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Background and Purpose: Reducing sugars, including glucose, fructose, lactose, and
sucrose inversion products, are increasingly recognized as reactive excipient-derived
impurities capable of initiating Maillard reactions with amine-containing drug
substances. These interactions can compromise product stability, quality, and safety.
This review consolidates current knowledge on the origins, analytical characterization,
mechanistic pathways, and control strategies associated with reducing sugar impurities
in pharmaceutical excipients. Methods: A narrative review of peer-reviewed literature,
regulatory guidance documents, pharmacopeial publications, and industry reports was
conducted. The retrieved information was critically evaluated and organized into
thematic areas encompassing impurity sources, Maillard reaction mechanisms,
analytical methodologies, case studies of drug—excipient incompatibility, and Quality-
by-Design (QbD)-based mitigation approaches. Results: Reducing sugars may originate
from carbohydrate-based excipients, residual saccharides in processed materials,
manufacturing-induced degradation, and hydrolytic inversion of sucrose. Their
reactions with amine-containing drug substances proceed through Schiff base
formation, Amadori rearrangement, and subsequent generation of advanced degradation
products. Analytical techniques such as HPLC-RID, HILIC-LC-MS, fluorescence-
based detection, and LC-MS/MS provide complementary capabilities for quantification
and structural characterization. Reported case studies demonstrate the impact of
reducing sugars on impurity formation, discoloration, potency loss, and stability
performance. Conclusion: Reducing sugar impurities represent a predictable but
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controllable source of drug—excipient incompatibility.
Implementation of risk-based analytical monitoring,
informed excipient selection, process optimization, and
QbD-driven control strategies can minimize Maillard-related
degradation and support the development of robust
pharmaceutical products with improved quality, safety, and
long-term stability.

INTRODUCTION

Reducing sugars such as glucose, fructose, lactose,
and hydrolysis products generated from sucrose
are increasingly recognized as reactive excipient-
derived impurities capable of influencing
pharmaceutical product quality, stability, and
safety. These carbohydrates may be inherently
present in plant- or dairy-derived excipients or
formed during manufacturing and storage. Their
reactive carbonyl groups readily interact with
amino-containing drug substances through
Maillard-type reactions, resulting in degradation
products that may alter assay, impurity profiles,
appearance, and long-term stability. 6374345

Excipient-derived reducing sugars are established
contributors to drug—excipient incompatibility.
Increasing evidence demonstrates that
pharmaceutical excipients are not always inert and
may actively participate in degradation pathways
that affect drug quality and stability.>34° Reactive
saccharides have been reported in widely used
pharmaceutical excipients including lactose,
cellulose derivatives, and starch-based
materials.!>¥4! Among these, lactose is the most
extensively investigated because of its widespread
use as a filler and carrier in solid dosage forms.
The extent of lactose reactivity is influenced by
moisture content, crystalline form, particle
characteristics, processing conditions, and storage
environment.>*!” Manufacturing operations such
as milling and compression may further accelerate
solid-state Maillard reactions by increasing
molecular contact and introducing crystal defects.’
Regulatory agencies therefore emphasize risk-
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based evaluation of excipient quality attributes and

control  throughout the product
8-13

impurity
lifecycle.

Reliable detection and quantification of reducing
sugars are essential for excipient qualification,
compatibility assessment, and impurity control.
Classical assays
dinitrosalicylic acid (DNS) and p-hydroxybenzoic
acid hydrazide (PAHBAH) provide rapid
screening capabilities, whereas chromatographic
and mass spectrometric techniques offer improved

colorimetric such as

sensitivity, selectivity, and structural
information.'®?” Advanced approaches including
HPLC-RID, HILIC-LC-MS, post-column

fluorescence derivatization, and LC-MS/MS
support the identification of trace-level reactive
sugars and their degradation products, facilitating
formulation  development and
investigations.2%-%’

root-cause

The pharmaceutical significance of reducing sugar
impurities is demonstrated by several reported
cases of Maillard-mediated drug degradation.
Lactose-derived adducts have been identified in
levothyroxine and liothyronine formulations,
requiring detailed analytical characterization and
toxicological assessment.”* Similar interactions
between lactose and rivaroxaban have been
associated with adverse effects on stability and in
vitro biological activity.’® Furthermore, non-
reducing sugars such as sucrose may undergo
hydrolytic inversion during processing or storage,
generating glucose and fructose that subsequently
participate in degradation reactions.>>

