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Quality-by-design (QbD) is de�ned as a systematic approach to design and develop a product/service based on sound science and
quality risk management. It is already frequently applied in the pharmaceutical industry mainly in the development of phar-
maceutical products and analytical methods but is not well established in the setup of facilities like quality control (QC) laboratory
(lab). �erefore, lab QbD (lQbD) concept is introduced considering lab water puri�cation system as an example. �e water
puri�cation system comprising distillation unit coupled with Nanopure Analytical Ultrapure Water System combined with a 0.2-
micron �lter was established in Jimma University Laboratory of Drug Quality (JuLaDQ). �e consistent capability of the
established water puri�cation system was evaluated through routine monitoring of the critical quality parameters (i.e., physi-
cochemical, HPLC-DAD chromatogram total peak area, and resistivity) of freshly prepared lab water for a period of one year. In
addition, quality of di�erent grade water (tap water, distilled water (before and/or after cleaning distillation unit), and fresh
ultrapure water (18.2MΩ× cm at 25°C)) used in JuLaDQ was evaluated. �e results of routine analysis of water quality revealed
that HPLC global peak area at 210 and 254 nm could serve as one of the discriminatory control strategies to evaluate the capability
of water puri�cation system to produce the desired quality of lab water; and thus, we proposed a speci�cation limit of 5,000
mAU∗s and 5,500 mAU∗s for global peak area at 254 and 210 nm, respectively, as system suitability parameter.

1. Introduction

�e term quality-by-design (QbD) was created in 1970s by
the quality expert Joseph M Juran and popularized in the
1990s [1]. Within the pharmaceutical �eld, International
Conference on Harmonization (ICH) Q8(R2) de�nes QbD
as a systematic approach to development that begins with
prede�ned objectives and emphasizes product and process

understanding and process control based on sound science
and quality risk management [2]. United States (US) Food
and Drug Administration (FDA) describes QbD as one arm
of the quality system based on building quality in the de-
velopment phase and throughout a product’s life cycle [3].

�e principles for the successful implementation of QbD
for product development involve identi�cation of the
product attributes, such as a quality target product pro�le

Hindawi
International Journal of Analytical Chemistry
Volume 2022, Article ID 2062406, 12 pages
https://doi.org/10.1155/2022/2062406

mailto:sultan.sulemanl@gmail.com
mailto:bart.despiegeleer@ugent.be
mailto:bart.despiegeleer@ugent.be
https://orcid.org/0000-0003-3046-6760
https://orcid.org/0000-0001-5559-0229
https://orcid.org/0000-0002-6531-2748
https://orcid.org/0000-0001-5525-2836
https://orcid.org/0000-0001-9019-1864
https://orcid.org/0000-0002-1693-0240
https://orcid.org/0000-0003-0969-7580
https://orcid.org/0000-0003-0462-3638
https://orcid.org/0000-0001-6794-3108
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/2062406


(QTPP) and critical quality attributes (CQAs); design space
(the relationship between process inputs and CQAs); a
robust control strategy to ensure consistent process per-
formance; and finally; ongoing monitoring to ensure robust
process performance over the life cycle of the product [4, 5].
ICH Q8 (R2) defines QTPP as a prospective summary of the
quality characteristics of a drug product that ideally will be
achieved to ensure the desired quality, taking into account
safety and efficacy of the drug product. QTPP forms the basis
of design for product development. Once QTPP has been
identified, the next step is to identify the relevant CQAs. A
CQA is defined as a physical, chemical, biological, or mi-
crobiological property or characteristic that should be within
an appropriate limit, range, or distribution to ensure the
desired product quality [2].

)e QbD principle applied to product development is
called product QbD (pQbD). )ese same QbD principles
have also been applied to the development of analytical
methods [6–9]. )e concept of QbD applied to analytical
method development is known as analytical QbD (aQbD)
[10]. Equivalent to pQbD, aQbD plays a key role in the
pharmaceutical industry for ensuring the product quality.
Analytical QbD has different tools such as analytical target
profile (ATP) establishment, CQAs, risk assessment, method
optimization, and development with design of experiment
(DoE), method operable design region (MODR), and con-
trol strategy [11]. It helps in the development of a robust and
fit-for-purpose analytical method [12].

