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Abstract

Qualitative and quantitative determination of amino acid composition using amino acid analysis (AAA) is an important
quality attribute and considered an identity of therapeutic peptide drugs by the regulatory agencies. Although huge literature
is available on pre- and post- column derivatization AAA methods, arriving at an appropriate hydrolysis protocol coupled
with adequate separation of the derivatized/underivatized amino acids is always challenging. Towards achieving a facile and
comprehensive protocol for AAA, the present work is geared towards developing a deeper understanding of the extent of
hydrolysis of peptide, and the nature and stability of amino acids present in the peptide backbone. This defines the suitabil-
ity of the method in meeting the end goals and the regulatory requirement. Analysis of historical data generated during the
method optimization of AAA for icatibant acetate (ICT) using head space oven hydrolysis (HSOH) and microwave-assisted
hydrolysis (MAH) methods helped in arriving at fast (< 1 h) and efficient hydrolysis (0.9-1.1 of theoretical residue) condi-
tions. Better separations for the natural and unnatural amino acids were achieved using 3.45 < pH < 10.85, and a column
oven gradient program. This approach was useful in meeting the method quality attributes [resolution (R,) > 2.0; plate count
(N)>5600; and USP tailing factor < 1.2] with a target analytical method profile of relative amino acid mole ratios (RAAMR)
in the range of 0.9-1.1 for Ser, Oic, Tic, Hyp, Ala (Thi), Gly and Pro, and between 2.7 and 3.3 for Arg. The developed method
was validated as per the ICH guidelines and is precise, accurate, linear and robust.
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N Theoretical plate count

FOM Figure of merit

EOH Extent of hydrolysis

HSGC Head space gas chromatography

GC Gas chromatography

ICH International Conference on Harmonization
RSD Relative standard deviation
Introduction

In recent times, therapeutic peptides (TP) are of immense
interest for enhanced target specificity, safety, and efficacy
profiles, relative to small molecules (Di 2015; Fosgerau and
Hoffmann 2015; Lau and Dunn 2018). Commercially, TP are
manufactured using chemical synthesis routes (e.g., solid or
solution phase peptide synthesis) or through a recombinant
DNA technology path using living systems such as bacte-
ria. Synthetic peptides are an important class of TP that use
natural and unnatural amino acids, and their derivatives are
the building blocks in the design of peptide backbone (Qvit
et al. 2017). Structural identity (Wu 2013) of these back-
bone peptides are assessed using a combination of analytical
techniques based on mass spectrometry, amino acid analy-
sis (AAA), Edman degradation, nuclear magnetic resonance
spectroscopy (NMR), peptide mapping, and Ellman test, to
name a few (Lobas et al. 2013; Williamson 1993; Guthals
and Bandeira 2012; Ellman 1959; Rutherfurd and Gilani
2009; Fiirst et al. 1990; Moore and Stein 1951).

AAA is regarded as an identification and characteriza-
tion test in the structural identification of TP by regulatory
agencies, based on method complementarity (Eggen et al.
2014). AAA is used as one of the release identification tests
of published peptide [e.g., bivalirudin, exenatide, octreotide]
monographs, and is useful in determining peptide content in
the sample quantitatively. In structure confirmation analysis
of unknown peptides, peptide mapping studies are strate-
gized through the support of AAA. AAA also serves as an
important tool in non-pharmaceutical industries such as food
technology, proteomics, and metabolomics (Fierabracci et al.
1991; Qureshi and Qureshi 1989; Ishida et al. 1981; Blundell
and Brydon 1987), in the determination of concentrations
in native or derivatized form of amino acids using pre- or
post-column derivatization methods.

Despite the availability of literature on AAA, the choice
of hydrolysis temperature, hydrolysis time, chromatographic
conditions to separate derivatized or underivatized amino
acids, and selection of suitable derivatizing reagent, is spe-
cific to individual peptide sequence and their constituent
amino acids. Moreover, many hydrolysis protocols are labo-
rious and time-consuming and could lead to loss of sensitive
amino acids (such as serine, cysteine, and threonine) during
the hydrolysis step, resulting in lower recoveries. Therefore,
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it is challenging to arrive at a suitable, facile hydrolysis and
derivatization procedure along with an adequate chromato-
graphic separations method for accurate quantification of
amino acids in a given peptide. Some of the published meth-
ods on AAA of therapeutic peptides containing proteino-
genic amino acids used hydrolysis of procedures at elevated
temperatures (> 130 °C for 3 h), additive-free, and micro-
wave-assisted methods (Akhlaghi et al. 2015; Hsieh et al.
1999; Zhong et al. 2005). However, there is no known lit-
erature on therapeutic peptides having non-proteinogenic
amino acids.

Icatibant acetate (ICT) (Firazyr) is a synthetic decapep-
tide with five non-proteinogenic amino acids and structurally
similar to bradykinin. It is a selective, competitive antagonist
at the bradykinin type 2 (B2) receptor, and is used in the
treatment of acute attacks of hereditary angioedema (HAE)
in adults (with C1-esterase-inhibitor deficiency). The three
letter IUPAC code is given by H-DArg-Arg-Pro-Hyp-Gly-
Thi-Ser-D-Tic-Oic-Arg-OH, and its structure is represented
in Fig. 1. CHMP assessment report for Firazyr contains
AAA as one of the proposed identification tests for the con-
trol of the active ingredient, ICT. To the best of our knowl-
edge, there is no published reports on the AAA of ICT and
no known literature on the qualitative or quantitative AAA
of TPs containing non-proteinogenic amino acids.