As pharmaceutical products become increasingly
complex, proactive identification and control of
reducing sugar impurities are essential. A Quality-
by-Design (QbD) approach provides a structured

framework for identifying critical material
attributes, understanding degradation
mechanisms, selecting appropriate analytical
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tools, and implementing effective control
strategies.®!> This review summarizes the sources
of reducing sugar mechanistic
pathways of  drug—excipient interactions,
analytical approaches for their characterization,
representative case studies, and QbD-based
strategies for mitigating associated risks in

pharmaceutical formulations.

impurities,

2.0 METHODOLOGY

This review was developed through a
comprehensive evaluation of published scientific
literature, regulatory guidance documents,
pharmacopeial ~ references, and  industry
publications related to reducing sugar impurities in
pharmaceutical excipients and their impact on
drug product quality, stability, and drug—excipient
compatibility. Literature searches were conducted
using electronic databases including PubMed,
ScienceDirect, and Google Scholar. Search terms
included reducing sugars, Maillard reaction, drug—
excipient incompatibility, reactive excipient
impurities, lactose degradation, impurity profiling,
pharmaceutical  stability, excipient  risk

assessment, and Quality-by-Design (QbD).

Peer-reviewed research articles, review papers,
case studies, pharmacopeial publications, and
regulatory documents published in English were
considered. Particular emphasis was placed on
publications describing the occurrence and sources
of reducing sugars, mechanisms of Maillard-type
degradation, analytical approaches for detection
and characterization, reported case studies of
drug—excipient incompatibility, and strategies for
impurity control. Regulatory and industry
guidance from the International Council for
Harmonisation (ICH), United States
Pharmacopeia  (USP), and  International
Pharmaceutical Excipients Council (IPEC) were
also reviewed to provide current perspectives on

’xif*lf’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

impurity management and risk-based control
approaches.?!2

The collected information was critically evaluated
and organized into thematic sections covering
sources of reducing sugar impurities, mechanistic
pathways of  drug—excipient interactions,
analytical characterization techniques, impacts on
drug stability, regulatory considerations, and
Quality-by-Design  (QbD)-based  mitigation
strategies. The objective of this review was to
provide an integrated scientific and regulatory
perspective on reducing sugar impurities and their
significance  in  modern  pharmaceutical
formulation development.

3.0 SOURCES AND TYPES OF REDUCING
SUGAR IMPURITIES IN
PHARMACEUTICAL EXCIPIENTS

Reducing sugar impurities may originate from
multiple sources within pharmaceutical excipients
and can arise intrinsically, during processing, or
through chemical transformation of non-reducing
components. Understanding these sources 1is
essential for predicting Maillard reactivity and
establishing appropriate control strategies.!**

3.1 Principal Sources of Reducing Sugars

3.1.1 Naturally Occurring Sugars in Raw
Materials

Excipients derived from plant- and dairy-based
sources inherently contain reducing sugars such as
glucose, fructose, and lactose. Among these,
lactose is one of the most significant
pharmaceutical excipients, with grade-dependent
variability influencing Maillard reactivity under
thermal and humidity stress conditions.>%!7 Other
excipients, including microcrystalline cellulose
(MCC) and starch derivatives, may contain
residual saccharides or degradation fragments
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capable of participating in Maillard-type reactions
and drug—excipient incompatibilities.'*®

Beyond solid oral dosage forms, sugar-containing
excipients are widely used in protein and
biopharmaceutical formulations, where excipient
composition and sugar interactions significantly
influence product stability and compatibility.*?

3.1.2 Processing-Induced Formation During
Manufacturing

Manufacturing operations such as drying, wet
granulation, milling, compression, and continuous
manufacturing processes can increase excipient
reactivity or promote the generation of reducing
sugars. >!73! Increased surface area, crystal
disruption, and localized heat generation may
accelerate degradation kinetics, as demonstrated in
metoclopramide hydrochloride-lactose systems.?
Process-induced degradation of cellulose- and
starch-derived excipients may also generate low-
molecular-weight carbohydrates capable of
participating  in  subsequent  degradation
pathways. !

3.1.3 Hydrolytic Generation Through Sucrose
Inversion

Although sucrose is a non-reducing disaccharide,
it can undergo hydrolysis under acidic, thermal, or
high-moisture conditions to yield glucose and
fructose, both of which are reducing sugars.35,36
Consequently, sucrose-containing formulations
may become indirect sources of reactive
carbohydrates during processing and storage. The
extent of inversion depends on factors such as pH,

temperature, residence time, and water activity.