)e ATP andMODR parallel the QTPP and design space
defined for a product and its manufacturing process. MODR
is a multidimensional space based on the method factors and
settings that provide suitable method performance
[6, 12–15]. DoE incorporates a set of characteristics which
are essential in aQbD and is used for screening of factors,
process characterization, and optimization of multiple re-
sponses [16, 17]. )erefore, the steps, tools, and approaches
developed for application of QbD to manufacturing pro-
cesses have analogous application in the analytical envi-
ronment [18].

Applying the principles and concepts of pQbD and
aQbD, a risk-based and robust quality management system
can be built into quality control (QC) laboratories (labs)
starting from establishment to provide enhanced flexibility
and continuous improvement [15, 19] by reducing varia-
tions and producing consistent results. QC labs should
generate reliable and traceable analytical quality data that
meet user requirement specifications (URS). To ensure this,
the lab needs a well-founded, effective, comprehensive, and
defensible quality system in place [20, 21]. To establish such a
system, prior knowledge of attributes that critically affect
quality of analytical results of the QC lab is important.
Literature indicates that human factors, accommodation and
environmental conditions, methods, equipment, sampling
and sample preparations, and handling of analytical pro-
cedures are some of the critical attributes [20, 22, 23].
Understanding these attributes and organizing them into a
quality system can benefit a scientific risk-based approach.
Even though information is scarce with regard to the ap-
plication of such risk-based QbD approaches in

pharmaceutical QC labs, there are indications of the use-
fulness of risk-based approaches to define analytical quality
in clinical lab medicine [24, 25]. )erefore, this study was
aimed to introduce lab QbD (lQbD) concept applied in the
establishment of JuLaDQ considering lab water purification
system as an example and was developed in the framework
of a PhD thesis [26].

2. Methods

2.1. Establishment of a QC Lab. When the issue of estab-
lishing JuLaDQ came into picture, central strategic questions
were first defined. (1) What is the purpose of the QC lab? (2)
What standards are required? (3) What are the lab user
requirements? Based on this, the required regulatory stan-
dards [27–29], the purpose of the QC lab (provision of QC-
analytical services), the existing setup and risks associated
with critical lab quality attributes were considered. )e lab
quality attributes that could have a risk in the performance of
JuLaDQ were identified and used to design the QC lab
workflow [30], based upon which JuLaDQ was physically
established and became a running pharmaceutical QC lab.
Analogous to pQbD and aQbD, lQbD was thus defined and
formally recognized during prequalification inspection by
the WHO inspection team [31].

2.2. Water Purification System in JuLaDQ. Since a single
water purification unit operation process could not con-
sistently and with sufficient robustness provide water R
quality requirements [32], which is a minimum lab water
quality target in JuLaDQ, a customized water purification
system combining feasible, cost effective, and setting-suit-
able purification technologies was established. )e estab-
lished water purification system comprises distillation unit
(Water Still Bibby W4000, UK) coupled with Nanopure
Analytical Ultrapure Water System (model number: D11901
(7143), )ermo Fisher Scientific) combined with a 0.2 mi-
cron filter (Barnstead D3750).

2.3. Experimental

2.3.1. Materials and Reagents. Distilled water and ultrapure
water (18.2MΩ× cm at 25°C) produced in JuLaDQ and tap
water (running water) were used. )e following were used:
acetonitrile (HPLC grade, Sigma-Aldrich) and all other
chemicals (analytical grade): ammonium chloride (Analar®;product code: 100173D), calcium hydroxide (EMSURE®ACS, Reag. Ph Eur; CAS #: 1305-62-0), disodium edetate
(Sigma-Aldrich® Laboratory Chemicals; lot number: 6381-
92-6), and barium chloride (Suprapur®; CAS #: 10361-37-2).Acetic acid (Sigma-Aldrich® Laboratory Chemicals; lot
number: 72430), diphenylamine (LabChem®; product code:LC13610), and sulfuric acid (ReAgent®; batch number:
62042) were used.