In this work, we focused on developing an appropri-
ate and facile post-column derivatization (Po-CDT)
AAA method using ninhydrin reagent to determine the
RAAMR of natural and unnatural amino acids present in
ICT. Non-conventional gas chromatography head space
oven hydrolysis (HSOH) and microwave-assisted hydroly-
sis (MAH) methods were used to hydrolyze ICT. Analy-
sis of historical data using regression tool of response
surface methodology (RSM) helped in understanding the
impact of hydrolysis temperature and time on RAAMR,
and in arriving at the final hydrolysis conditions using
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Fig.1 Structure of icatibant acetate
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both methods of hydrolysis. Adequate separation (R,>2)
between the adjacent eluting amino acids prior to ninhy-
drin derivatization was achieved using cation-exchange
chromatography. Further, the optimized HSOH method
was validated according to ICH guidelines (Reason 2003),
and is found to be precise, accurate, rugged, and robust.
This approach can be used as a chemical identification
and characterization test in quality control laboratories
to determine the amino acid composition of proteino-
genic and non-proteinogenic amino acids present in ICT
(Fig. 2).

Materials and methods

HPLC-grade reagents of sodium hydroxide, methanol, iso-
propyl alcohol, and ethanol were purchased from Merck,
Mumbai, India, and used directly in mobile phase prepara-
tions. Ninhydrin reagent, buffer solution A (pH 3.45; sodium
citrate buffer — 0.12 N), buffer solution B (pH 10.85; sodium
citrate buffer — 0.2 N), mobile phase C (used as regenera-
tion solution, 0.5 N sodium hydroxide) and sample dilu-
tion buffer were procured from Sykam, Germany. All the
natural amino acid standards were purchased from Sigma-
Aldrich, India. Unnatural amino acid standards and icatibant
acetate samples were generously provided by Dr. Reddy’s

Sr Name of Molecular
N : Amino code Formula/ pKa* Structures of Amino Acids
o . .
acid weight
‘e 0
| |Hydoxy | CsHoNO3 / g‘;’;iclc 2.404
-proline M 131.13 89177 HO OH
' NH
. . o
) Serine Ser C3H/NOs/ Acidic-2.164 A‘)k
105.093 Basic -9.373 HO OH
NH,
OH
3 Proline Pro CsHoNO2/ Acidi2.521
115.132 Basic -9.822 o
NH
Acidic-2.312
. C2HsNO»/ . o
4 Glycine Gly Basic - HaN
75.067 10.054 2 OH
Octahydro-
1H -indole- ... H
indole . CoHi15NO2/ Acidic-2.412 HO H :
2- Oic
5 boxvli 169.22
carboxylie Basic -9.802 0 H
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O
Thienyla . C7HoNO,S/ Acidic-2.098
6 lanine Ala(thi) 171.21 Basic -9.823 Sﬁ/\l)J\OH
= NH,
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;| soquinoline| L. CioHiNO»/ | Acidic-2.321 ©©1H
-3- . 177.2 Basic -9.024 “/COOH
carboxylic
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.. CeH14N4O2/ Acidic-2.233 NH %
8 Arginine Arg 174.2 Basic -10.051 HZNJL”/\/\‘)kOH
NH,

*values predicted through ChemDraw professional software version 16.0

Fig. 2 Details of natural and unnatural amino acids present in icatibant acetate
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Laboratories, Integrated Product Development Organiza-
tion, India. Hydrochloric acid and sodium hydroxide were
procured from Sigma-Aldrich. Design-Expert ® software
version 11 is used for the statistical analysis of historical
data generated using HSOH and MAH hydrolysis methods.

Instrumentation and chromatographic conditions

The Sykam amino acid analyzer equipped with solvent
pump, auto sampler, and visible detector at 570 nm and
440 nm detector, and Clarity amino software for data acqui-
sition and elaboration were used. Separation of all the
natural and unnatural amino acids of ICT were achieved
by employing the cation (sodium form) exchange separa-
tion column (Cat No: LCA KO06/Na, 150 X 4.6 mm, and
7 um particle size) using a combination pH gradient of
mobile phase A, mobile phase B, and mobile phase C [time
(min)/%B] 0.00/0.0, 3.00/0.0, 9.0/15, 16/20, 22/33, 26/80,
28/80, 31/100, 41/100, [time (min)/%C] 41.01/100, 44/100,
[time (min)/%B] 44.01/0.0, 56/0.0, 56.01/0.0, 58/0.0 oper-
ated at a flow rate of 0.45 mL/min. The column oven temper-
ature was maintained using the program 0/57, 20/57, 25/74,
47/74, 52/57, 57/57. Ninhydrin reagent flow was maintained
at 0.25 mL/min and injection volume of 50 uL. was used.
The post-column derivatization was carried out at 130 °C
(reactor coil temperature). Derivatized natural and unnatural
amino acids were monitored at 570 and 440 nm.

