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A B S T R A C T   

N-acetyl-seryl-aspartyl-lysyl proline (Ac-SDKP) is a tetrapeptide possessing anti-fibrotic, angiogenic, anti- 
inflammatory, anti-apoptotic, and immunomodulatory properties. Currently, the main method to quantify the 
peptide is liquid chromatography-tandem mass spectrometry (LC-MS/MS) and enzyme-linked immunosorbent 
assay (ELISA), both of which are labour intensive and require expensive equipment and consumables. Further-
more, these techniques are generally utilised to detect very low or trace concentrations, such as in biological 
samples. The use of high concentrations of analyte might overload the extraction column or the separation 
column in LC-MS/MS or the ELISA plates, so the response could be a non-linear relationship at high analyte 
concentrations. Thus, they are not ideal for formulation development where detection of dose-equivalent con-
centrations is typically required. Therefore, a cost-effective, simple, and accurate quantification method for the 
peptide at a higher concentration needs to be developed. In this study, a simple and novel HPLC-UV method is 
proposed and validated using an Analytical Quality by Design (AQbD) approach. The method is first screened 
and optimised using chromatographic responses including capacity factor, resolution, tailing factor, and theo-
retical plate counts, fulfilling the International Council for Harmonisation (ICH) Q2 (R1) guidelines. The 
resultant optimised chromatography conditions utilised 10 mM phosphate buffer at pH 2.5 and acetonitrile as 
mobile phases, starting at 3% (v/v) acetonitrile and 97% (v/v) buffer and increasing to 9.7% (v/v) acetonitrile 
and 90.3% (v/v) buffer over 15 min at a flow rate of 1 mL/min at the column temperature of 25 ◦C. The injection 
volume is set at 10 μL and the VWD detector wavelength is 220 nm. The method established is suitable for 
detecting the peptide at a relatively high concentration, with a quantifiable range from 7.8 μg/mL to 2.0 mg/mL. 
In addition, the use of a relatively simple HPLC-UV approach could significantly reduce costs and allow easier 
access to quantify the peptide concentration. A limitation of this method is lower sensitivity compared with using 
LC-MS/MS and ELISA methods but running costs are lower and the methodology is simpler. The method is 
capable to quantify the peptide in various tested matrix solutions, with successful quantitation of the peptide in 
samples obtained from in vitro drug release study in PBS and from a chitosan-TPP nanogels formulation. 
Therefore, the method developed here offers a complementary approach to the existing quantification methods, 
quantifying this peptide at increased concentrations in simple to intermediately complex matrix solutions, such 
as HBSS, DMEM and FluoroBrite cell culture media.   

1. Introduction 

N-acetyl-seryl-aspartyl-lysyl proline (Ac-SDKP) is a tetrapeptide 
cleaved from the N-terminal of thymosin-β4 (Tβ4) via hydrolysis 
involving meprin-α and prolyl-oligopeptidase, with its structure shown 

in Fig. 1. It is a naturally occurring immunomodulatory and pro- 
angiogenic peptide and is degraded by angiotensin-converting enzyme 
(ACE) into inactive fragments of Ac-SD (N-acetyl-seryl-aspartate) and 
KP (lysyl-proline). Hence, co-administration of ACE inhibitors, such as 
captopril, has been suggested to elevate the plasma concentration [1,2]. 
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The exact binding site or receptor for Ac-SDKP remains unclear but the 
peptide is thought to possess angiogenic, anti-fibrotic, anti-in-
flammatory, anti-proliferative, and anti-apoptotic properties [3]. 
Consequently, Ac-SDKP has attracted interest in the treatment of renal 
[4], cardiac [5,6], and lung fibrosis [7], as well as myocardial infarction 
[8–10]. 

Given the potential clinical applications of the peptide, a reliable 
analytical method is required to facilitate the formulation of the peptide, 
as well as assess the associated in vivo profile. Although a limited 
number of quantitative assays for the peptide or its analogue have been 
reported, these techniques either involved enzyme immunoassays (EIA) 
[11,12] or liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) [13–16]. Pradelles et al. first described an EIA for Ac-SDKP 
in 1990, using acetylcholinesterase-Ac-SDKP conjugate as the tracer, 
rabbit antiserum, and mouse anti-rabbit IgG antibody-coated 96-well 
plate. However, a limitation of this method was the lack of specificity, 
resulting in cross-reactivity with Ac-SDKP-like materials [12]. Junot et 
al. reported an improved EIA assay for the amidated analogue of the 
peptide, with successful quantification of the peptide analogue in the 
mouse plasma samples without interference from the endogenous 
Ac-SDKP. The detection limit in mouse plasma was 1 nM, which is 
equivalent to 0.5 ng/mL [11]. The same group also published a liquid 
chromatography-electrospray mass spectrometry (LC-ESI-MS) method 
for quantifying the Ac-SDKP peptide in human plasma and urine from 
health volunteers receiving intravenous Ac-SDKP injection or captopril. 
However, the recovery in plasma was only 64% and the limit of quan-
titation was 5 ng/mL, as the plasma samples were first extracted using 
methanol. Detection in urine samples dropped from 88% within the 
range of 2.5–25 ng/mL to 15% at 1000 ng/mL, indicating an upper 
detection limit exists using this method for higher concentrations of 
Ac-SDKP in the samples [16]. Therefore, to overcome these limitations, 
Inoue et al. reported an LC-ESI-MS/MS method to quantify Ac-SDKP in 
human plasma samples obtained from the haemodialysis patients, with a 
wider detection range of 0.5–100 ng/mL and a lower limit of quantita-
tion (LLOQ) of 0.1 ng/mL. Several stable isotope tetrapeptides were used 
as the internal standard, whilst the samples were extracted via 
solid-phase extraction before LC-MS/MS [15]. The same group further 
developed an online solid-phase extraction liquid 
chromatography-tandem mass spectrometry for high-throughput anal-
ysis of the Ac-SDKP peptide in human plasma samples. The LLOQ and 
range remained unchanged in the new method [13]. Mesmin et al. 
performed a head-to-head comparison of the LC-MS/MS and EIA method 
in quantifying the amidated analogue of the peptide in human biological 
samples and concluded that the LC-MS/MS method offered higher 
sensitivity and lower assay variability than the EIA [14]. 

The above methods provide high sensitivity assays for Ac-SDKP but 
require specialist equipment and non-trivial experimental procedures. 
Both the LC-MS/MS methods and EIA methods are designed for 

quantifying Ac-SDKP in biological samples, where the concentration is 
low and intensive sample preparations are required. The use of high 
concentrations of analyte might overload the extraction column or the 
separation column in LC-MS/MS or the EIA plates, so the response could 
be non-linear, which makes these approaches undesirable to detect 
analytes with high concentrations. In addition, in vitro drug release is 
routinely performed in pharmaceutical developments to simulate drug 
release in the body, where phosphate buffer is commonly used as the 
medium. However, phosphate buffer is not compatible with the LC-MS/ 
MS, owing to its non-volatile nature. Thus, this study aimed to develop 
and validate a novel, simple and selective HPLC-UV assay method for the 
detection of the peptide Ac-SDKP, which is suitable for supporting the 
development and evaluation of formulations containing the peptide at 
concentrations commensurate with therapeutic doses, ranging from 400 
μg/kg to 3.2 mg/kg per day [6,17]. Moreover, matrix effects of various 
solutions used in pharmaceutical development were tested, such as 
HBSS, PBS, chitosan-TPP nanogels, and cell culture media. To the best of 
our knowledge, no HPLC-UV method was previously reported for the 
peptide at the time of writing. 