2.3.2. Procedures. HPLC analysis and UV-absorbance (UV-
Visible spectrophotometer: Celil instruments CE 7200,
Cambridge, England) at 210 and 254 nm and conductivity
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(μS/cm) test (conductivity meter: HI9033; Hanna instru-
ments, Portugal) and physicochemical tests [32] were
conducted on different grade water (tap water, distilled
water (before and/or after cleaning distillation unit), and
fresh ultrapure water (18.2MΩ× cm at 25°C)) produced in
JuLaDQ. In addition, the consistent capability of the
established water purification system of JuLaDQ was eval-
uated through routine monitoring of the critical quality
parameters (i.e., physicochemical (Ph. Int.) tests, HPLC-
DAD global peak area, and resistivity) of freshly prepared lab
water for a period of one year (08/2018–07/2019). Moreover,
pH of freshly prepared lab water was measured using a
calibrated pH meter (Adwa-AD1020, UK). )e pH was
measured after adding 0.3ml of saturated KCl into 100ml of
fresh lab water.

)e physicochemical tests of lab water (limit tests for
heavy metals, ammonia, calcium and magnesium, carbon
dioxide, chloride, nitrate, sulfates, oxidizable matter, oxi-
dizable matter, nonvolatile residue, and acidity or alkalinity)
were conducted following the International Pharmacopoeia
methods [32].

Resistivity of lab water was monitored online from
Nanopure Analytical Ultrapure Water System (model
number: D11901 (7143); )ermo Fisher Scientific).

)e HPLC analysis of lab water (18.2MΩ× cm at 25°C)
was conducted using Agilent 1260 Infinity series HPLC
system coupled with a C18 column (Waters Spherisorb®;
ODS1: 4.0mm× 250mm, 5 μm with guard column) and
diode array detector (DAD). )e mobile phase used was
gradient elution (0–100%) of water (ultrapure)/acetonitrile
(HPLC grade, Sigma-Aldrich) (Table 1). )e flow rate and
run time were 2.0ml/min and 30min, respectively. )e
HPLC analysis was performed at detection wavelengths of
210 and 254 nm [33]. In addition, HPLC analysis (at
254 nm) of lab water (18.2MΩ× cm at 25°C) stored for
three days at room temperature (15–30°C) in a soda lime
glass (type III) (Wheaton, USA) container tightly covered
with plastic stoppers was conducted. )e cost for pro-
duction of distilled and lab water (18.2MΩ× cm at 25°C)
per liter was estimated.

2.4. Data Analysis. )e six-sigma limit of the data obtained
from the routine quality analysis of resistivity, total chro-
matographic peak area, and pH of freshly prepared lab water
was calculated using Microsoft Excel 2010.

3. Results

)e predefined purpose of the pharmaceutical QC lab es-
tablishment was production of reliable analytical QC results,
which are essential to take correct decisions on medicines.
)erefore, those factors which affect the quality of analytical
results were considered in the design and establishment of
JuLaDQ. Since JuLaDQ is established with the main ob-
jective to contribute to the quality of medicines in the Horn
of Africa region by QC-analytical activities (e.g., surveys,
inspection-supporting, and industrial/governmental release
of medicines), it has implemented a quality management

system, based on World Health Organization (WHO),
European Medicine Agency (EMA), and ISO/IEC17025:
(2017) standards. WHO quality requirements implemented
in JuLaDQ are presented in Table 2.

)e establishment of JuLaDQ applied the risk-based
QbD principles. )e target lab performance is compliance to
quality standards set by WHO quality requirements to
obtain the prequalification status. Similarly, lab quality at-
tributes were defined and were analogous to pQbD and
aQbD; the term lQbD is hence introduced. One example of
the lQbD activity is the risk assessment, visualized by the
Ishikawa (fishbone) diagram, used in the establishment of
JuLaDQ (Figure 1).

)e overall laboratory quality attributes (LQA) affecting
quality of analytical results (lab performance) were found to
be lab design, environment, sample, method, personnel,
equipment, consumables, and quality control procedures.
Accordingly, appropriate GLP/GMP is being maintained in
JuLaDQ by implementing appropriate workflow of samples
and test data according to the WHO standards (Table 2).
Moreover, lab water was used as a typical but critical QbD-
flow example (Figure 2) to demonstrate lQbD. Interna-
tionally recognized lab water quality standards define dif-
ferent types presented in Supplementary File 1.

A customized water purification system combining
different feasible and setting-suitable water purification
system comprising distillation and Nanopure Analytical
Ultrapure Water System combined with a 0.2-micron filter
was set up (Figure 3.