Standard and sample preparation

The amino acid standard solutions were prepared at
180 nmol/mL concentration for each of these amino acids:
Ser, Gly, Pro, Hyp, Ala(thi), Tic, and Oic, and 540 nmol/
mL of Arg, and was directly used for the derivatization. The
sample was hydrolyzed in an Agilent GC head space vial
containing 5 mg of ICT in 0.8 mL of 6N HCI reagent, and
purged and sealed under nitrogen environment for the HSOH
method. Hydrolysis using the MAH method was conducted
at the same concentration using Anton-Paar to make 5 mL
digestion vials. After the hydrolysis, 140 pL of sample was
neutralized with 194 uL of sodium hydroxide solution (4 N)
followed by further dilution of 140 uL in 1060 uL of sam-
ple dilution buffer (pH 2.2, sodium citrate 0.12 N) and this
solution was used for the derivatization using ninhydrin by
post-column derivatization.

Method optimization

AAA involves hydrolysis of peptide sample to its constitu-
ent-free amino acids in a suitable reagent (an acid or a base)
at elevated temperatures for several hours. These free amino
acids are blind to UV-visible region and are derivatized
either by pre-column derivatization (Pr-CDT) (Zhang et al.
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2012; Zhao et al. 2007) or post-column derivatization (Po-
CDT) methods (Rigas 2013; Adriaens et al. 1977; Wainer
1967; Moore and Stein 1948) using a suitable derivatiz-
ing agent (e.g., 9-fluorenylmethyl-chloroformate (F-moc),
orthophthalaldehyde (OPA), phenylisothiocyanate (PITC),
Ninhydrin, dimethylamino-naphthalenesulfonyl chloride,
dimethylaminoazobenzene sulfonylchloride). Several ana-
lytical techniques such as gas chromatography (Blundell
and Brydon 1987; Kataoka et al. 1994; Moodie et al. 1989;
Lewis et al. 1980; Kataoka et al. 1997; Matsumura et al.
1996; Duncan and Poljak 1998), high-performance liquid
chromatography (Fekkes et al. 2000; Xia et al. 2016; Nakano
et al. 2017; Buiarelli et al. 2013; Campanella et al. 1999;
Fiirst et al. 1990; Fierabracci et al. 1991), ion-exchange chro-
matography, and capillary electrophoresis (Zuni¢ and Spasi¢
2008; Omar et al. 2017; Skelley and Mathies 2003; Zahou
et al. 2000) have been used in the literature to estimate the
derivatized or underivatized forms of amino acids.

Pr-CDT AAA procedures are highly influenced by deri-
vatization conditions such as pH, temperature, time, sample
matrix (e.g., buffers, salts) and solvent extraction procedures
(to remove the excess reagent and extract the derivatized
amino acids) (Ng and Anderson 1998). Pr-CDT methods are
sensitive due to manual interventions and pose significant
challenges while validating and quality control analysis. On
the other hand, most of these difficulties are addressed by
automation of some or all of the manual operations in Po-
CDT methods. It also involves separation of free amino acids
from the hydrolysate solution using ion-exchange chroma-
tography prior to derivatization by ninhydrin/o-phthaldial-
dehyde (Le Boucher et al. 1997; Heftmann 2004). Hence,
Po-CDT AAA methods are advantageous in achieving better
quantitative and qualitative analysis results, compared to Pr-
CDT methods.

Quality by design approach was followed during the
development of the Po-CDT AAA method and finalizing the
method conditions to determine the RAAMR of ICT. AAA
by the Po-CDT procedure involves three important steps:
peptide hydrolysis, chromatographic separation of amino
acids from hydrolysate solution, and derivatization using
ninhydrin reagent. The critical parameters associated with
each step are summarized in the fishbone diagram (Fig. 3;
bold font).

The influence of each key method parameter on the
hydrolysis step was quantified by the extent of peptide
hydrolysis (EOH) in understanding the hydrolysis effi-
ciency, and was considered as a figure of merit (FOM) for
the hydrolysis step. The efficiency of chromatographic sepa-
ration was determined by peak tailing (Tf), resolution (R,)
and theoretical plate count (), and was considered as FOM
for the chromatographic separation step. Relative mole ratios
(RAAMR) of each of the amino acids in ICT were con-
sidered as FOM for the hydrolysis and derivatization steps
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Fig.3 Fishbone diagram
detailing the different steps and
method parameters involved in
Po-CDT AAA
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Type of Column

DR flow
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of the Po-CDT method. Other method parameters (non-
bold) in Fig. 3 at each step of Po-CDT AAA were unal-
tered based on their potential impact on the selected figure
of merits of the method. Further details are discussed in
the following section.

Optimization of peptide hydrolysis

The success of the Pr-CDT or Po-CDT AAA method was
majorly defined by the peptide hydrolysis step. The choice of
hydrolysis temperature and time always depends on the type
of amino acid present in the peptide. Conventionally, peptide
samples were subjected to hydrolysis in suitable hydrolysis
reagents (acid or base) at elevated temperatures (> 100 °C)
for several hours (~20 h) under inert (nitrogen) atmosphere.
This could lead to degradation/oxidation of sensitive amino
acids during hydrolysis. As part of the continuous devel-
opment in peptide hydrolysis protocols, we attempted non-
conventional peptide hydrolysis methods based on HSOH
and MAH to accelerate the hydrolysis process and reduce
the time of exposure for the amino acids to harsh conditions.
This will minimize the degradation of sensitive amino acids

Amino Acid_Derivatization

Nature of the amino acid
Peptide Hydr()lySiS eptide chain length

Counter ion/ matrix of peptide

Peptide concentration during

Amino Acids Separation “H of the hydrolysate

Buffer pH and ion strength
pH gradient

ype of amino acid

Derivatizing reagent (DR)

DR Temperature (°C)

FOM: USP tailing
factor, Rs, Plate
count, RAAMR

with improved recoveries and shortening cycle time for the
analysis.