3.1.4 Trace Impurities in Non-Carbohydrate
Excipients

Reducing sugars
impurities in excipients not primarily classified as

may also occur as trace
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carbohydrates. Certain polymeric excipients may
contain low levels of reducing sugars together with
other reactive impurities such as aldehydes and
peroxides.!> Such impurities, even at trace
concentrations, can contribute to degradation of
susceptible amine-containing drug substances and

increase the risk of incompatibility reactions.'=®

3.2 Practical Implications for Control

The diverse origins of reducing sugar impurities
necessitate  systematic  control  throughout
pharmaceutical development. Appropriate
excipient selection and supplier qualification are
particularly important when carbohydrate-
containing excipients such as lactose are used.
Material specifications should include suitable
controls for reducing sugar content and batch-to-
batch consistency. %12

Process design should also consider the influence
of manufacturing operations such as milling,
compression, drying, and granulation, since these
can increase sugar reactivity and accelerate
incompatibility reactions.!® For formulations
containing sucrose, the risk of hydrolytic inversion
should be evaluated through control of pH,
temperature, and moisture exposure during
processing and storage.3>-

In addition, expanded impurity profiling may be
warranted for excipients known to contain reactive
impurities. A risk-based approach aligned with
Quality by Design (QbD) principles can facilitate
of potential

formulation

identification and mitigation
degradation  pathways  during
development. -1

The principal sources of reducing sugar impurities
encountered in pharmaceutical excipients and their
potential impact on drug product stability are
summarized in Table 1. These sources include
inherently occurring carbohydrates, processing-
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induced degradation products, hydrolytically important considerations during excipient
generated sugars, and trace impurities present in  selection,  compatibility  assessment,  and
non-carbohydrate excipients. Collectively, they formulation development,!-:6:17:35.36.38
contribute to Maillard reactivity and represent
Table 1. Sources of reducing sugar impurities and associated risks
Source Origin/ Mechanism Representative Potential Impact on Key
Examples Drug Products References
Naturally Intrinsic sugars present in Lactose, glucose, Direct participation in 1,2,6,17,
occurring sugars | carbohydrate-containing fructose, residual Maillard reactions and 38
excipients sugars in starch drug—excipient
derivatives incompatibility
Residual Incomplete purification of | Microcrystalline Formation of reactive 1,2, 38
saccharides in plant- or dairy-derived cellulose (MCCO), impurities and reduced
excipient raw materials starch derivatives formulation stability
materials
Processing- Mechanical and thermal Milling, drying, Increased excipient 1,3,17
induced sugar stress during granulation, reactivity and
formation manufacturing operations compression accelerated degradation
kinetics
Hydrolytic Decomposition of sucrose | Sucrose — glucose | Indirect generation of 35,36
inversion of non- | under acidic, thermal, or + fructose reducing sugars during
reducing sugars humid conditions processing and storage
Trace impurities | Residual reactive species Polymeric Initiation of 1,2,38
in non- originating from excipients, degradation pathways
carbohydrate manufacturing processes | processed excipient even at trace
excipients blends concentrations
Storage-related Moisture- and Lactose-containing Increased reducing 3,6,17
degradation temperature-induced formulations, sugar content and
degradation of excipients starch-based greater Maillard
during shelf life excipients reactivity over time
Supplier and Differences in excipient Various Batch-to-batch 2,6,17
grade variability | manufacturing processes pharmaceutical variation in reactivity
and specifications lactose grades and compatibility
behaviour
4.0 MECHANISTIC PATHWAYS OF through sucrose hydrolysis. The reaction
REDUCING SUGAR-DRUG progresses through a sequence of condensation,
INTERACTIONS (MAILLARD rearrangement, fragmentation, and polymerization
CHEMISTRY) events, ultimately producing complex degradation
products that may compromise drug quality,
Reducing sugar-induced degradation n stability, and safety.1'7’37
pharmaceutical ~ formulations is  primarily
govemed by the Maillard reaction, a series of 4.1 Initiation: Carbonyl—Amine Condensation

reactions
and amine-containing drug

carbonyl-amine
reducing sugars
substances. Typical reactants include glucose,
fructose, lactose, and reducing sugars generated

occurring between
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(Schiff Base Formation)

The reaction begins when the carbonyl group of a
reducing sugar reacts with a primary or secondary
amine present in the drug molecule, forming a
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reversible Schiff base (imine). The rate of this
reaction is influenced by factors such as pH,
moisture content, water activity, and molecular
mobility within the formulation matrix. In solid
dosage forms containing lactose or residual
saccharides, Schiff base formation often represents
the earliest stage of  drug—excipient
incompatibility.!->1738