)e typical analytical quality test results of the three
water types produced in JuLaDQ (tap water, distilled water,
and purified water) according to Ph. Int. water R quality
requirements are presented in Table 3. Overall analytical
quality of different water grades produced in JuLaDQ is
presented in Table 4. )e results of the HPLC stability study
for lab water (18.2MΩ× cm at 25°C) is presented in Table 5.

)e results of resistivity, HPLC global peak area (at 210
and 254 nm), and pH of fresh lab water (18.2MΩ× cm at
25°C) produced in JuLaDQ are presented in Supplementary
File 2.

Price estimation for production of lab water is presented
in Supplementary File 3. Control charts indicating the trends
of HPLC global peak area at 210 and 254 nm and pH of fresh
lab water (18.2MΩ× cm at 25°C) are presented in Figures 4,
5(a) and 5(b), respectively.

4. Discussion

An important point in designing a pharmaceutical QC lab
for improved quality based on the QbD principles is defining
causes of variability and devising appropriate control

Table 1: Gradient elution of the mobile phase.

# Time (min) % Water % Acetonitrile
1 0.0 100.0 0.0
2 1.0 100.0 0.0
3 21.0 0.0 100.0
4 30.0 0.0 100.0

International Journal of Analytical Chemistry 3



strategies in order to reduce the associated risks of labo-
ratory performance. )e cornerstone concepts in such lQbD
principles are target laboratory profile (TLP), laboratory
quality attributes (LQA), risk assessment, critical process
parameters (CPPs), control strategy, and continuous
improvement.

Quality target profile (QTP) forms the basis of QbD,
which is in relation to the predefined objective criteria. )e
concepts of analytical target profile (ATP) and target
product profile (TPP) are described and defined in ICH Q8
[2] parallel lQbD’s target laboratory profile (TLP). TLP is
therefore the prospective summary of the quality charac-
teristics of a QC laboratory that ideally will be achieved to
ensure the desired quality standard. For a QC lab, it implies
developing quality system based on regulatory requirement

guidelines: good laboratory practices (GLP) and/or good
manufacturing practices (GMP). TLP is the compliance to
the requirements of good practices for pharmaceutical
quality control laboratories (GPQCLs) set by WHO [34]
supported mainly by the international standards ISO/IEC
17025 : 2017 [28], which is the prime target for JuLaDQ.

High quality material and consumables are critical for
efficient and precise lab performance. In QC labs, water is
used to prepare buffers, blanks, controls, sample solutions,
and mobile phases in analytical procedures [35]. )us,
ensuring highest purity of water could help to reduce HPLC
performance problems attributable directly to the quality of
water used in preparing HPLC eluents, standards, and
samples [36]. )erefore, using the appropriate water quality
is of utmost importance in a resource-limited environment

Table 2: WHO quality requirements implemented in JuLaDQ [34].

Quality attributes Specifications

Personnel and organization Personnel Qualified, trained, and experienced
Legal basis and organization Legal establishment and proper organizational structure

Analytical workflow

Sampling Appropriate sampling plan and sample documentation
Samples Samples unique identification and integrity during transport and storage

Test results Appropriate monitoring and evaluation
Test reports Include test results, and details of sample and test conditions
Records Data integrity and availability
Methods Proper validation
Equipment Calibration, servicing, and maintenance

Lab environment Temperature and humidity monitoring and control
Documentation control Written standard operating procedures for each activity
Out-of-specifications Corrective and preventive actions

Customers Complaint handling
Contracts Supplier and subcontractor management

Quality audits Continuous internal and external quality audits

Laboratory
Physical design

Potential causes of
errors (hazards) 

Documentation
& recording 

PersonnelMethod
Reagents
& water

Laboratory
environment Equipment

Reference &
test materials 

Total
analytical

error 

Storage
• Expiry/retest
• Improper/

uncontrolled
condition 

Poor quality
• Impurities
• Degradation
• Integrity

Result reporting
• Poor traceability
• Poor integrity

Equipment failure
• Software
• Optic drift
• Temperature

Unqualified

Inadequate maintenance
• Contamination
• Dirty optics

Individual capacity
• Training
• Competency

Staffing
• Short staffing
• Correct staffing

Atmospheric
• Dust
• Temperature
• Humidity

Utility
• Electricity
• Water

Cleanliness

Poor lab design
• lab space
• Controlled

access 
• Segregation

Poor quality
• Impurities/degradation
• Shipping/storage
• Preparation
• Expiry/retest