Head space oven hydrolysis (HSOH)

Gas chromatography head space oven (HSOH) was used as
a source of temperature to hydrolyze the peptide as it pro-
vides accurate and homogeneous temperature for hydroly-
sis in the range of +1 °C. GC head space crimp vials were
used for the hydrolysis of peptide in 6 M HCI under inert
atmosphere and these are inert to acid hydrolysis conditions
with no leakages during hydrolysis. Optimization experi-
ments were conducted using variable hydrolysis temperature
(110-150 °C) and time (3—6 h) using 5 mg of ICT sample
in 6 M HCI. The details of the experiments and results are
summarized in Table 1.

Microwave-assisted hydrolysis (MVAH)
Microwave digestion technique was used to accelerate
the rate of hydrolysis of the peptide and achieve com-

plete hydrolysis in a short interval of time. This provides
minimum exposure for the liberated amino acids to harsh
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Table 1 Summarized data of

. Factor-1 Factor-2
the extent of hydrolysis (EOH)
of icatibant acetate using head Hydrolysis
space hydrolysis and microwave temp. (°C)

Hydrolysis time (h) Ser  Gly

Extent of hydrolysis (EOH) of icatibant acetate

Ala(thi) Arg Hyp Pro Oic Tic

hydrolysis conditions
Head space hydrolysis

1 110 10.0
2 120 2.0
3 120 3.0
4 120 6.0
5 150 0.5
6 150 1.0
7 150 3.0
Microwave hydrolysis
1 120 2.0
2 120 4.0
3 150 0.25
4 150 0.5
5 150 1.0
6 180 0.3

094 094 0.96 091 1.03 097 098 098
0.81 096 0.97 0.77 090 0.89 0.58 0.62
095 098 0.97 091 097 099 0.80 0.86
095 097 0.90 095 094 101 0.89 0.90
097 1.01 098 095 098 1.05 0.89 091
092 1.00 0.95 099 096 1.04 092 1.00
0.61 097 046 093 081 097 073 0.95

091 098 0.80 095 096 1.02 092 1.04

099 1.03 091 1.00 1.02 1.06 0.97 1.08
093 097 0.96 091 095 1.00 0.90 0.99
0.87 098 0.93 095 093 1.00 0.88 1.01
0.83 1.00 0.83 097 093 1.01 087 1.03

0.12 097 049 090 0.56 1.00 049 095

Note: to calculate the extent of hydrolysis, arginine recovery is 1 as 100% for 3 mol

conditions of hydrolysis, and hence low degradation with
improved recoveries (Hesse and Weller 2016). The hydrol-
ysis of the ICT sample was carried in specialized 5 mL
(Anton Par) microwave digestion vials under N, atmosphere
using 5 mg of sample in 800 uLL of 6 M HCl in the tempera-
ture range 80—180 °C and time of exposure between 0.25 and
4.0 h (Table 2). The hydrolyzed samples from both HSOH
and MAH were directly used for Po-CDT using ninhydrin
derivatization after neutralization and pH adjustment using
diluent buffer at room temperature.

Optimization of the chromatographic method
Mobile phase and reagent flow rate

The mobile phase and ninhydrin reagent pump flow rates
were considered as fixed parameters during the optimization
of the chromatographic method and were operated in the
allowed instrument tolerance ranges. Chromatographic sepa-
ration of all the natural and unnatural amino acids of ICT
was ensured with a minimum resolution factor (R,) > 2.0,

Table 2 Summarized data

X Factor-1 Factor-2
of number of residues of
icatibant acetate using head Hydrolysis
space hydrolysis (HSOH) and temp (°C)

Hydrolysis time (h) Ser  Gly

Relative mole ratio of amino acids (RAAMR)

Ala(thi) Arg Hyp Pro Oic Tic

microwave hydrolysis (MAH)

conditions Head space hydrolysis (HSOH)
1 110 10.0
2 120 2.0
3 120 3.0
4 120 6.0
5 150 0.5
6 150 1.0
7 150 3.0
Microwave hydrolysis (MAH)
1 120 2.0
2 120 4.0
3 150 0.25
4 150 0.5
5 150 1.0
6 180 0.25

098 0.99 1.00 287 108 1.02 102 1.02
1.01 1.19 121 287 112 111 073 0.77
1.03  1.06 1.05 295 105 1.07 0.86 093
1.01  1.03 0.96 3.04 100 1.08 094 0.96
1.01 105 1.02 295 102 1.09 092 094
095 1.02 097 3.04 098 1.07 094 1.02
073 117 0.55 336 097 117 0.88 1.15
1.00 1.02 0.98 292 101 1.06 093 1.07
099 1.02 091 297 1.02 105 097 1.07
099 1.03 1.02 289 101 106 095 1.05
092 1.03 098 302 099 1.06 093 1.07
088 1.06 0.88 308 099 1.08 093 1.1

0.16 133 0.67 371 077 137 067 131
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with the mobile phase flow rate of 0.45 mL/min, while vary-
ing the pH and temperature gradient. Also, the reagent flow
rate of 0.25 mL/min ensured continuous flow derivatization
of all the amino acids under the optimized pH and column
oven temperature gradient program discussed in the follow-
ing sections.