4.2 Amadori Rearrangement and Formation of
Early Intermediates

The initially formed Schiff base subsequently
undergoes Amadori rearrangement (or Heyns
rearrangement in the case of ketose sugars) to
generate relatively stable ketoamine intermediates.
These products are generally colorless and may
accumulate during storage before undergoing
further degradation. The formation and persistence
of Amadori products are strongly influenced by
temperature, moisture  content,
composition, and storage conditions.

excipient
14,637

4.3 Advanced Transformations and Formation
of Reactive Intermediates

Amadori intermediates can undergo dehydration,
oxidation, enolization, and fragmentation
reactions, producing highly reactive species such
as dicarbonyl compounds and furfural derivatives.
These intermediates can further react with drug
substances and excipient components to generate
advanced glycation end products (AGEs), colored
degradation products, and structurally complex
impurities. Such reactions are frequently
associated with discoloration, loss of potency, and

changes in product appearance during storage.>
735,37

4.4 Influence of Formulation and Process
Variables

PRy

x%,;‘f’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

=

4

Several formulation and manufacturing variables
influence the rate and extent of Maillard
degradation. Increased temperature, -elevated
humidity, and extended storage periods generally
accelerate  reaction  kinetics. = Mechanical
processing operations such as milling and
compression can further enhance reactivity by
increasing surface contact and introducing crystal
defects. This phenomenon has been demonstrated
in metoclopramide hydrochloride—lactose
systems, where processing significantly increased
Maillard reaction rates.3,17

Although sucrose is classified as a non-reducing
sugar, it can undergo hydrolytic inversion under
acidic, thermal, or high-moisture conditions to
form glucose and fructose, thereby becoming an
indirect source of reducing sugars.>>¢ In addition,
trace reactive impurities present in certain
excipients may contribute additional carbonyl
species that promote degradation reactions.!*

5.0 ANALYTICAL METHODS FOR
DETECTION OF REDUCING SUGAR
IMPURITIES

Accurate detection and quantification of reducing
sugar impurities are essential for excipient
qualification, compatibility assessment, impurity
profiling, and implementation of effective control
strategies in accordance with ICH and USP
expectations. Depending on the required
sensitivity, specificity, and structural information,
a variety of colorimetric, chromatographic, and
mass spectrometric techniques are available for
reducing sugar analysis and pharmaceutical
impurity management.’10-20-27:33

5.1 Classical Methods

Classical colorimetric assays remain widely used
for preliminary screening because of their
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simplicity, rapid analysis time, and minimal
instrumentation requirements.

The dinitrosalicylic acid (DNS) method is based
on reduction of DNS reagent by reducing sugars,
producing a colored chromophore that can be
measured spectrophotometrically.'® Similarly, the
p-hydroxybenzoic acid hydrazide (PAHBAH)
method provides improved sensitivity for reducing
sugar determination and is frequently used for
routine laboratory analysis.!” While these methods
are suitable for rapid estimation of total reducing
sugar content, they lack specificity and cannot
distinguish individual carbohydrate
detailed

species,
limiting impurity
characterization.

their utility for
18-19

In early-stage compatibility studies, thermal and
spectroscopic techniques such as FTIR, DSC,
TGA, and XRD, together with forced degradation
studies, are often employed to evaluate drug—
excipient interactions and identify preliminary
evidence of degradation.!*16-34

5.2 Chromatographic Methods

5.2.1 High-Performance
Chromatography  with  Refractive
Detection (HPLC—-RID)

Liquid
Index

HPLC coupled with refractive index detection
(HPLC-RID) is one of the most commonly used
techniques for routine carbohydrate analysis.
Validated  methods  enable
quantification of glucose, fructose, sucrose, and

simultaneous

lactose with acceptable precision and accuracy,
making this approach suitable for excipient
qualification and stability studies.?

A limitation of HPLC—RID is its relatively low
sensitivity and incompatibility with gradient
elution, restricting its application for trace-level
impurity analysis.

’xif*lf’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

5.2.2 Specialized Carbohydrate Columns

Ligand-exchange and other carbohydrate-specific
stationary phases provide improved separation of

mono- and disaccharides through selective
carbohydrate—metal interactions. These
approaches are commonly employed for

pharmaceutical and food-grade sugar analyses and
offer superior selectivity compared with
conventional chromatographic systems. 2

5.2.3 Hydrophilic Interaction Chromatography—
Mass Spectrometry (HILIC-LC-MS)

Hydrophilic interaction liquid chromatography
(HILIC) is particularly suitable for highly polar
analytes such as carbohydrates. When coupled
with mass spectrometry, HILIC-LC-MS provides
excellent sensitivity, selectivity, and structural
confirmation. Studies have demonstrated its utility
for reliable quantification and profiling of
carbohydrates in complex matrices, including
pharmaceutical excipients.?!"*?