Method bias
• Improper method

selection
• Poor result integrity

Figure 1: Ishikawa diagram for risk assessment in JuLaDQ laboratory.
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to all water R quality
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and gradient HPLC
analysis), resistivity

Monitoring (18.2 MΩ‐cm)
as a system suitability

test
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documentation, process
monitoring and control

lab design, environment,
personnel, method,

equipment,
documentation/records,

procedure, reagents,
samples, references

Accuracy and precision of
analytical results
consistent with
medicines QC

Heavy metals, ammonia,
Ca, Mg, CO2. chlorides,

Nitrates, sulphates,
oxidizable matter, nonvolatile

residue, acidity or
alkalinity

Compliance with WHO
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• Process validation
• Process monitoring

Continual improvement

Figure 2: Lab QbD workflow and its application to lab water (GLP: good laboratory practice; GMP: good manufacturing practice).

HPLC
analysis

Tap water Distillation Nanopure system

Filtration
0.2 micron

Figure 3: Customized JuLaDQ water purification system.
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where the costs and handling also play a role. As our main
objective is setting up a pharmaceutical QC lab according to
WHO accepted standards, analytical water as defined in the
Ph. Int. (water R) [32] is our minimum quality target.

For accurate and reliable analytical results obtained from
pharmaceutical QC laboratories, water R according to Ph.
Int. is critical since Ph. Int. methods are/will be mostly used
in JuLaDQ. )e general quality attributes for laboratory
water were listed down to be conductivity/resistivity, tur-
bidity, microbial content, endotoxins, and total organic
carbon (TOC) [37–39]. However, TPP reveals that the
product water should comply with water R requirements set
in Ph. Int., and the LTP indicates that JuLaDQ is not meant
to perform biological and/or microbiological tests; the CQAs
for lab water are those attributes which are described in Ph.
Int. )erefore, CQAs for lab water include heavy metals,
ammonia, calcium and magnesium, carbon dioxide, chlo-
rides, nitrates, sulphates, oxidizable matter, nonvolatile
residue, and acidity or alkalinity [32].

To clearly define and identify critical water purification
process parameters (CPPs), a number of practical experi-
ments were conducted. )e literature specifications for
different water types revealed that no single water purifi-
cation unit operation process could provide the TPP, ana-
lytical quality water R of the Ph. Int. )erefore, a customized
water purification system combining different CPPs in-
cluding filtration, distillation, and nanopure water purifi-
cation technology was designed and installed.

Since biological and/or microbiological testing of
medicines is currently not performed in JuLaDQ, microbial
content and endotoxins tests were not defined to be current
critical quality attributes. )e practical experimental results
(Table 4; Supplementary File 2) indicated that not only
ultrapure water but also distilled water comply with the
water R analytical quality specification set in Ph. Int., making
cost estimation for production of both water types very
demanding in such a resource-limited setting.)erefore, the
QTP was evaluated in terms of not only the water quality
target but also operational cost.

Cost to produce both distilled and ultrapure water was
estimated with the assumption that equipment depreciates

after five years (about 250weeks) with 20 l water con-
sumption per week in the actual setting. Hence, both
equipment and operational cost per liter of water produced
for each water R types was calculated providing the total
cost per liter for each product (see Supplementary File 3). It
is obvious that the cost of production of ultrapure water
(3.2 USD/l), which also includes the cost for distilled water,
is about five times higher than that of distilled water (0.6
USD/l). However, the water R quality specification set in
Ph. Int. is the minimum requirement, and distilled water of
JuLaDQ does not meet the quality requirements of water
set in Ph. Eur. since its resistivity (1.9MΩ. cm) is by far less
than the minimum resistivity requirement (≥18MΩ. cm).
Moreover, the cost of purchasing HPLC-grade packed
purified water is 60 USD/l, which is unimaginable in such a
resource-limited setting. )erefore, production of the ul-
trapure water (resistivity � 18.2MΩ cm), which complies
with the resistivity requirement set in Ph. Eur., is very
demanding, especially in the case of gradient HPLC
systems.