pH and column oven temperature gradient

Under acidic pH conditions, amino acids possess positive
charge and absorb on the negatively charged stationary
phases (sulfonated cation-exchange resins) (Csapd et al.
2008). The strength of absorption of amino acids depend on
net charge on the respective amino acid and will elute from
the column at higher pH and ion strength mobile phases after
reaching the isoelectric point. Amino acids possess no net
charge at the isoelectric point (pI) and the attraction toward
the negatively charged stationary phase ceases and hence
elutes from the column. Also, usage of higher pH and ion
strength aqueous buffers leads to higher column back pres-
sures during the pH change from acidic to basic under the
gradient elution mode (Moore and Stein 1951, 1958). Hence,
a pH gradient in combination with higher column oven tem-
perature (>75 °C) gradients help in reducing the column
back pressures during the pH changeover and influences the
affinity of respective amino acids toward cation-exchange
stationary phase. It also helps in achieving acceleration of
the elution of amino acids with better resolutions.

During the pH gradient optimization, column oven tem-
perature program was initially fixed to understand the effect
of pH on the elution behavior of natural and unnatural amino
acids. Further chromatographic separation is improved by
using optimum temperature gradient to achieve a resolution
R,>2.0 between each of the adjacent amino acids.

The initial pH gradient program-1 [time (min)/%B]
0.00/15 3.00/15, 7.0/15, 12/40, 16/90, 20/90, 27/100,
27.01/0.00, 32/0.00, 32.01/15, 40.00/15. [Time (min)/%C]
27.01/100, 32/100 with temperature program time (min)/
temperature °C, 0/57, 3/57, 15/74, 30/74, 33/57, 40/57
yielded broad peak shape for the Oic peak and ammonia
peak eluted just at the end of the chromatogram leading to
baseline instability in successive injections (Fig. 4a).

To address the above, the pH gradient was slowed down
to [time (min)/%B] 0.00/0.0 3.00/0.0, 9.0/15, 16/20, 22/33,
26/80, 28/80, 29/100, 41/100, [time (min)/%C] 41.01/100,
44/100, [time (min)/%B] 44.01/0.0, 56/0.0, 56.01/0.0,
58/0.0 with a change in temperature program time (min)/
temperature °C, 0/57, 20/57, 25/74, 47/74, 52/57, 57/57.
The above combination of change in pH along with tem-
perature gradient program resulted in higher retention time
for all the amino acids. The peak response for Ser was found
to be reduced with an improved peak shape for the Oic
peak. These chromatographic conditions were found to be

resolving all the eight amino acids; however, the presence
of negative peak at the peak tailing of Tic amino acid leads
to variation in areas from injection to injection. Hence, the
gradient program was slightly modified as [time (min)/%B]
0.00/0.0 3.00/0.0, 9.0/15, 16/20, 22/33, 26/80, 28/80,
31/100, 41/100, [time (min)/%C] 41.01/100, 44/100, [time
(min)/%C] 44.01/0.0,56/0.0, 56.01/0.0, 58/0.0, and tempera-
ture program time (min)/temperature °C, 0/57, 20/57, 25/74,
47174, 52/57, 57/57, to address the negative peak. Using the
above pH gradient and temperature gradient programs, all
the amino acids present in ICT were resolved with a resolu-
tion factor Rs> 2 and USP tailing factor 1.1, and the % RSD
for the areas were found to be < 1.0% (Fig. 4b). Further, the
robustness of the column temperature gradient was verified
in the range of +2 °C of the target temperature during the
validation.

Derivatization

The free amino acids obtained from the acid hydrolysis of
ICT were subjected to ninhydrin Po-CDT. Samples were
obtained from HSOH and MAH hydrolysis procedures after
ion-exchange chromatographic separation. Primary amino
acids such as Ser, Gly, Thi and Arg, gave blue-purple prod-
uct and were monitored in the visible region at 570 nm. Sec-
ondary amino acids such as Hyp, Tic, Oic, and Pro, gave
yellow-orange product and were monitored at 440 nm of vis-
ible region Fig. 5 (Troll and Lindsley 1955; Chinard 1952;
Bates et al. 1973; Friedmann 2004; Fosgerau and Hoffmann
2015; Wu 2013). The reactor coil temperature and ninhydrin
(reagent) flow are important in ensuring the completeness
of derivatization of amino acids. The optimum reactor tem-
perature 130+2 °C and reagent flow of 0.25 mL/min were
followed as per the Sykam amino acid analyzer recommen-
dation to ensure continuous derivatization of all the amino
acids present in ICT.

Results and discussion

Ensuring complete hydrolysis with the minimum loss of
amino acids during hydrolysis was measured by EOH, as
determined by the ratio of experimentally obtained concen-
tration of the amino acid to that of the theoretical concentra-
tion of the amino acid present in ICT. RAAMR of individual
amino acids was determined by the ratio of the obtained
concentration of the individual amino acid to the total con-
centration of all the amino acids multiplied by the number
of amino acids in the peptide (Tables 1, 2).