Because of its high sensitivity and compatibility
with trace-level analysis, HILIC-LC-MS is
increasingly used for impurity profiling and
excipient characterization.

5.3 Fluorescence-Based Detection Methods

Post-column  derivatization techniques can
significantly improve analytical sensitivity. The
fluorometric method developed by Mikami and
Ishida uses post-column reaction with arginine to
generate fluorescent derivatives of reducing
sugars, allowing highly sensitive detection of low-
level impurities.??

These approaches remain useful when very low
concentrations of reducing sugars must be detected
and quantified, particularly during excipient
screening and degradation studies.
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5.4 Industry-Oriented Impurity Profiling
Approaches

Modern pharmaceutical development increasingly
relies on integrated impurity profiling strategies
combining chromatographic, spectroscopic, and
mass spectrometric techniques. Such approaches
allow simultaneous assessment of reducing sugars
and other reactive excipient impurities, including

aldehydes, peroxides, and degradation
products.'->?’

5.5 Mass Spectrometry for Structural
Characterization

When reducing sugars contribute directly to drug
degradation, spectrometric  techniques
become indispensable. LC-MS/MS provides
molecular-weight information, fragmentation
patterns, and structural of
degradation  products drug—excipient
adducts.*>?’

mass

confirmation
and

These tools have played a key role in identifying
lactose-derived ~ degradation  products  in
pharmaceutical formulations. Advanced LC-MS
and HRMS workflows have
characterized levothyroxine—lactose adducts and
provided insights of
Maillard-type degradation.?**®?° More recently,
similar strategies have been applied to investigate
rivaroxaban—lactose interaction products and other
drug—excipient incompatibility systems.*°

successfully

into the mechanisms

Recent advances in high-resolution mass
spectrometry (HRMS) have further enhanced the
ability to detect and identify unknown impurities
with high confidence, even in highly complex

matrices.>*2¢

5.6 Method Selection Considerations

The choice of analytical method should be aligned
with the intended application:

Table 2. Selection of analytical techniques based on sensitivity, specificity, and application for reducing
sugar impurity analysis

Analytical Need Recommended Technique References
Bulk quantification of reducing sugars DNS, PAHBAH, HPLC-RID 18,19,20
Multi-sugar separation in excipients Hi-Plex, ligand-exchange chromatography 20
Trace-level detection with high specificity HILIC-LC-MS 21,22
High-sensitivity screening Post-column fluorescence (arginine/borate) 23
Structural confirmation of degradants LC-MS/MS 24-27,29

For routine quality control, chromatographic
techniques are generally preferred, whereas LC—
MS and HRMS are more appropriate when
structural characterization of unknown impurities
or drug—excipient adducts is required. Method
selection should ultimately be driven by the
analytical objective, required sensitivity, and
matrix complexity.®2*-2

6.0 IMPACT OF REDUCING SUGAR
IMPURITIES ON DRUG STABILITY (CASE
STUDIES)

’xif*lf’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

Reducing sugar impurities can significantly affect
drug product quality through drug—excipient
adduct formation, potency loss, discoloration, and
generation of complex impurity profiles that
complicate analytical control and regulatory
qualification.!*®* The following case studies
illustrate the impact of reducing sugar-mediated
degradation across different APIs,
classes, and processing conditions.

excipient

6.1 Levothyroxine and Thyroid Hormone
Products: Lactose-Derived Maillard Adducts
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Levothyroxine formulations represent one of the
most extensively documented examples of
Maillard-type drug—excipient incompatibility.
Lactose-derived  adducts formed between
levothyroxine and lactose under thermal stress
have been identified and structurally characterized
as previously unknown impurities, highlighting
the clinical and regulatory significance of
excipient-mediated  degradation.”?*?®?*  These
degradants may adversely affect product quality,
stability, and potentially patient safety,
necessitating detailed analytical and toxicological
evaluation.?**® In pharmaceutical products, such
interactions may manifest as impurity growth,
discoloration, and assay reduction, particularly
under temperature
conditions or when highly reactive lactose grades
are employed.>*¢ This case underscores the
importance of selecting low-reactivity lactose
grades, establishing robust supplier qualification
programs, controlling environmental conditions

elevated moisture and

during manufacturing and storage, and considering
alternative excipients or less reactive API salt
forms when appropriate.>*?