The HPLC method was developed using an analytical Quality by 
Design (AQbD) approach. Quality by design (QbD) is defined by the 
International Council of Harmonisation (ICH) Q8 (R2) guideline as a 
systematic approach to development that begins with predefined ob-
jectives and emphasizes product and process understanding and process 
control, based on sound and quality risk management [18]. However, it 
does not explicitly discuss the requirements for analytical method 
development. ICH Q9 and Q10 guidelines focus on the risk management 
and control strategy respectively [19,20], while the ICH Q11 guideline 
detailed the implementation of QbD in the API synthesis process [21]. 
While neither of these guidelines is designed for analytical method 
development, several papers have discussed the implementation of the 
QbD life cycle in analytical method development, ie. Analytical Quality 
by Design (AQbD) [18,21–24]. These authors also applied the approach 
to HPLC method developments according to the ICH Q8 (R2) guideline 
[25,26]. Aligned with QbD, AQbD applies a similar approach as the 
typical QbD life cycle, despite the use of different tools and terminology. 
In brief, the AQbD life cycle includes analytical target profiles (ATP), 
critical quality attributes, (CQA), risk assessment, method optimisation 
and development with the design of experiment (DOE), method oper-
able design region (MODR), control strategies, continuous method 
monitoring and continual improvement [21,27]. The use of AQbD could 
offer more flexibility for the analytical method, but does require a robust 
quality system and a deep understanding of the process, product, and 
analytical method [27]. Therefore, the HPLC method, robustness and 
ruggedness were tested at the beginning of the method development 
stage to ensure the efficiency of the method throughout the product life 
cycle, followed by method validation according to the ICH Q2 (R1) 
guideline. 

2. Materials and method 

2.1. Materials 

Peptide Ac-SDKP was synthesised by the Chinese Peptide Company 
(Hangzhou, PRC), with a purity of 90–94%. Acetonitrile (ACN) and 
hydrochloric acid were purchased from Fisher Scientific (Waltham, MA, 
USA) while HPLC grade water was obtained from PURELAB® Chorus 2+
machine (ELGA LabWater, High Wycombe, UK). Potassium phosphate 
monobasic, phosphoric acid and medium molecular weight chitosan 
were purchased from Sigma Aldrich (St Louis, MO, USA). Sodium 
triphosphate (TPP) and sodium hydroxide pellet (NaOH) were pur-
chased from Fluka (Switzerland) and VWR (Randor, PA, USA) respec-
tively. Hank’s Blank Salt Solution without phenol red (HBSS), penicillin 
and streptomycin solution (100X), fetal bovine serum, Dulbecco’s 
Modified Eagle Medium (DMEM) with phenol red, and FluoroBrite 
DMEM were purchased from ThermoFisher (Gibco; Waltham, MA, USA). 

Fig. 1. Structure of N-acetyl-seryl-aspartyl-lysyl proline.  
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Amber HPLC vials caps and cellulose dialysis bag (MWCO 3000) were 
purchased from Fisher Scientific (Waltham, MA, USA), while the 200 μL 
conical glass vial insert was purchased from Agilent (Santa Clara, CA, 
USA). Steritop™ vacuum bottle-top filter and Amicon Ultra filter 
(MWCO 3000 Da, 0.5 mL) were purchased from Merck Millipore 
(Darmstadt, Germany). PBS tablet was purchased from MP Biomedicals 
(Irvine, CA, USA). 

2.2. Instrumentation and chromatographic conditions 

Chromatographic analysis was performed on an Agilent 1260 In-
finity liquid chromatography system (Santa Clara, CA, USA), equipped 
with a Variable Wavelength Detector (VWD). The column used in the 
study was a Zorbax Eclipse Plus C18 column (Agilent, Santa Clara, CA, 
USA), with a particle size of 5 μm, dimensions of 4.6 mm internal 
diameter and 250 mm in length. The VWD was set at a wavelength of 
220 nm and detector sensitivity of 0.1 AUFS. Various flow rates (FR), 
gradient program, temperature (T), injection volume (V) and pH of the 
buffer (pH) were used, based on the experimental design matrixes in 
Tables S1 and S2. 1 mg/mL standard solution of Ac-SDKP in water was 
prepared and used for the screening and response surface methodology 
studies. 

2.3. Preparation of buffer component of the mobile phase 

Phosphate buffer was prepared at a concentration of 10 mM by 
dissolving 1.36 g potassium phosphate monobasic in 1 L HPLC grade 
water, with the pH adjusted to 2.5 or 3.0 (±0.05) with the phosphoric 
acid solution. The buffer was filtered through a 0.22 μm poly-
ethersulfone Steristop™ vacuum bottle-top filter. The buffer was then 
used immediately upon preparation or stored under refrigeration in 
borosilicate glass bottles for a maximum period of 24 h. 

2.4. Sample preparation 

5 drug-free matrices were prepared in this study to explore their 
matrix effects. Drug-free chitosan-TPP nanogels filtrate (CSNG) was 
prepared by diafiltration of chitosan-TPP nanogels solution, using the 
same method as discussed in Section 2.8. Meanwhile, DMEM and Flu-
oroBrite DMEM complete media were first prepared by supplemented 
respective DMEM with 10% (v/v) heat-inactivated FBS and 1% (v/v) 
penicillin-streptomycin (100X) solution. Then, the DMEM complete 
media were diafiltrated using the same method of preparing the nano-
gels filtrate. Moreover, phosphate buffer saline (PBS) was prepared by 
dissolving the PBS tablet into HPLC grade water while pre-made cell 
culture grade HBSS solution was used without dilution. On the other 
hand, the Ac-SDKP standard solution was prepared by dissolving the Ac- 
SDKP standard in HPLC grade water at 1 mg/mL. Ac-SDKP samples in 
other matrix solutions were prepared by mixing the Ac-SDKP stock so-
lution (2 mg/mL) with the respective matrix solution. 

2.5. HPLC method development by an AQbD approach 

2.5.1. Identification of analytical target profile 
The analytical target profile (ATP) sets the criteria to be achieved in 

the measurement. The proposed method is intended to be an analytical 
method for estimating the peptides present in pharmaceutical dosage 
forms (ie. Chitosan-TPP nanogels in this study) and PBS using a 
reversed-phase HPLC equipped with an autosampler and a quaternary 
pump. In routine, the method is designed to determine the peptide 
released in the PBS during the in vitro drug release study and to quantify 
the unencapsulated peptide in the chitosan-TPP nanogel formulations. 
Four key outputs in HPLC measurement were identified in the ATP, 
namely capacity factor (Rf), resolution between the peak of analyte and 
the closest adjacent peak (Rs), tailing factor for the peak of analyte (Tf), 
and theoretical plate count (N). The acceptable criteria for these outputs 

are derived from the ICH Q2 (R1) guidelines, with Rf and Rs ≥ 2, Tf ≤
1.5 and N ≥ 2000. 