Hydrolysis by HSOH at 110 °C for 10 h gave complete
hydrolysis of the peptide as measured by EOH (0.91-1.03),
with relative molar ratio 2.87 for Arg, and 0.98-1.02 for all
other amino acids. Hydrolysis at 120 °C for 6 h gave better
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Fig.4 Representative chromatograms of icatibant acetate standard solution collected at 440 nm (red trace) and 570 nm (blue trace), obtained
from a pH gradient program-1, and b optimized chromatographic conditions

EOH (0.89-1.01) for all the amino acids, with 3.04 rela-
tive mole ratio for Arg, and 0.94—1.08 for others. Peptide
hydrolysis was found to be incomplete at 120 °C for 2 h

@ Springer

and the measured EOH for Oic, Tic and Ser were 0.58, 0.62
and 0.80, respectively. However, at 120 °C for 3 h, EOH
was improved for all the amino acids (> 0.9). Hydrolysis at
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Fig.5 A general mechanism of ninhydrin derivatization using primary and secondary amines

Table 3 Optimum conditions predicted by the RSM model for icati-
bant acetate using the HSOH and MAH hydrolysis methods

Method* Hydrolysis temp Hydroly-
°C) sis time
(h)
HSOH 150 1.0
2 MAH 126 23

*Refer the optimum chromatographic conditions used for the AAA
of icatibant acetate as detailed in the instrumentation and chromato-
graphic condition section

high temperature (150 °C) for 3 h led to peptide degrada-
tion, and the order of degradation was Thi> Ser> Oic > Hyp.
Hydrolysis was complete, and no degradation was noticed at
150 °C, after 0.5 h and 1 h. The results of EOH were between
0.89 and 1.04, with RAAMR for Arg within 2.95-3.04, and
0.92-1.09 for rest of the amino acids.

Experiments conducted using MAH at 150°C for 0.25 h
and 0.5 h gave complete peptide hydrolysis. The EOH val-
ues were between 0.87 and 1.00, and RAAMR was 2.89 for
Arg and 0.95-1.06 for all other amino acids. Increase in
hydrolysis time from 0.5 h to 1 h at 150°C led to degradation
of serine. Pronounced degradation was noticed at 180 °C and
the relative order of degradation is Ser > Th (= Oic) > Hyp.
Complete peptide hydrolysis was observed at 120 °C for 4 h
and the EOH values ranged between 0.91 and 1.08, with 2.89
RAAMR for Arg, and between 0.91 and 1.07 for the rest of
the amino acids.

The empirical relationship between hydrolysis time and
temperature was predicted through analysis of historical
data on HSOH and MAH methods independently using
the regression tool of Design-Expert ® software version 11
intended for the response surface methods (RSM). RAAMR
for each of the amino acid was used as a response (Table 1,
2) for the bivariate analysis to arrive at the confirmation
location for the optimum conditions (Table 3). Ser, Thi,
Oic and Hyp were highly sensitive to higher temperature

(> 150 °C) and high time of exposure (> 1 h) under MAH
conditions as well as HSOH conditions. The 2D plots of
temperature vs. time (Fig. 6¢) using the HSOH mode of
hydrolysis revealed that the target RAAMR (2.7-3.3 for Arg
and 0.9-1.1 for all other amino acids) could be achieved with
a combination of lower temperature (between 125-110 °C)
and high hydrolysis time (3—10 h), or with a combination
of higher temperature (150 °C) and low hydrolysis time
(1 h), and predicted the confirmation location (optimum)
for the hydrolysis using HSOH at 150°C for 1 h (Fig. 6a).
Similarly, the 2D plots of temperature vs. time presented in
Fig. 6d revealed that using MAH as the mode of hydrolysis,
the target RAAMR for all the amino acids was found to be
in the temperature range 150—-120 °C and hydrolysis time
between 0.25 and 4 h. The confirmation location (optimum)
using MAH is 126 °C for 2.3 h (Fig. 6b). Though the desired
RAAMR and EOH were achieved using the MAH method
within 15-30 min at 150 °C, it is highly sensitive to Ser and
Ala(thi) amino acids at temperature higher than 150 °C and
time > 30 min. HSOH using HSGC is a general laboratory
equipment in quality control laboratories and requires no
extra investment compared to MAH, and complete hydroly-
sis could be achieved in 1 h with the target RAAMR for
all the amino acids. Hence, HSOH method is taken up for
validation of AAA of ICT using ninhydrin Po-CDT.

Method validation
System suitability and specificity

The system suitability of the method was performed to
ensure consistent and reliable performance of the system as
well as the method throughout the experiment. In this study,
the system suitability of the method was assessed by inject-
ing five replicates of amino acid standard solution containing
Ser, Gly, Ala (thi), Hyp, Pro, Oic, and Tic, at a concentra-
tion of 180 nmol/mL and Arg at 540 nmol/mL. The reten-
tion times, relative standard deviation, and peak tailing were
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monitored for all the ninhydrin-derivatized amino acids as
part of system suitability and the results are summarized in
Table 4. Typical chromatograms of the amino acid standard
from the system suitability and batch analysis of ICT analy-
sis are shown in Fig. 4.

Precision
The closeness of agreement between the sequences of

measurement achieved by multiple sampling of the homo-
geneous sample at the proposed condition is described as
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precision of the method (ICH Q2A Text on Validation
of Analytical Procedures 1995). In this study, precision
(repeatability) was conducted at three levels (50, 100 and
150%) along with intermediate precision. The intermediate
precision helped in standardizing the method. The % RSD
of RAAMR of natural and unnatural amino acids present
in ICT was measured using six replicates of the sample
prepared from the same homogeneous sample after sub-
jecting to hydrolysis and derivatization as per the method
conditions. The results of the precision and intermediate
precision study are summarized in Table 5.