6.2 Metoclopramide Hydrochloride—Lactose
System: Processing-Induced Acceleration

The effect of pharmaceutical processing on
Maillard degradation is well illustrated by
metoclopramide hydrochloride—lactose
formulations, where milling and compression
accelerate degradation by increasing surface area,
generating crystal defects, and enhancing
molecular contact between the API and lactose.?
These changes facilitate Schiff base formation and
subsequent Maillard reaction pathways, leading to
increased 1impurity levels and discoloration
compared with storage-induced degradation
alone.>!” The findings highlight the importance of
controlling milling intensity and compression
force as critical process parameters, incorporating

PRy
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these variables into the QbD design space, and
supporting formulation and process development
through stress testing and accelerated stability
studies.>!1

6.3 Amine-Containing APIs Formulated with
Carbohydrate-Based Excipients

Primary and secondary amine-containing APIs are
particularly susceptible to Maillard reactions when
formulated with lactose, starch derivatives, or
other carbohydrate-containing 1,238
Such interactions may lead to potency loss,
discoloration, and the formation of unknown

analytical

excipients.

impurities ~ requiring  extensive
characterization.!'**® Beyond lactose, residual
saccharides present in cellulose- and starch-based
excipients can also contribute to degradation,
particularly under elevated humidity and storage
stress conditions.!? These findings highlight the
importance of early API-excipient compatibility
screening, evaluation of excipients for trace
reducing sugars, and selection of alternative
excipients when risks are

identified.!1>-3%

incompatibility

6.4 Sucrose-Containing Formulations: Indirect
Sources of Reducing Sugars

Although sucrose is a non-reducing sugar, it can
undergo hydrolytic inversion to glucose and
fructose under acidic, thermal, or high-moisture
conditions, thereby generating reactive reducing
sugars capable of participating in Maillard
degradation.®>*®  Consequently, formulations
initially considered at low risk may become
susceptible to  impurity  formation
discoloration during processing or storage.** These
observations emphasize the importance of
controlling pH, temperature, and moisture during
manufacturing, assessing the potential for sucrose
inversion during stability studies, and employing

and
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stress testing to
35,36

identify latent degradation
pathways.

6.6 Summary of Representative Impacts and
Controls

Table 3. Representative case studies illustrating the impact of reducing sugar impurities on drug stability
and corresponding control strategies.

Case/System Observed Impact Primary Driver(s) Illustrative Controls
Levothyroxine + Adduct formation, Intrinsic lactose Lactose grade selection,
lactose impurity growth, toxicity sugars; moisture control, alternative
concerns humidity/temperature excipient, salt form 2424282
Metoclopramide HCI | Accelerated degradation, | Milling/compression Process optimization,
+ lactose discoloration energy controlled RH, drying *!I:15
Amine APIs + Potency loss, unknown | Trace sugars; humidity | Excipient screening, alternative
MCC/starch impurities materials, salt forms!!4!538
Sucrose-containing | Browning, new impurities Inversion to pH/temperature control,
systems glucose/fructose moisture limits >
Polymeric excipients | Multi-impurity pathways Trace sugars + Reactive impurity testing,
(PVP/cPVP) aldehydes/peroxides supplier control 2412

7. QBD-BASED MITIGATION AND
CONTROL STRATEGIES

A Quality by Design (QbD) framework provides a
systematic, science- and risk-based approach for
minimizing Maillard-driven degradation by
controlling reducing sugar availability, API
reactivity, and process and storage conditions.
This strategy integrates risk assessment, analytical
characterization, design space development, and
lifecycle monitoring in alignment with ICH
Q3B(R2), ICH Q2(R2), USP <1086>, and IPEC
guidance. 12

7.1 QbD Framework and Risk Assessment

Within the QbD paradigm, risks associated with
reducing sugar impurities are managed through the
interaction of critical quality attributes (CQAs),
critical material attributes (CMAs), and critical
process parameters (CPPs). Relevant CQAs
include assay, impurity profile, appearance, color,
and potential toxicological burden.® 242

Key CMAs include reducing sugar content and
speciation, lactose grade variability, residual
saccharides in cellulose- and starch-based

I ARy
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excipients, moisture content, and the presence of
impurities
Critical process parameters include
granulation moisture, drying conditions, milling

reactive in polymeric excipients.