2.5.2. Determining critical quality attributes 
The critical quality attributes (CQAs) are the method parameters that 

impact the ATP. Thus, these factors should be controlled to achieve the 
pre-determined criteria in the ATP. HPLC CQAs usually include mobile 
phase ratio, pH of the buffer, diluent, column selection, organic modi-
fier, injection volume, flow rate, buffer strength, and elution method-
ology [21]. 

2.5.3. Risk assessment, control strategy, continuous method monitoring, 
and continual improvement 

Risk assessments, control strategy, continuous method monitoring, 
and continual improvement are important parts of the AQbD cycle. 
These steps were discussed further in the supplementary information. 

2.5.4. Definitive screening design 
A definitive screening design (DSD) was used for identifying key 

independent variables impacting the ATP, which was also discussed in 
the supplementary information. 

2.6. Response surface methodology 

2.6.1. Experimental design 
Response surface methodology (RSM) was used to determine the 

optimal condition for the chromatographic analysis of Ac-SDKP. A three- 
level face-centred cubic (FCC) central composite design (CCD) was used 
in the optimisation, which was formed by five pivotal independent 
variables as identified from the DSD, namely starting solvent B con-
centration (%Bs), solvent B concentration increment (%Bi), flow rate 
(FR), temperature (T) and pH of the buffer. Four key criteria set in the 
ATP, namely capacity factor, resolution, tailing factor and theoretical 
plate count (theoretical plate), were determined as the dependent var-
iables. The injection volume (V) and running time were fixed at 20 μL 
and 15 min to minimise the number of factors in the model, as a run-time 
of 15 min allows a sufficient time to elute the analyte even at a low 
percentage of solvent B. The injection volume was fixed at 20 μL to 
maximise the ranges of detection and quantitation. It is known that any 
alteration of the injection volume does not hugely affect the capacity 
factor and theoretical plate number, and thus selectivity and efficiency 
are maintained. Thus, it is used for fine adjustment on the optimal 
condition, especially when column overloading happened. Lowering it 
could further reduce the tailing and improve the resolution. The design 
matrix to construct the RSM, as shown in Table S2, comprised 21 
running conditions and was constructed using JMP 15 software, where 
each running condition was repeated in triplicate and reported as an 
average value. Prediction profilers were plotted using the same soft-
ware. Wash runs were performed in between two different running 
conditions to equilibrate the column, where a blank solution was run at 
the set solvent compositions, temperature, and flow rate of the next 
running condition for 10 min. 

A stepwise least squares regression was used to fit the polynomial 
model to the data individually for each dependent variable. A 5-fold 
cross-validation was performed to validate the model for all depen-
dent variables. A one-way analysis of variance (ANOVA) test and lack of 
fit test was conducted to determine the statistical significance and 
goodness of fit for the model respectively, at a confidence interval (CI) of 
95%. Response surfaces were plotted to visualise the relationship be-
tween independent and dependent variables. A p-value < 0.05 is 
considered statistically significant. The response surface and contour 
plots were plotted using the same software. 

2.6.2. Multiple response optimisation 
Multiple response optimisation (MRO) was used to identify the 

optimal chromatographic condition for assaying Ac-SDKP, as these 
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dependent variables might contradict each other. The desirability 
function approach, advocated by Harrington [28], Derringer and Suich 
[29], transformed the response variables (ya) into an individual desir-
ability function da(ya), where a number was assigned between 0 and 1. 
da(ya) = 0 indicates a completely undesirable response and vice versa 
for da(ya) = 1. Individual desirability functions were transformed using 
JMP 15 software (SAS Institute, Cary, NC, USA), to minimise the tailing 
factor while maximizing the resolution, capacity factor and theoretical 
plates. Individual desirability functions were then combined into overall 
desirability, as shown in equation (1). 

D=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(d1(y1) × d2(y2) × … × da(ya)

a
√

(1)  

where d1(y1) and d2(y2) denote the individual desirability function for 
factors 1 and 2 respectively. a is the total number of factors while da(ya)

is the individual desirability function of factor. 
The running condition with the highest overall desirability was 

considered the optimal condition as determined by JMP 15 (SAS Insti-
tute, Cary, NC, USA). The peptide was analysed under the optimal 
chromatographic conditions in triplicate, with the dependent variables 
measured experimentally and compared with the predicted values to 
validate the models. 

2.6.3. Optimal running condition 
The optimal condition for quantifying the peptide Ac-SDKP was 

performed with an Agilent Zorbax Eclipse Plus reverse phase C-18 col-
umn with a dimension of 4.6 × 250 mm, 5 μm particle size (Santa Clara, 
CA, USA) to verify the model, at the column temperature of 25 ◦C. The 
peptide was eluted using a gradient method as shown in Table 1, at a 
flow rate of 1 mL/min with 10 mM phosphate buffer at pH 2.5 and 
acetonitrile was used as the mobile phase. Injection volume was origi-
nally set at 20 μL in the MRO but was reduced to 10 μL, minimising the 
mass overloading. A post-time of 5 min at 97% (v/v) solvent A and 3% 
(v/v) solvent B was used after each run to re-equilibrate the column. 

2.7. Method validation 

The method was validated according to the ICH Q2 (R1) guidelines 
[30], utilising a reported template for best practice [31]. System suit-
ability, linearity, accuracy, repeatability, selectivity, and robustness 
were evaluated during method validation, with the validation methods 
discussed individually as follows. 

2.7.1. Specificity 
Specificity is the ability of the method to determine the analyte from 

other components in the sample matrix [32], which is usually demon-
strated by complete separation of the peak of the analyte from other 
peaks present in the chromatogram of the sample matrix. Therefore, 10 
μL of the Ac-SDKP standard in water, PBS, CSNG, HBSS, DMEM, and 
FluoroBrite complete media were prepared at 1 mg/mL, which were 
introduced to the system. In addition, the respective drug-free blank 
matrix solutions were also introduced to evaluate the specificity of the 
method. 

2.7.2. System suitability 
System suitability testing was performed with a 1 mg/mL validation 

standard solution on two different HPLC systems. A total of 6 injections 
of the sample were injected. The capacity factor, resolution, tailing 

factor, and theoretical plates were present as the average, whilst relative 
standard deviations (RSD) for retention time and peak area were 
determined. 

2.7.3. Linearity and range 
Calibration standard solutions were prepared at 8 various concen-

trations ranged from 0.25 mg/mL to 2 mg/mL. A further 6 concentra-
tions were prepared via serial 2-fold dilutions six repeats to prepare 
concentrations ranging from 3.9 μg/mL to 0.125 mg/mL. Three indi-
vidually prepared solutions at each concentration were prepared. Linear 
regression was employed to determine the correlation. The acceptable 
criteria of the regression coefficient (R2) are R2 ≥ 0.999. The range was 
determined on the linear region of the calibration curve. 

2.7.4. Limit of detection and limit of quantitation 
The lower limit of detection (LOD) and lower limit of quantitation 

(LOQ) was determined from the calibration curve, according to equa-
tions (2) and (3). 

LOD=
3.3σ

S
(2)  

LOQ=
10σ

S
(3)  

where σ was the standard deviation of the response and S was the slope 
of the calibration curve. 