In Ph. Int., most often only isocratic system is used for
cost and ruggedness reasons. However, some analytical
methodologies require gradient HPLC at longer retention
times making the gradient system more demanding even in
resource-limited settings. Moreover, since in the future, we
need to include endotoxin test, the ultrapure equipment is
able to produce water for bacterial endotoxin test (BET)
according to Ph. Int. [32]. )erefore, even though there was
considerable variation in the resistivity values (MΩ. cm)
between the two water types, and since resistivity is not a
formal quality specification for water R in Ph. Int., it is
possible to conclude that the ultrapure water
(resistivity� 18.2MΩ. cm) could be preserved for gradient
HPLC experiments and the proposed future BET, while the
distilled water can be utilized for isocratic HPLC analysis,
glassware cleaning, and rinsing analytical activities.

Standards and norms such as ASTM D1193 [40] specify
that water be drawn and used within 8 h, which might not be
practical in actual settings. )erefore, optimal time of use
should be established and the pilot stability study results
reveal that water R can be used for 48 h without degrading in

Table 3: Typical analytical quality results of water R according to Ph. Int.

# Test Specification limit
Compliance (√)/noncompliance (x)
Ultrapure
water

Distilled
water∗

Tap
water

1 Heavy metals Color not darker than the same untreated purified water √ √ x
2 Ammonia Color of test solution is not more intense than standard solution √ √ √

3 Calcium and
magnesium Pure blue color √ √ √

4 Chlorides Clear and colorless √ √ √
5 Nitrates No blue color appeared at the interface of the two liquids √ √ √
6 Sulfates Clear and colorless √ √ √
7 Oxidizable matter Faintly pink test solution √ √ √
8 Nonvolatile residue <0.001% √ √ X

9 Alkalinity/acidity No red color up on addition of methyl blue and no blue color appears up
on addition of bromothymol blue √ √ √

∗After cleaning.
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its quality if stored under normal conditions upwards in a
soda lime glass (type III) container tightly covered with
plastic stoppers. )is suggests that optimal time of use for
water R could be 48 h unlike 8 h specified by ASTM.

In pQbD, control strategy is a planned set of controls
derived from current product and process understanding
that assures process performance and product quality. )e
controls can include parameters and attributes related to the
product and inputs, facility and equipment operation
conditions, in-process controls, finished product specifica-
tions, and the associated methods and frequency of moni-
toring and control [15, 41]. In aQbD, control strategy
includes the system suitability tests (SSTs) and revalidation
aspects whenever need. Similarly, appropriate SSTs are
employed as control element to ensure that consistent
quality of water R according to Ph. Int. is maintained.
Routine SSTs for water R are currently not included in Ph.
Int. but essential to ensure consistent product quality.
Moreover, all the quality parameters indicated in the Ph. Int.

are qualitative color reactions, and no quantitative specifi-
cation limits are set. )erefore, proposing SSTs used in the
routine control strategy for water R according to Ph. Int. is
critical.

)e experimental results with regard to the overall an-
alytical quality evaluation of different water grades in
JuLaDQ indicated that HPLC chromatograms (and the
global peak area at wavelengths of 210 and 254 nm) and
conductivity/resistivity are parameters that have strong
discriminatory effect among different water types than UV-
absorbance. In the chromatograms, it is observed that there
was a rise in baseline, number, and size of peaks obtained
across ultrapure, distilled (after and before cleaning), and tap
water. Quality parameters like the global peak area (mAU∗s)
at 210 and 254 nm, conductivity (μS/cm) (reverse for re-
sistivity (MΩ. cm)), and UV-absorbance (AU) are increasing
in similar fashion, but with different rates. For example, the
ratio of HPLC chromatogram global peak area (mAU∗s) at
254 nm for distilled water to ultrapure water was found to be

Table 5: Pilot HPLC stability results of ultrapure water.