1,2,28,29,38

energy, compression force, dwell time, and
3,8-10

packaging barrier performance.
Major risk indicators include: Presence of primary
or secondary amine-containing APIs, Use of
lactose, starch derivatives, or sucrose-containing
excipients, Elevated temperature and humidity
exposure, Historical evidence of discoloration or
impurity growth, Use of excipients known to
contain reactive impurities.!™

7.2 Material-Level Controls

Effective mitigation begins with excipient
selection and qualification. Preference should be
given to low-reactivity excipient grades with well-
defined specifications and demonstrated lot-to-lot
consistency.>%10:12

For carbohydrate-containing excipients, routine
monitoring of reducing sugars using HPLC-RID
or HILIC-LC-MS is recommended, particularly

when formulating amine-containing APIs.?%-%2
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Polymeric excipients such as povidone and
copovidone should be evaluated not only for
compendial compliance but also for reactive
impurities including reducing sugars, aldehydes,
and peroxides because of their potential

contribution to degradation pathways. '8

For sucrose-containing formulations, controls
should be established to minimize hydrolytic
inversion to glucose and fructose through
appropriate management of pH, temperature, and

moisture conditions.3*3¢
7.3 Process-Level Controls

Process design plays a critical role in controlling
Maillard reactivity. Moisture and temperature are
among the most important variables because
increased water activity enhances molecular
mobility and accelerates reaction kinetics.>%1°

Mechanical processing operations such as milling,
compression, and  other  stress-intensive
manufacturing  processes  can  accelerate
degradation by increasing surface area, inducing
crystal defects, and generating localized heat.’*
The  metoclopramide  hydrochloride—lactose
system demonstrates the importance of controlling

these variables during development and scale-up.’

Accordingly, CPPs such as: Granulation moisture,
Drying temperature and time, Milling intensity,
Compression force, Dwell time should be
incorporated into the design space and evaluated
during process development.®!-13

Microenvironmental pH should also be considered
since amine  ionization can  influence
nucleophilicity and thus reaction susceptibility.'*

7.4 API-Centered Risk Mitigation

API  structural characteristics  significantly
influence susceptibility to Maillard degradation.

¢ INTERNATIONAL JOURNAL OF PHARMACELTICAL SCIENCES

secondary
nucleophilic

APIs containing primary amines,
amines, hydrazides, or other
functional groups are generally at higher risk.!s*

Appropriate  salt  selection may reduce
nucleophilicity by protonating reactive amine
groups and thereby suppressing Schiff base
formation. Consequently, evaluation of alternative
salt forms during preformulation development is

recommended for high-risk molecules.!*?

Binary API-excipient compatibility studies

conducted under accelerated conditions should be

routinely employed to identify potential
incompatibilities before formulation
optimization.'!?

7.5 Analytical Control Strategy

An effective analytical control strategy is essential
for implementation of QbD principles.

Initial screening and quantification of reducing
sugars may be achieved using: DNS assay,
PAHBAH assay, HPLC-RID.!#-%

For trace-level analysis and impurity profiling,
HILIC-LC-MS provides greater sensitivity and
specificity.?!"*

Post-column fluorescence methods offer highly
sensitive detection of reducing sugars and are
useful for lot-to-lot comparison of excipients.?’

When degradation products or drug—sugar adducts
are formed, LC-MS/MS and HRMS become
indispensable for structural characterization and
impurity profiling.>+%

All analytical procedures should be validated
according to ICH Q2(R2) with appropriate
evaluation of specificity, accuracy, precision,
linearity, and robustness.” Impurity limits and
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reporting thresholds should remain aligned with
ICH Q3B(R2).3

7.6 Packaging and Storage Controls

Because Maillard reactions are strongly influenced
by moisture, packaging selection is an important
component of the overall control strategy. High-
barrier packaging systems such as alu—alu blisters
or HDPE containers with desiccants help minimize

moisture ingress and reduce molecular mobility.®
10

Storage conditions should be established based on
stability data and should specifically address:
Temperature limits, Humidity limits, Moisture-
sensitive handling requirements

For formulations susceptible to oxidative
degradation, oxygen-control measures such as
low-oxygen packaging

provide additional

nitrogen purging or
environments may

protection.?®?

7.7 Risk-Based Control Matrix

Table 4. Risk-based control matrix linking key drivers of reducing sugar reactivity with mitigation
strategies and analytical confirmation approaches.

