300 ng/mL 108 ± 1 − 65.4
  32,000 ng/mL 15,333 ± 216 − 52.8

Plasma, 4 °C
 24 h
  300 ng/mL 312 ± 5 317 ± 22 1.6
  32,000 ng/mL 32,459 ± 367 30,216 ± 224 − 6.9

Plasma, − 70 °C
 2 year
  300 ng/mL 281 ± 3 241 ± 2 − 14
  32,000 ng/mL 35,804 ± 311 34,916 ± 266 − 2.5

Plasma 3 freeze–thaw cycles
 300 ng/mL 309 ± 5 293 ± 6 − 5.2
 32,000 ng/mL 31,555 ± 1012 30,260 ± 341 − 4.1

In autosampler, 4 °C
 4 h
  300 ng/mL 306 ± 10 308 ± 12 0.7
  32,000 ng/mL 29,554 ± 1166 30,085 ± 1188 1.8

 21 h
  300 ng/mL 282 ± 4 327 ± 7 16
  32,000 ng/mL 32,178 ± 176 36,646 ± 326 14

IS in 5%TCA 25%MeOH, 4 °C
 3 h 21,782 ± 82 21,347 ± 458 − 2.0
 20 h 17,946 ± 479 − 18

IS in methanol, 
23 ± 2 °C, 6 days

22,863 ± 103 22,829 ± 333 − 0.1

Stock MPL in methanol
 23 ± 2 °C, 12 days 23,289 ± 1468 22,594 ± 426 − 3.0
 − 70 °C, 2 years 24,356 ± 73 24,552 ± 286 0.8

10 µg/mL MPL 23 ± 2 °C
 In methanol
  24 h 19,496 ± 673 19,187 ± 233 − 1.6
  4 days 20,328 ± 215 4.3

 In water
  1.5 h 19,555 ± 1686 15,278 ± 127 − 21.9
  3 h 12,601 ± 419 − 35.6
  8 h 7478 ± 90 − 61.8
  24 h 1892 ± 75 − 90.3

 In 50% acetonitrile
  3 h 20,024 ± 1440 19,915 ± 22 − 0.54
  8 h 20,203 ± 70 0.90
  24 h 16,695 ± 125 − 16.6

Table 4   (continued)
Data represents mean ± SD (n = 3) of concentration for plasma sam-
ples or peak area for solution
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Application

Using this method, 110 plasma samples were tested with 
the measured concentrations ranging from 105 to 7674 ng/
mL, all within the calibration range. During the analysis, the 
precision of QCs at low, medium, and high levels were 8.4% 
(n = 14), 9.9% (n = 10), and 7.3% (n = 14), respectively. All 
QCs were within the accuracy range (85–115%). The results 
demonstrate the sensitivity of the method met the require-
ment of the intended study.

Conclusion

Using a simplified protein precipitation for sample prepa-
ration, a fast UPLC–UV method was developed and vali-
dated for determination of MPL in low volume 50 µL human 
plasma. With a short run time, 48 samples could be analyzed 
in 4 h that is in accordance with instability of MPL. The 
sensitivity of the assay met the requirement of the intended 
clinical study in pediatric patients.
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