2.7.5. Accuracy and quantitative matrix effects evaluation 
Spiked samples were prepared at 3 concentrations - 0.75, 1.0, 1.5 

mg/mL, using both phosphate buffer and matrix solutions. Three indi-
vidually replicates at each concentration were prepared and analysed. 
The mean, standard deviation, RSD, and percentage recovery were 
evaluated, and the acceptance criteria are RSD <10%. Evaluation of the 
matrix effects was performed by comparison of the slopes of the curves 
constructed by PBS and placebo, with the slope of the calibration curve 
in water. A one-way ANOVA was performed on GraphPad Prism 9 to 
determine if the matrix effect was statistically significant, where a p- 
value <0.05 is considered statistically significant. 

Matrix effect =
(

Smatrix

Sstd
− 1

)

× 100% (4)  

where Smatrix was the slope of the curve constructed by PBS and placebo. 
Sstd was the slope of the calibration curve in water. 

2.7.6. Repeatability and intermediate precision 
A 1 mg/mL Ac-SDKP solution in water was prepared and 10 repli-

cates of the validation standard were injected to determine the instru-
mental precision. The result was reported as average, standard deviation 
and relative standard deviation (RSD) of the retention time, peak area, 
and height. The acceptable criteria were within 1% of the RSD for these 
parameters. Meanwhile, intermediate precision determined the intra-lab 
variations. Three solutions with concentrations of 0.5, 1.0 and 1.5 mg/ 
mL Ac-SDKP were prepared and performed on two different HPLCs 
(Agilent 1200, Santa Clara, CA, USA) on two different days by two op-
erators. The relative standard deviation for each operator and each in-
strument was determined and reported. The acceptable criterion was 
RSD within 2% [30]. 

2.7.7. Robustness 
The robustness of the method was tested with deliberate alterations 

in the flow rate, %Bs, temperature, and pH of the mobile phase to 
determine the capacity of the method to remain unaffected by variations 
in the method parameters. Variations of flow rate, %Bs, temperature and 
pH were selected as ±0.2 mL/min, ±1%, ±5 ◦C and ±0.1 respectively. 
Thus, buffers with pH of 2.4 and 2.6 were prepared. The robustness of 

Table 1 
HPLC gradient program.  

Time (min) Composition 

% Solvent A - Phosphate buffer (v/v) % Solvent B – ACN (v/v) 

0 97 3 
15 90.3 9.7  
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the method was assessed using two aspects – the peak area and capacity 
factors of the analyte peak. For capacity factors, the predicted values 
were calculated from the chromatographic conditions of the deliberate 
alterations using the correlation established in the MODR. The assays 
were then performed in triplicate to obtain the experimental result. 
Percentage differences between the two values were calculated as 
described in equation (5). Regarding the peak area, it is not an identified 
ATP, so the percentage difference was calculated using equation (6), 
between the peak area obtained in the optimal condition and conditions 
with deliberate alterations. 

% Difference=
Rfexperimental − Rfpredicted

Rfpredicted
× 100% (5)  

% Difference=
Peak Area Alterations − Peak Area opt.

Peak Area opt.
× 100% (6)  

where Rf predicted and Rf experimental refer to the predicted and experimental 
capacity factor of the analyte peak respectively. Peak Area Alterations and 
Peak Area opt. corresponded to the measured peak area for the analyte 
peak in the chromatographic conditions with deliberate alterations and 
the optimal condition respectively. 

2.8. Determining the encapsulation efficiency and drug release of Ac- 
SDKP from chitosan-TPP nanogels 

Ac-SDKP loaded chitosan-TPP nanogels were fabricated using the 
method previously described by our group [33]. In brief, medium mo-
lecular weight chitosan was first dissolved in 1% (v/v) hydrochloric acid 
to produce a 0.1% (v/v) solution. The pH of the solution was adjusted to 
pH 4.5 with 0.1 M sodium hydroxide solution. Ac-SDKP was then added 

to the chitosan solution at a concentration of 2 mg/mL 10 mg of TPP was 
dissolved in 30 mL HPLC grade water to obtain a chitosan-TPP ratio of 3. 
An equal volume of the TPP solution was finally added to the chitosan 
solution under stirring at 50 ◦C. The solution was stirred at 600 rpm for 
1 h. 

Encapsulation efficiency (EE) of Ac-SDKP in the chitosan-TPP 
nanogels and preparation of drug-free matrix sample was performed 
using the same method, with Ac-SDKP-loaded nanogels and drug-free 
nanogels used respectively. For EE, 0.5 mL of the Ac-SDKP-loaded 
nanogel solution was added into a 0.5 mL Amicon diafiltration tube 
(MWCO 3000; Merck Milipore, Billerica, MA, USA). The solutions were 
then centrifuged using at 14000×g for 30 min at 4 ◦C using a refrigerated 
mini centrifuge (Heraeus Fresco 17, Thermo Scientific, Waltham, USA), 
the filtrate was isolated and assayed by this HPLC assay method. EE was 
calculated using equation (7). The experiment was repeated three times 
and the results were presented as mean ± SD. For CSNG matrix sample 
preparation, 0.5 mL of drug-free chitosan-TPP nanogels was added into 
the Amicon filter, and the filtrate obtained was the matrix sample. 

EE=
PeptideAdded − PeptideFree

PeptideAdded
× 100% (7)  

where Peptide Added and Peptide Free refer to the amount of peptide added 
initially and the amount of unencapsulated peptide respectively. 

A drug release study was performed in 20 mL PBS (10 mM, pH 7.4) 
solution with continuous stirring at 37 ◦C over 24 h 2 mL of the nanogels 
solutions were loaded into a cellulose dialysis bag (3500 MWCO, vol-
ume/cm = 1.91, Fischer Scientific, Waltham, MA, USA) with both ends 
tied, followed by submerging into PBS. 0.25 mL aliquots were with-
drawn at certain time points and an equal volume of fresh preheated PBS 
solution was added to maintain a constant volume. Ac-SDKP released 

Fig. 2. Response surface models predict the effect of (a) starting % solvent B and %B increment, (b) pH and temperature and (c) flow rate on the capacity factor of 
the analyte peak. 
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was assayed by this HPLC method. The experiment was replicated 
independently three times and the results were presented as the mean 
value ± standard derivation. 

3. Results and discussion 

3.1. Central composite design 

3.1.1. Statistical analysis 
The response surface model for each dependent response, namely 

capacity factor, resolution, tailing factor, and the number of theoretical 
plates was constructed with a polynomial equation. A one-way analysis 
of variance (ANOVA) and lack of fit test was performed on the RSM for 
each individual dependent variable to determine the statistical signifi-
cance and the goodness of fit of these models respectively. The null 
hypothesis of the ANOVA is that these models do not correlate with the 
data set. The results of the ANOVA and lack of fit tests are reported in 
Table S3 p-values obtained in the ANOVA test for all the models were 
smaller than 0.05, demonstrating the significance of these models. 
Terms, with linear effects, interactions, and quadratic effects included in 
the polynomial equations were also shown in Table S3, with the sig-
nificance of these terms evaluated individually. Furthermore, the p- 
values in the lack of fit tests for all models were larger than 0.05, which 
indicated these relationships were a good fit for the data set. Thus, the 
results showed that the models established in the RSM were correlated 
strongly with the data set and were well-fitted. The predictive capacity 
of these models within the design space is maintained. 