Risk Driver Primary Control Analytical Confirmation Outcome
Lactose variability | Grade selection, supplier | HPLC-RID / HILIC-MS | Reduced Maillard risk *2°-2
control
Milling/compression | Limit energy, optimize Stress testing, LC-MS | Slower impurity growth 3>+
parameters 27
Moisture exposure Controlled drying, low KF, water activity Reduced reactivity 51°
RH handling

Sucrose inversion pH/temp control

Sugar assays, HILIC-MS

Prevent hidden sugars 2%
22,3536

Reactive impurity
screening

Polymeric impurities

Fluorescence, HILIC-MS

Controlled trace impurities
1,2,38

API nucleophilicity Salt selection, buffering

Compatibility studies

Reduced reaction initiation
1,4,38

7.8 Current and Future

Perspectives

Challenges

Although the mechanisms of Maillard-driven
degradation are well understood, implementation
of consistent control strategies remains
challenging. One major limitation is the lack of
harmonized pharmacopeial specifications for
reducing sugar content in many excipients, leading
to variability in supplier qualification and risk

assessment approaches.

Another challenge involves characterization of
trace-level reactive impurities. Traditional
methods provide useful quantitative information
but often lack the sensitivity and specificity

I ARy
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necessary for identification of individual sugar
species and their degradation potential.
Consequently, advanced analytical techniques
such as HILIC-LC-MS, LC-MS/MS, and HRMS
are increasingly required for comprehensive
impurity profiling.?!?’

Future developments are involve
increased use of predictive modeling, artificial
intelligence, and data-driven risk assessment tools
to identify high-risk API—excipient combinations
early in development. Integration of such
approaches with QbD principles may enhance
design-space development, reduce late-stage
stability failures, and support more robust

pharmaceutical formulations.

likely to
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In parallel, regulatory expectations are expected to
evolve toward more comprehensive
characterization and lifecycle monitoring of
reactive excipient impurities, particularly for
products containing highly
functional APIs.

reactive amine-

7.10 Summary

A Quality by Design (QbD)-based approach
provides a systematic framework for controlling
reducing sugar-mediated degradation throughout
the pharmaceutical product lifecycle. Effective
mitigation relies on the integration of robust
excipient selection and qualification practices,
process designs that minimize exposure to
moisture, heat, and mechanical stress, and API-
centered strategies such as salt selection and
compatibility addition,
implementation of fit-for-purpose analytical
methods validated in accordance with ICH Q2(R2)
and supported by impurity control principles

assessment. In

outlined in ICH Q3B(R2) enables reliable
monitoring of reducing sugars, degradation
products, and drug—excipient interactions.

Collectively, these measures reduce the risk of
Maillard-driven ~ degradation, minimize the
formation of unknown impurities, and support the
development of pharmaceutical products with

improved quality, safety, and long-term stability.""
4,8-15,18-30,38

8. CONCLUSION

Reducing sugar impurities, whether inherently
present in  excipients, generated during
manufacturing processes, or formed through
sucrose represent important
contributors to drug—excipient incompatibility and
Maillard-driven degradation in pharmaceutical
products.'3>38 These reactions progress through
a series of carbonyl-amine transformations,

inversion,

ultimately leading to impurity formation,

ﬁi&lﬁ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

discoloration, potency loss, and, in certain cases,
the generation of toxicologically relevant
degradation = products.  Studies
levothyroxine and other amine-containing drug
substances have demonstrated the practical

involving

significance of these pathways and highlighted the
need for proactive control of reducing sugar—
related risks.>>428-30

Effective management of reducing sugar
impurities requires the application of appropriate
analytical techniques for their detection,
quantification, and structural characterization.
While classical colorimetric and chromatographic
methods remain valuable for routine analysis,
advanced techniques such as HILIC-LC-MS, LC—
MS/MS, and HRMS provide enhanced sensitivity

detailed
products

and enable characterization  of

degradation and

adducts!'®-?’

drug—excipient

A Quality by Design (QbD)-based approach offers
a comprehensive framework for mitigating
Maillard-related degradation through informed
excipient selection, robust supplier qualification,
optimized process design, suitable packaging and
storage controls, and implementation of validated
analytical procedures. Integration of these
strategies with regulatory expectations outlined in
ICH Q2(R2), ICH Q3B(R2), USP, and IPEC
guidance can significantly reduce the risk of
impurity formation while supporting long-term
product quality, safety, and stability.®!?
Ultimately, proactive management of reducing
sugar impurities should be considered an essential
component of  modern pharmaceutical
development, particularly for formulations

containing amine-functional drug substances.
1,2,11,15,38
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