# Experiment Time (h) Total peak area (mAU∗s) at 254 nm
1 Day 0 0 12.9
2 Day 1 24 12.8
3 Day 2 48 68.7
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Figure 4: Control chart (six-sigma limits) indicating the trend of pH of lab water (18.2MΩ× cm at 25°C) over time (n� 49 days/year). UCL:
upper control limit; LCL: lower control limit.
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Figure 5: Control chart (six-sigma limits) indicating the trend of HPLC global peak area (a) at 210 nm and (b) 254 nm of fresh lab water
(18.2MΩ× cm at 25°C) over time (n� 49 days/year). UCL: upper control limit; LCL: lower control limit.
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60.2, while the same ratio from the UV-absorbance (AU)
was only 1.8 (Table 4). Similarly, the ratio of conductivity
(μS/cm) between tap and distilled water indicated a very
significant figure (967.3). Similarly, ratio of resistivity be-
tween distilled and tap was 950. )erefore, both HPLC
chromatogram global peak area (mAU∗s) (at 210 and
254 nm) and resistivity (MΩ. cm) at 25°C should be utilized
as the routine SST parameters and need to be controlled.

Using the HPLC chromatograms global peak area
(mAU∗s) at 210 and 254 nm, it is possible to effectively
discriminate between different water qualities based on
compliance to water R quality requirements set in Ph. Int.
For example, the global peak area (mAU∗s) at 254 nm for
distilled water that complies with water R (Ph. Int.) was
3,551, while that of tap water that failed the water R quality
requirement was 8,520. )erefore, it is very logical to
propose a specification limit of 5,000 mAU∗s for global
peak area at 254 nm as an SST parameter. Similarly, we
proposed a specification limit of 5,500 mAU∗s for the
global peak area at 210 nm. )ese HPLC-UV SSTs could
serve as an alternative for TOC (total organic carbon),
which requires additional and expensive equipment.

According to ASTM, water type 2 is produced by dis-
tillation and is similar to distilled water in JuLaDQ, which
complies with water R in Ph. Int. )e resistivity (MΩ. cm)
for water type 2 (� distilled water) is≥ 1.0, a value which can
be taken as a routine SST specification for water R.

)e proposed specification limits (HPLC-UV global
peak area< 5000 mAU∗s at 254 nm, 5500 mAU∗s at 210 nm;
resistivity ≥1.0MΩ. Cm) were followed as the control
strategy for routine analysis of water quality produced in
JuLaDQ. )e results of routine analysis of Ph. Int. tests,
HPLC analysis (at 210 and 254 nm), resistivity, and pH of
fresh lab water suggest that water purification system of
JuLaDQ is capable to consistently provide ultrapure water
(ASTM, 1983). Six sigma control chart constructed based on
the results of routine monitoring of HPLC global peak area
at 210 and 254 nm of freshly prepared lab water
(18.2MΩ× cm at 25°C) revealed that the variations observed
over time were within six-sigma control limit (Figure 5).)e
observed HPLC global peak area could be attributed to the
presence of organic contaminants with increasing sensitivity
at the UV detection wavelength of 210 and 254 [36].

Since freshly prepared high purity lab water have an
advantage over commercially available HPLC grade water
having relatively inferior results when used as eluent [41, 42],
the established water purification system of JuLaDQ is
critical in producing the desired quality of water. In addition,
the cost estimation of the present study indicate that the
established water purification system is important to pro-
duce highest purity lab water with relatively minimum
operation cost (3.2 USD/l) compared with commercially
available HPLC grade bottled water (60 USD/l).

)ough resistivity and/or conductivity and TOC are the
most commonly used quantitative specifications for the
purity of lab water [40], utilizing HPLC global peak area at
210 and 254 nm, which serves to compare level of TOC in lab
water [36] as the routine system suitability test (SST) pa-
rameter, is more productive in evaluating quality of lab

water. )e routine HPLC analysis of lab water revealed that
the maximum HPLC global peak areas of 2911.9 and 772.7
mAU∗s were observed at 210 and 254 nm, respectively
(Supplementary File 2). )us, the proposed SSTs are logical
and could be adapted as control limits. In addition, since
organic contaminants could affect chromatographic assays
and alter column performance in HPLC and LC-MS [38, 43],
considering global peak areas as SST parameter is critical in
maximizing chromatographic performance.

5. Conclusion

In the present study, the lQbD concept is introduced and
applied in the establishment of lab water purification system
in JuLaDQ. In addition, the results of routine HPLC analysis
of lab water produced in JuLaDQ revealed that the proposed
HPLC-UV specification limits could serve as discriminatory
control strategy to evaluate the capability of water purifi-
cation system and quality of water.
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