3.1.2. Method operable design region (MODR) 

3.1.2.1. Capacity factor. The capacity factor, aka. the retention factor 
indicates the retention of the analyte in the column in reference to the 
dead volume (t0). All the chromatographic runs in Table S2 possessed 
capacity factors above 1, which indicated that the retention of the an-
alyte in the column is sufficient, and the specificity of the analyte is 
achieved under these chromatographic conditions. All factors, except 
the quadratic term of %Bi and the interaction term between %Bi x pH, 
were statistically significant in the ANOVA test as presented in Table S3. 
Increasing in all linear terms resulted in a reduction of the capacity 
factor, as the interactions between the sorbent and analytes were 
weakened and thus the retention in the column was reduced. In contrast, 
all the statistically significant interaction terms possessed positive ef-
fects on the capacity factor, which indicated that there are synergies 
between the linear factors and these synergist interactions attenuate the 
reduction of capacity factors at a high level the linear factors. The 
quadratic term of the temperature also possessed a positive coefficient, 

which demonstrated that the effect of temperature was not linear and 
the effect of temperature on capacity factor was enervated at high 
temperature as shown in Fig. 2, likely as a result of simultaneous altering 
of the chemical and mechanical factors in the kinetics of the analyte in 
the column in elevated column temperature. The results revealed that 
lowering these parameters could promote the interaction between the 
peptide and the column and thus increased the capacity factor. 

Capacity factor (k)= 13.5123 − 0.3975 × %Bi − 1.4860 × %Bs − 2.3494

× FR − 1.5078 × pH − 0.14864 × T + 0.002 × %Bi
2 + 0.0006 × T2

+ 0.0477 × %Bs × %Bi + 0.03479 × %Bi × FR + 0.0192 × %Bi × pH

+ 0.0020 × %Bi × T + 0.2051 × %Bs × FR + 0.0109 × %Bs × T + 0.5673

× FR × pH + 0.0115 × pH × T
(8)  

3.1.2.2. Resolution. Resolution is a measure of the separation between 
two peaks in a chromatogram in terms of distance and width [34]. In this 
study, the resolution measured the separation between the peak of in-
terest and the closest adjacent peak using the half-height method. The 
adjacent peak was at the retention time of 5.7 and 5.955 min as shown in 
Fig. 7. The measured resolution for all chromatographic runs in the 
design matrix was above 4, which indicated that the separations be-
tween the peak of interest and the adjacent peak were sufficient. The 
response surface plots for resolution are shown in Fig. 3. %Bs, %Bi, flow 
rate, and pH were found to have significant but negative effects on the 
resolution, as the coefficients for these terms were negative in equation 
(9). Increasing flow rate and steepness of the gradient generally 
decreased the resolution as both narrowed the peak spacing in the 
chromatogram [35]. Altering the pH was more complex, as it changed 
both selectivity and retention, of which both subsequently impact the 
resolution. However, the response surface plots showed that the overall 
effect of pH was negative, which indicates that the resolution decreases 
with the pH of the buffer for this peptide. In contrast, the use of higher 
organic solvent composition reduced the retention of the peptide as it 
decreased the polarity of the mobile phase and thus the peak spacing. 
Meanwhile, the interaction term between %Bs and %Bi was also found to 
be significant, which indicated that there is a synergism between %Bs 
and %Bi in changing the resolution (see Fig. 3). 

Resolution= 10.7083 − 0.1638 × %Bi − 0.4433 × %Bs − 0.4229 × FR

− 1.1600 × pH + 0.0408 × %Bs × %Bi (9)  

3.1.2.3. Tailing factor. The tailing factor refers to the coefficient of peak 
symmetry in United States Pharmacopeia (USP) and the acceptable 
tailing factor is between 0.9 and 1.2. Only a quarter of the 

Fig. 3. Response surface models predicting the effect of (a) starting % solvent B and %B increment, (b) pH and flow rate on the resolution.  
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chromatographic conditions in Table S2 possessed a tailing factor in 
between the acceptable criteria. The ANOVA study demonstrated all the 
linear terms of the factors were significant, with %Bi and pH reducing 
the tailing and vice versa for %Bs, FR, and T. Increase in %Bi, specifically 
the gradient steepness, refocused the peak and minimised the peak 
tailing. Interestingly, increasing pH reduced the tailing factor as shown 
in Fig. 4, most likely due to the pH being close to the isoelectric point of 
the peptide. Increasing the flow rate resulted in higher tailing factors, 
which is potentially due to increased mass transfer and diffusion of the 
analytes at a higher flow rate. Elevating the column temperature also led 
to a higher tailing factor, as the column temperature influences the ki-
netics and transport properties of the analytes. The diffusivity of the 
analyte was enhanced because the viscosity of the mobile phase 
decreased at a higher temperature. Nonetheless, the correlation between 
flow rate, temperature, and %Bs with the tailing factor is poorly un-
derstood. Several interactions between %Bs × %Bi, %Bi × pH, %Bi × T, 
%Bs × T, and the quadratic term of temperature, were also found to be 
significant in controlling the tailing factor. However, it is difficult to 
identify the causes between the interaction terms and tailing factor as 
peak tailing is occurred due to multiple retention mechanisms of the 
analyte in the column. The peptide used in this study interacts via 
nonspecific hydrophobic interactions with the C18 chain and the polar 
interactions with the ionised residue of the silanol groups. In addition, 
there are also interactions between the analytes as the peptide remains 
predominantly cationic at pH 2.5–3.0, where the repulsion between the 
analyte resulted in mass overloading of the column. Another possible 
explanation is that peak broadening was a consequence of the cationic 
peptides repulsing each other in the stationary phase. 

Tailing factor= − 0.6694 − 0.0758 × %Bi + 0.2281 × %Bs + 0.8999 × FR

− 0.1890 × pH + 0.1077 × T − 0.0005 × T2 + 0.0144 × %Bs × %Bi

+ 0.0210 × %Bi × pH − 0.0015 × %Bi × T − 0.1379 × %Bs × FR

− 0.0064 × %Bs × T − 0.2391 × FR × pH
(10)  

3.1.2.4. Theoretical plate counts. The number of theoretical plates is an 
indication of the column efficiency. All factors identified in Table S3 
were statistically significant in controlling the number of theoretical 
plates. The response surface plots for theoretical plate counts are shown 
in Fig. 5. %Bs, flow rate, temperature, and pH were found to have sig-
nificant but negative effects on the theoretical plate counts, as the co-
efficients for these terms were negative in equation (10). Increasing all 
these factors reduced the column efficiency, as the retention time was 
reduced and the standard deviation of the measured peak in the unit of 
time was also altered [36]. Conversely, %Bi was also significant and 
possessed a positive effect on the number of theoretical plates. The result 
demonstrated that steepening the gradient slope within the design space 
improved the column efficiency, which is likely due to refocusing of the 
peak with the steeper gradient. Several interaction terms, namely %Bi ×

%Bs, %Bi × FR, %Bs × T, and %Bs × FR, were found statistically sig-
nificant in the ANOVA, where the former three terms and the last term 
had negative and positive effects on the theoretical plate counts 
respectively. Another quadratic term of temperature was also statisti-
cally significant, with the peak trough identified at about 35 ◦C. 