Table4 Summarized data

e Amino acid IRetention time (min) %RSD! Peak symmetry1 Plate count'

of system suitability and

specificity 1 Ser 11.8+02 0.11 1.17 6972
2 Gly 20.1+0.2 0.17 1.17 11,483
3 Ala(thi) 29.2+0.1 0.20 1.07 22,621
4 Arg 42.3+0.2 0.02 1.15 120,636
5 Hyp 8.4+0.2 0.71 1.11 4824
6 Pro 152+0.3 0.87 1.11 5322
7 Oic 24.4+0.1 1.34 1.08 11,067
8 Tic 32.7+0.2 0.78 1.14 13,659
n! =average of five measurement data
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Table 5 Summarized data

Lo Amino acids  Precision Intermediate precision Linearity
of method validation study:
precision, intermediate ‘RAAMR %RSD  *RAAMR %RSD  Correlation % Intercept
precision, linearity of icatibant coefficient
acetate
1 Ser 0.89+0.01 0.23 0.88+£0.01 0.30 1.0000 -0.13
2 Gly 1.04+0.005 0.19 1.04+0.01 0.21 0.9999 -0.13
3 Ala(thi) 1.00+£0.01 0.43 1.02+0.01 0.45 0.9999 0.82
4 Arg 3.07+0.02 0.27 3.09+0.02 0.19 0.9988 7.29
5 Hyp 0.97+0.01 0.34 0.98+0.003 0.11 0.9994 1.39
6 Pro 1.07+£0.02 0.85 1.06+0.02 0.94 0.9998 -1.39
7 Oic 0.93+£0.02 0.84 0.94+0.02 0.57 0.9998 2.46
8 Tic 1.04+0.02 0.53 1.00+0.05 1.74 0.9998 423
RAAMR relative amino acid mole ratios
4n=average of six measurement data
Linearity concentrations (50, 100, 150%) of the target sample con-

The linearity of the analytical method is the ability (in the
range of concentration) of the method to ensure that the
test results are directly proportional to the concentration of
the analyte in the sample (ICH Q2A Text on Validation of
Analytical Procedures 1995). Here, the linearity study was
performed in the concentration range between 25% to 150%
(six concentrations: 25, 50, 75, 100, 125 and 150%) of the
target sample concentration (180 nmol/mL) and the method
was found to be linear (R?>0.999). The results of linearity
data for all the natural and unnatural amino acids of ICT are
summarized in Table 5.

Accuracy
The accuracy of the method demonstrates how the experi-

mental and reference (true) values are close to each
other. In this study, accuracy was tested at three different

centration of 5 mg/mL and the measured RAAMR of all
natural and unnatural amino acids in ICT were found to be
within 0.9-1.1 of theoretical residue values for Ser, Hyp,
Pro, Gly, Ala (thi), Tic, and Oic, and within 2.7-3.3 for
Arg. The results are summarized in Table 6.

Mobile phase, standard and test solution stability

Mobile phase, standard, and test solution stability are
crucial to obtain accurate and consistent results. Here,
we studied the standard and sample solution stability for
48 h under refrigerator and room temperature conditions.
Since mobile phase and ninhydrin reagents were stored
and maintained at 2-8 °C, the stability of these solutions
was verified at refrigerator conditions alone and found to
be stable for a week from the date of opening under nitro-
gen atmosphere. The results of the mobile phase, standard,
and test solution stabilities are summarized in Table 7.

Table 6 Summarized data of the accuracy parameter of the method validation study

Accuracy levels 50% level 100% level 150% level

Amino acid RAAMR? % RSD RAAMR? % RSD RAAMR? % RSD
1 Ser 0.88+0.02 1.14 0.89+0.00 0.00 0.91+0.01 0.64

2 Gly 1.03+0.01 0.56 1.04+0.00 0.00 1.06 +£0.00 0.00

3 Ala(thi) 1.00+0.01 0.58 0.99+0.00 0.00 1.01+0.00 0.00

4 Arg 3.10+0.03 0.56 3.07+0.02 0.38 2.93+0.03 0.59

5 Hyp 0.96+0.00 0.00 0.97+0.01 0.60 1.00+0.01 0.58

6 Pro 1.05+0.03 1.46 1.07+0.02 0.93 1.09+0.01 0.53

7 Oic 0.93+0.05 2.70 0.94+0.01 0.62 0.96+0.01 0.60

8 Tic 1.05+0.01 0.55 1.04+0.02 0.96 1.05+£0.02 1.10

%RSD % Relative standard deviation, RAAMRs relative amino acid mole ratios

®n=average of three measurement data

@ Springer



Novel, efficient, facile, and comprehensive protocol for post-column amino acid analysis. ..

307

Robustness

Robustness is the measure of the capability of an analyti-
cal method to remain unchanged or unaffected by small,
but deliberate change in the method parameters (ICH Q2A
Text on Validation of Analytical Procedures 1995). In this
study, the column oven temperature (in the range of + 2 °C),
hydrolysis time (+ 0.5 h), and temperature (+ 5°C) were
considered as part of robustness and the data are summa-
rized in Tables 7 and 8.