Fig. 4. Response surface models predict the effect of (a) temperature, (b) starting % solvent B and %B increment, and (c) pH and flow rate on the tailing factor of the 
analyte peak. 
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Fig. 5. Response surface models predict the effect of (a) temperature, (b) starting % solvent B and %B increment, and (c) pH and flow rate on the number of 
theoretical plates. 

Fig. 6. Interaction profilers show the optimal chromatographic condition with the predicted parameters. %B increment was rounded to 1 decimal place to reflect the 
sensitivity of the HPLC program. 
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Theoretical plate= 12125.0877 + 1339.4269 × %Bi − 1626.7860 × %Bs

− 5387.884586 × FR − 599.5389 × pH − 168.7069 × T + 3.0456 × T2

− 107.6290 × %Bi × %Bs − 424.0912 × %Bi × FR − 3.3746 × %Bi × T

+ 1479.9857 × %Bs × FR
(11)  

3.1.3. Multiple response optimisation 
The optimal fabricating condition was determined by multiple 

response optimisation (MRO) as shown in Fig. 6, aiming to achieve the 
largest capacity factor, resolution and theoretical plate, and the lowest 
tailing factor. The optimal running condition for Ac-SDKP utilises 
phosphate buffer at pH 2.5 and acetonitrile as mobile phases, which 
starts at 3% (v/v) acetonitrile and increases to 9.7% (v/v) over 15 min at 
a flow rate of 1 mL/min. The injection volume was initially fixed at 20 
μL, to maximise the ranges of detection and quantitation. The predicted 
capacity factor, resolution, tailing factor and theoretical plate running at 
the optimal chromatographic condition were 2.400, 5.779, 1.22, and 
5778 respectively while the experimental results were 2.138, 5.970, 
1.15, and 5680 respectively. The measured values were − 10.9%, 3.3%, 
− 5.7%, and − 1.7% different from the predicted values for capacity 
factor, resolution, tailing factor, and theoretical plate respectively. 
Although there were discrepancies between the measured and predicted 
values for all responses, the results still demonstrated that these models 
had sufficient predictive ability. 

However, mass overloading was observed in the column using the 
injection volume of 20 μL, with the peak fronting observed. The peak 
shifts exceeded the relative retention time window of 2.5%, at the lower 
concentrations of the calibration curve with the red arrow pointed in 
Fig. 7 (a). This was likely to be due to the repulsion between the cationic 
peptide on the stationary phase and preventing the occupancy of the 
high-energy sites in the deeper C18 layer by the solute [37], as the 
peptide remains cationic at pH 2.5. Moreover, the broad and asym-
metrical peak observed in the chromatogram could also be explained by 
the slow sorption-desorption kinetics on the silanols of the stationary 
phase [38]. Therefore, the injection volume was finally reduced to 10 

μL, to further minimise the shifting of the retention time. The retention 
time shift was still present with the injection volume of 10 μL, but the 
shift was much attenuated and maintained within 2.5% of variation as 
shown in Fig. 7 (b). It was noted that the reduction of the injection 
volume had impacts on the ATP, mainly reducing the tailing factor, as 
the peak area was reduced and there was less mass overloading on the 
column. Moreover, it also impacted the capacity factor slightly, atten-
uating the shift of the peak retention time. Despite these impacts on the 
ATP, it was vital to reduce the mass overloading on the column, avoiding 
the diminishments of the efficiency and the assay sensitivity. Hence, the 
injection volume was adjusted after the DOE optimisation, as a mitiga-
tion to the mass overloading. 

3.2. Method validation 

3.2.1. Specificity 
The specificity of the method was evaluated by comparing the 

chromatograms of the peptide in water, PBS, CSNG, DMEM complete 
media, FluoroBrite complete media and HBSS with their respective 
blank solutions. Thus, 10 μL of these solutions were injected into the 
HPLC system individually, and the chromatograms are shown in Fig. 8. 
In the chromatograms for the samples containing the peptide, as present 
in Fig. 8 (a)–(f), the analyte was eluted as a single peak and well sepa-
rated from other peaks presented. No co-eluting peak at the retention 
time of the peptide was observed, which indicated that the analyte peak 
was pure, and the method was specific. However, the AUC of the peak 
corresponding to the peptide was significantly larger with PBS spiked 
samples, while the AUC was lower with FluoroBrite spiked samples, 
which indicated the likelihood of matrix effects. In Fig. 8 (g)–(l), no peak 
of analyte was present for the blank PBS, water and HBSS solutions, 
while no peak with a retention time of 8.5 min was observed despite the 
presence of other peaks in the chromatogram, which also elucidated that 
the other components in the sample did not interfere with the peak of the 
analyte. The presence of other peaks in Fig. 8 (h), (j) and (k) likely 
corresponded to the presence of other components in the solutions that 
are not removed by diafiltration. The peaks at 3.9 and 6.5 min observed 

Fig. 7. Chromatograms of three calibration standard solutions in the calibration curve ranged from 8 μg/mL, 0.5 and 2 mg/mL at two different injection volumes of 
(a) 20 μl and (b) 10 μL; mobile phase flow rate 1 mL/min; a linear gradient (ACN: 3%–9.7% (v/v) in 15 min); VWD detector wavelength 220 nm; column temperature 
25 ◦C. The figure showed that the peak shifts were attenuated, and all the peaks were within the 2.5% window after halving the injection volume to 10 μL. Variations 
in retention times between runs are expected, thus 2.5% was set as the acceptable window in this method due to the robustness of the method and Quality by Design. 
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in Fig. 8(a–f) likely referred to the impurities present in the Ac-SDKP. 

3.2.2. System suitability 
A system suitability test was performed with a 1 mg/mL validation 

standard solution on two different HPLC systems. A total of 6 injections 
of the standard were injected into the column. The capacity factor, 
resolution, tailing factor, theoretical plates, and relative standard de-
viations (RSD) for retention time and peak area were determined and 
presented as the average in Table 2. 

3.2.3. Linearity and range 
The calibration curve was established with 13 concentrations as 

shown in Fig. S3, with the solution with the lowest concentration of 3.9 
μg/mL being undetectable. Therefore, the range of the assay method is 
between 7.8 μg/mL to 2.0 mg/mL. The correlation coefficient of the 

calibration was 0.999, which was acceptable under the criterion. The 
result elucidated a good correlation between the peak area and the 
concentration within the range. The regression equation was y =

3661x+ 11.88. The range established in this method was much higher 
compared to the reported LC-MS or EIA methods, where the range of 
these methods was between 0.5 and 100 ng/mL [11,13,15]. 

3.2.4. Limit of detection and limit of quantification 
The LOD and LOQ were determined from equations (2) and (3), using 

the standard deviation of y-intercept in the calibration curve as σ. The 
LOD and LOQ were 1.0 and 2.9 μg/mL respectively. 

3.2.5. Accuracy 
Accuracy was reported as the recovery percentage of the known 

peptide added to five matrix solutions. The method involved spiking the 
PBS, CSNG, HBSS, DMEM and FluoroBrite complete media with Ac- 
SDKP in water at three different concentrations (0.75, 1.00 and 1.50 
mg/mL), with the results shown in Table 3. The % recovery obtained in 
the spiking of the sample with PBS was higher than in other matrices and 
in water. The CSNG is predominantly water and salt, as the Amicon ultra 
filter trapped all nanoparticles during the centrifugation, where both 
PBS and HBSS contained phosphate, sodium and potassium salts. HBSS 
also contained magnesium salts and glucose. As for the DMEM and 
FluoroBrite complete media, they are culture media for various in vitro 
cell studies, with the DMEM containing phenol red but not the latter. 
The complete culture media contained FBS, glucose, inorganic salts, 
various vitamins and amino acids. After diafiltration, molecules with a 

Fig. 8. Chromatograms of the peptide standard in (a) water, (b) chitosan-TPP nanogel filtrate, (c) PBS, (d) DMEM complete media, (e) FluoroBrite complete media, 
(f) HBSS. The concentration of peptide was 1.0 mg/mL in all spiked samples. Figure (g–l) shows the respective blank solutions. 

Table 2 
System suitability results of the proposed HPLC method on two different HPLC 
systems.  

System suitability parameters Acceptable criterion HLPC 1 HPLC 2 

Retention time RSD ≤1% 0.1% 0.5% 
Peak area RSD ≤1% 0.2% 0.8% 
Capacity factor (k) k ≥ 2.0 2.237 2.256 
Resolution (Rs) Rs ≥ 2.0 6.881 6.409 
Tailing factor (T) T ≤ 1.5 0.90 0.93 
Theoretical plates (N) N ≥ 2000 7349 7283  
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size above 3000 Da, such as the proteins from FBS, were likely removed 
as the MWCO of the filter was 3000 Da. 

The matrix effects of the DMEM complete media, FluoroBrite com-
plete media, CSNG, PBS and HBSS were determined by equation (4), 
with the values of 7.0 ± 1.3%, − 6.7 ± 1.7%, 2.6 ± 2.2%, 4.9 ± 3.8% 
and 4.3 ± 1.3% respectively. However, the matrix effects for DMEM 
complete media, CSNG, and HBSS were not statistically significantly 
different from water according to the ANOVA as shown in Fig. 9, and 
thus the matrix effects of these matrices are negligible. Interestingly, the 
presence of phenol red in DMEM complete media did not affect the 
peptide quantification method. Conversely, the matrix effects of Fluo-
roBrite complete media and PBS demonstrated significant differences 
from water, where FluoroBrite complete media and PBS demonstrated 
negative and positive matrix effects respectively. Despite the relatively 
low purity of peptide used due to the cost, the purity of the peptide was 
measured at over 85% in all spiked samples with PBS, HBSS and CSNG 
solutions, which was close to the manufacturer’s reported value of 90%. 
However, the purity dropped below 80% in spiked samples with the 
DMEM and FluoroBrite complete media, due to the presence of other 
components in the matrix solution that were not filtered by diafiltration, 
such as non-essential amino acids, vitamins, penicillin or streptomycin. 
Thus, the % area decreased when the complete media were used. The 
results showed that the method remains robust, albeit more complex 
matrix solutions were used. Moreover, the less pure peptide used in the 
study did not impact the method development and validation, as the % 
area would reflect the purity of the analytes tested. 

3.2.6. Precision – repeatability and intermediate precision 
The average, SD and RSD of the retention time, peak area, and height 

for the 10 replicates in repeatability measurement were presented in 
Table 4, with the experimental RSD for all parameters below 1% and 
fulfilling the criteria. The result elucidated that the method is precise 
and the intra-day variation on the instrument was minimal. 

In contrast, the intermediate precision assessed the method’s 

Table 3 
Results of accuracy tests for determination of peptide Ac-SDKP in phosphate buffer saline and matrix solution samples.  

Spiked samples Concentrations (mg/mL) Purity (% Area) Area Percentage recovery Criterion 

RSD, % Average (%) RSD, % 

PBS 0.75 96.6 ± 0.4 3.7% 82.2 3.7% RSD <10% 
1.00 97.1 ± 0.0 0.3% 108.7 0.3% 
1.50 97.8 ± 0.2 0.2% 161.0 0.2% 

Chitosan-TPP nanogels filtrate (CSNG) 0.75 86.5 ± 0.8 0.6% 73.8 0.6% 
1.00 88.8 ± 0.2 0.5% 97.9 0.5% 
1.50 90.5 ± 0.1 0.7% 151.6 0.7% 

DMEM complete media 0.75 59.4 ± 0.5 1.9% 78.2% 1.9% 
1.00 65.9 ± 1.3 0.9% 105.5% 0.9% 
1.50 82.7 ± 0.6 0.2% 159.7% 0.2% 

FluoroBrite complete media 0.75 64.2 ± 1.7 0.7% 73.1% 0.7% 
1.00 75.8 ± 2.3 0.8% 97.0% 0.8% 
1.50 85.8 ± 0.5 0.8% 144.3% 0.8% 

HBSS 0.75 90.5 ± 0.1 0.4% 74.4% 0.4% 
1.00 89.8 ± 0.9 5.3% 100.7% 5.3% 
1.50 90.5 ± 0.1 0.3% 153.9% 0.3%  

Fig. 9. Matrix effects of the CSNG, PBS, HBSS, DMEM and FluoroBrite complete 
media on the chromatographic method. Analysis of variance (ANOVA) was 
performed to determine the statistical significance of the effects for each matrix 
on the chromatographic method, as compared to the result in water. ns refers to 
p-value > 0.05, while * and ** refer to p-value < 0.05 and p-value <0.01 
respectively. 

Table 4 
Intermediate precision and repeatability of the method.  

Instrument HPLC 1 (Agilent 1260) HPLC 2 (Agilent 1200)  

Intermediate precision (n = 3) 
Concentrations (mg/mL) 0.5 1.0 1.5 0.5 1.0 1.5 Criterion 
Operator 1 inter-day RSD 0.37% 0.26% 0.75% 0.93% 1.64% 0.69% RSD <2% 
Operator 2 inter-day RSD 1.32% 1.37% 1.32% 0.1% 0.46% 0.15% RSD <2% 
Instrument RSD 1.26% 1.04% 0.88% 0.16% 0.36% 0.11% RSD <2% 
Repeatability (n ¼ 10) Average RSD, %     Criterion 
Resolution 8.203 0.12%     RSD<1% 
Area 3749.4 0.22%     RSD<1% 
Height 242.09 0.92%     RSD<1%  
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resistance to different instrumentation, time of analysis, and analyst to 
the initial method developed. The RSD for the inter-day precisions for 
both analysts 1 and 2 and on both Agilent Infinity 1260 and 1200 HPLC 
systems were lower than the limit of 2%, which indicated that the 
method was resistant to variations in the analyst and time. The instru-
mental RSD, which included all runs on that instrument regardless of the 
day and analyst, was also smaller than the criterion and thus demon-
strated that the method was precise and repeatable in different instru-
mental systems. 