Batch analysis

The batch analysis study of ICT was performed for the two
different batches, and RAAMR of natural and unnatural
amino acids of ICT were found to be between 2.7 and 3.3
for Arg, and 0.9—1.1 for the rest of the amino acids (Table 9).

Conclusions

Peptide hydrolysis was found to be important among other
steps involved in the optimization of the Po-CDT method,
for the determination of RAAMR of natural and unnatural
amino acids in ICT. RSM analysis of historical data gen-
erated on HSOH and MAH modes of hydrolysis methods
coupled with EOH of the peptide helped in arriving at
the operational design space for both HSOH and MAH
digestion methods. Peptide hydrolysis using he HSOH
technique employing a temperature of 150 °C for 1 h was
found to be optimal among all other HSOH conditions.
Similarly, peptide hydrolysis using the MAH method was
found to optimal at 126 °C for 2.3 h, based on RMS analy-
sis (Table 3). Under these hydrolysis conditions, complete
peptide hydrolysis was achieved along with the RAAMR
in the range of 0.9-1.1 for Ser, Hyp, Gly, Pro, Ala(thi),

Table 7 Summarized data

R Amino acids
of method validation study

Solution stability

Robustness

(solution stability, robustness)

Relative mole ratio of amino acids (RAAMR)

of icatibant acetate

24 h 48 h Hydrolysis time (h) Hydrolysis
temp (°C)
RT 2-8°C RT 2-8°C 0.75 1.25 145 155
1 Ser 0.89 0.90 0.90 0.90 0.94 0.91 0.94 0.83
2 Gly 1.04 1.04 1.04 1.04 1.03 1.04 1.02 1.06
3 Ala(thi) 1.00 1.00 1.00 0.99 1.01 1.00 1.00 1.00
4 Arg 3.08 3.08 3.08 3.08 3.05 3.08 3.06 3.14
5 Hyp 0.97 0.97 0.97 0.97 0.99 0.98 0.98 0.96
6 Pro 1.06 1.03 1.03 1.03 1.03 1.04 1.03 1.06
7 Oic 0.94 0.92 0.92 0.95 0.97 0.95 0.96 0.92
8 Tic 1.05 1.06 1.06 1.04 0.99 1.00 1.01 1.04
RT room temperature
Table 8 Summarized data of column temperature robustness parameter of validation study of icatibant acetate
Amino acid  T1 (°C) T (°C) T2 (°C)
%RSD  Peak symmetry RAAMR  %RSD  Peak symmetry = RAAMR  %RSD  Peak symmetry = RAAMR
Ser 0.56 1.18 0.88 0.11 1.17 0.89 0.17 1.19 0.87
Gly 0.60 1.18 1.05 0.17 1.17 1.04 0.17 1.19 1.04
Ala (thi) 0.64 1.07 0.99 0.20 1.07 0.99 0.27 1.08 0.99
Arg 0.59 1.15 3.09 0.02 1.15 3.06 0.34 1.15 3.08
Hyp 1.14 1.12 0.97 0.71 1.11 0.96 0.48 1.13 0.97
Pro 0.24 1.15 1.06 0.87 1.11 1.08 1.03 1.16 1.05
Oic 1.02 1.09 0.93 1.34 1.08 0.93 0.90 1.11 0.95
Tic 1.79 1.14 1.02 0.78 1.14 1.05 0.39 1.13 1.04

T1 is — 2 °C column oven temperature less than the method temperature

T is column oven temperature as per the method

T2 is + 2 °C column oven temperature less than the method temperature

RAAMR is relative amino acid mole ratios
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ZZ?;QO? W‘s‘;n;?f(f);gﬁ gz:lcl}}z;sof Amino acid Th.eoretical. valugs of mole  Acceptance criteria Rel.ative mole ratio of
catibant acetate ratio of amino acid amino acids (RAAMR)
Batch-1 Batch-2
1 Ser 1.00 0.7-1.1 0.89 0.89
2 Gly 1.00 0.9-1.1 1.03 1.03
3 Ala(thi) 1.00 0.9-1.1 1.01 1.01
4 Arg 3.00 2.7-33 3.10 3.11
5 Hyp 1.00 0.9-1.1 0.97 0.97
6 Pro 1.00 0.9-1.1 1.07 1.06
7 Oic 1.00 0.9-1.1 0.93 0.93
8 Tic 1.00 0.9-1.1 1.01 1.02

Oic and Tic, and for Arg between 2.7 and 3.3. Though the
desired RAAMR and EOH were achieved using the MAH
method within 15-30 min at 150 °C, it is highly sensitive
to Ser, Ala(thi) amino acids at temperatures > 150 °C and
time > 30 min. The relative order of degradation measured
by EOH was found to be similar for both the methods
of hydrolysis (Ser> Ala> Oic > Hyp). Being a general
quality control laboratory equipment, HSGC requires no
additional cost for the execution of the hydrolysis pro-
tocol using the HSOH method, unlike the microwave-
assisted digestion method. Also, the HSOH procedure
meets the objective of facile hydrolysis within 1 h, and
hence considered for the method validation as per ICH
guidelines. The method was found to be facile, specific,
precise (< 1.0%), accurate (0.9-1.1 of number of residues
of amino acid), and linear in the test concentration range
(0.00015-0.00046 mg/uL) of icatibant acetate. It could be
used for the estimation of RAAMR of natural and unnatu-
ral amino acids present in ICT.
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