3.2.7. Robustness 
The robustness of the method was evaluated by deliberate alterations 

of the temperature, %Bs, %Bi, flow rate, and pH, as shown in Table 5. For 
the capacity factor of the analyte peak, they are first predicted based on 
the correlations established in the method operable design space and 
subsequently compared with the experimental result. The percentage 
difference between the predicted and experimental results was less than 
7.5% for most of the alterations, which were set as the acceptance 
criteria. However, changing the flow rate had a notable impact on the 
capacity factor of the peak of an analyte, exceeding the 10% difference 
between the predicted and experimental results. The result indicated 
that controlling the flow rate (ie. Linear velocity) is critical to avoid any 
impact on the ATP. Temperature, %Bs, and pH were found to impact the 
capacity factor of the analyte peak, but their effects could largely be 
modelled by the correlation established. Altering the temperature 

resulted in shifts of the retention as the temperature impacts the analyte 
diffusivity, viscosity [39], dielectric constant [40], and surface tension 
of the mobile phase, where the analyte diffusivity improved and the rest 
of the factors decreased under the elevated temperature, resulting in the 
decrease of the solute elution. Nevertheless, modifying %Bs does not 
affect the interaction between the analyte and the stationary phase, as % 
Bs refers to the starting % of the organic solvent in the mobile phase. 
Thus, with the same eluting gradient, the retention time changes with 
the %Bs inversely and linearly. The pH of the buffer is another factor 
crucial to determining the ionization of the peptide, where the pH of the 
buffer was close to the isoelectric point of the peptide. Therefore, any 
change in the pH of the buffer would affect the ionization of the peptide 
and subsequently the capacity factor. 

Regarding the peak area, as it is not an ATP defined above, the 
percentage difference was calculated between the results obtained in the 
optimal condition and altered conditions. ANOVA was performed to 
determine whether the differences between the peak area obtained from 
these conditions were significant, as shown in Fig. 10. The acceptable 
criteria were set as a percentage difference of 2% between the peak area 
obtained from the optimal and altered conditions. The result indicated 
that the differences were significant, especially when %Bs was increased 
by 1%, and when flow rate and buffer pH were changed. The peak area 
measured in these conditions was larger as compared to the original 
method. However, the degree of differences was small, with less than 2% 
for most of the other alterations, revealing the robustness of the model. 
Similarly, decreasing the flow rate by 10% significantly increased the 
peak area of the analyte peak by approximately 25%, which demon-
strated the importance of controlling the flow rate in the method. The 
reduction in flow rate also indicated a slower velocity through the 
detection flow cell, of which each molecule contributed more to the 
measured absorbance at the set detector sensitivity (0.1 AUFS) [41]. 
Noteworthy, the flow rate at 0.8 mL/min was not in the method operable 
design region, as the latter was between 1.0 and 1.5 mL/min. Thus, this 
discrepancy also revealed the significance of performing the method 
within the MODR, and any extrapolation outside the MODR was not 
feasible. Increasing the flow rate to 1.2 mL/min, which was in the 
MODR, altered the peak area to a much lesser degree, with only a 1.2% 
difference from that of optimal condition. Furthermore, increasing the 
pH to 2.6 also impacted the peak area, but the percentage difference 
calculated was 2.0%. The increase was likely due to more interactions 
between the solute and stationary phase when the pH of the buffer 
increased. Moreover, pH 2.6 is closer to the isoelectric point of the 
peptide (estimated to be pH 3), where more peptides were neutral in 
charge and interacted more strongly with the stationary phase. 
Conversely, the peak area measured with pH 2.4 buffer was significantly 
different from the proposed method, but the percentage difference was 
much smaller. The result demonstrated that pH 2.6 is likely the cut off 
pH for the method without altering the accuracy. All in all, the results 
indicated that the method is robust within the MODR. 

Table 5 
Deliberate variations in analytical conditions to determine the robustness of the HPLC-UV assay method. The varied factors were bolded and italicised.  

Trial Opt. A B C D E F G H 

T (oC) 25 20 30 25 25 25 25 25 25 
%Bs 3 3 3 2 4 3 3 3 3 
%Bi 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 
FR (mL/min) 1 1 1 1 1 0.8 1.2 1 1 
pH 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.4 2.6 
Predicted Rf 2.400 2.657 2.193 3.100 1.723 2.428 2.395 2.464 2.359 
Experimental Rf 2.261 ±

0.001 
2.479 ±
0.001 

2.105 ±
0.003 

3.042 ±
0.004 

1.856 ±
0.001 

2.955 ±
0.002 

2.107 ±
0.007 

2.312 ±
0.004 

2.255 ±
0.002 

% Difference 6.1% 7.2% 4.2% 1.9% − 7.1% − 17.8% 13.6% 6.6% 4.6% 
Area 3687.6 ± 8.7 3688.5 ± 2.3 3696.7 ± 1.9 3702.8 ± 1.8 3696.7 ± 0.6 4607.4 ± 4.8 3731.6 ± 2.3 3703.2 ± 0.1 3762.5 ± 0.1 
% Difference (vs 

Opt.) 
N/A 0.0% 0.2% 0.4% 0.2% 24.9% 1.2% 0.4% 2.0%  

Fig. 10. Robustness of method in terms of peak area with the variations in 
temperature (A & B), starting %B (C & D), flow rate (E & F), and pH (G & H). 
One-way ANOVA was performed to determine if the variations result in a sig-
nificant difference in the retention time and peak area. Dunnett’s test was 
performed to compare all variations to the standard method. *** p-value <
0.001, **** p-value < 0.0001 and ns denoted not significant. Each data point is 
presented as average, while the error bar refers to the standard deviation, which 
might be too small to be observed in the figure. 
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3.3. Determining the encapsulation efficiency and drug release of Ac- 
SDKP from chitosan-TPP nanogels 

The encapsulation efficiency of Ac-SDKP in the chitosan-TPP nano-
gels was determined as 36.0 ± 10.8%. The drug release profile of Ac- 
SDKP from the nanogels was shown in Fig. 11, where a rapid release 
of the peptide over the first 6 h. The cumulative release of Ac-SDKP 
measured at 24 h was close to 100%. The results demonstrated the 
method was suitable for quantifying the peptide from the nanogels at 
concentrations commensurate with therapeutic doses and in phosphate 
buffer. 

4. Conclusion 

A simple, novel and accurate HPLC-UV method for quantification of 
antifibrotic peptide N-acetyl-seryl-aspartyl-lysyl proline (Ac-SDKP) has 
been developed and validated in this study using an analytical quality by 
design approach. The method was optimised via the Design of Experi-
ment to identify the optimal chromatographic condition, where the 
obtained capacity factor, resolution, tailing factor, and theoretical plate 
counts fulfilled the ICH guidelines. The validated chromatography 
condition utilises phosphate buffer at pH 2.5 and acetonitrile as mobile 
phases, which starts at 3% (v/v) acetonitrile and increases to 9.7% (v/v) 
over 15 min at a flow rate of 1.0 mL/min at 25 ◦C. The injection volume 
is set at 10 μL and the VWD detector wavelength is 220 nm. The new 
analytical method described is advantageous as it utilises standard HPLC 
settings and does not involve the use of expensive equipment or pro-
cedures, such as LC-MS/MS or ELISA. We believe the method is partic-
ularly well-suited to pharmaceutical research and the development of 
dosage forms for peptides as it is capable of detecting peptides at high 
concentrations covering the range for the experimental therapeutic 
doses, especially in PBS for in vitro drug release study. Moreover, the 
peptide concentration in a chitosan-TPP nanogels formulation was also 
successfully determined, demonstrating the applicability of the method. 
Other more complex matrix solutions, including HBSS, DMEM and 
FluoroBrite complete media, were also tested with the chromatographic 
method, demonstrating the robustness of the method. 
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