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Abstract

Antibody—drug conjugates (ADCs) combine the target specificity of monoclonal antibodies with the potency of cytotoxic
small molecules, offering enhanced therapeutic potential. However, their inherent structural complexity, arising from the
interplay of antibody, linker, and payload, introduces unique challenges for drug product (DP) development, stability, and
scalability requiring tailored approaches to maintain the quality target product profile throughout the product lifecycle. This
review summarizes key formulation and process development considerations for ADCs, with an emphasis on aspects that are
particularly distinctive for ADC drug products. Critical degradation risks, such as photo- and heat-induced degradation, are
discussed in the context of formulation screening, formulation excipients and primary packaging selection, and DP process
design. Basic considerations on analytical tools used to identify and monitor critical quality attributes are provided. Lyo-
philization strategies, essential for the stability of commercialized ADCs, are recommended using Design of Experiments
and modeling approaches. Furthermore, robust DP process control strategies during scale-up are reviewed with a focus on
lyophilization, the application of Quality by Design (QbD) principles, and risk-based methodologies to address ADC-specific
challenges. Finally, the review explores the transition from early development to late-phase clinical and commercial stages,
underscoring the need for evolving control strategies. Overall, it provides an overview of current practices and challenges
in ADC formulation and DP process development, offering strategies to navigate these complexities based on literature and
insights from approved ADCs.
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Introduction

Antibody Drug Conjugates (ADCs) represent a rapidly
evolving class of biotherapeutics that combine the speci-
ficity of monoclonal antibodies (mAbs) with the potency
of cytotoxic small molecules. ADCs are an evolving class
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of therapeutic agents in oncology with multiple U.S. Food
and Drug Administration (FDA)-approved products across
various types of malignancies, and several more in late-stage
clinical development [1]. ADCs achieve selective tumor cell
necrosis while minimizing collateral damage to healthy tis-
sues [2]. This unique mode of action is achieved through
a complex interplay of three critical components: (1) the
mAb specific for a tumor antigen, (2) the cytotoxic payload,
and (3) the linker that links the mAb to the payload. While
the payload aims to kill the targeted cancer cells, the linker
ensures stability in systemic circulation while enabling
the payload’s controlled release within the target cell. The
interplay among these elements, along with the conjugation
chemistry, site of attachment, and drug-to-antibody ratio
(DAR) introduces unique physicochemical and biological
challenges that distinguish ADCs from their mAb parent
molecule and its individual components [3, 4].
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Since the approval of the first ADC, Mylotarg® in 2000,
the field has witnessed significant progress, with 16 ADCs
approved globally and over 300 in clinical development as
of 2025 [5]. Early generation ADCs were limited by the use
of labile linkers, such as acid-cleavable hydrazone, and sto-
chastic lysine or cysteine conjugation, often resulting in sub-
optimal stability and safety profiles [6]. Subsequent genera-
tions have incorporated more robust linkers and site-specific
conjugation strategies, improving the therapeutic index and
reducing off-target toxicity [7]. Despite these advancements,
ADCs remain inherently less stable than their parent mAb,
necessitating tailored solutions during formulation and DP
process development and scale-up, while considering an
increased safety level [8].

Formulation development of ADCs should address insta-
bility typically introduced by conjugating the mAb to the
linker and payload, such as linker cleavage or increased
aggregation [9-11]. In addition, instability caused by either
physical and chemical stresses associated with external fac-
tors such as storage temperature, mechanical stress (i.e.,
shaking), light exposure, and oxidative stress can further
compromise the ADC’s stability and should be addressed
during formulation and process development [10, 12-14].
Chemical liabilities from linker instability can result in pre-
mature, non-specific release of the free drug, causing sys-
temic side effects due to exposure of the potent cytotoxic
payload to healthy tissues. Consequently, to mitigate some
of these stability risks, most marketed ADCs are supplied as
lyophilized powders to enhance drug product’s (DP) shelf-
life and minimize degradation [15]. However, lyophiliza-
tion introduces its own complexity, requiring careful opti-
mization of excipients, cycle parameters, and reconstitution
stability [16, 17]. Moreover, ADC stability can be further
impacted during scale-up and fill-and-finish operations,
making it essential to implement tailored process devel-
opment steps and well defined control strategies to ensure
product integrity and consistency [8, 18].

This article presents a comprehensive review of ADC
stability considerations, formulation development and DP
process development considerations including control strat-
egy. The latter are discussed with a particular emphasis on
lyophilization, while other unit operations are addressed
only with regard to ADC-specific risks. Drawing data
from approved ADC products and the available literature,
this review aims to inform on best practices for develop-
ing robust, clinically effective, and commercially viable
ADC DPs. Although the landscape of biologic conjugates
is rapidly expanding, encompassing diverse combinations of
biologic-linkers-payloads architectures, such as radio-con-
jugates and oligonucleotide conjugates, this review focuses
on molecules containing solely a mAb, linker, and cytotoxic
payload construct and other molecule types are considered
out of scope as their construction could alter their stability
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and influence the overall final DP formulation and process
approach.

ADC Stability
Contributing Factors to ADC Stability

ADC stability is inherently more complex than mAb sta-
bility due to the incorporated linker-payload moiety which
introduces additional chemical liabilities and perturbs the
mAb’s physicochemical properties [19, 20]. The conjuga-
tion of a typically hydrophobic payload can alter surface
charge, hydrophobicity, and colloidal and conformational
properties, leading to reduced solubility, increased aggre-
gation, and impact on pharmacokinetics [3]. Moreover, the
linker-payload itself is prone to chemical degradation under
stress conditions. Consequently, ADC stability should be
considered as an integrated property of the entire conju-
gate rather than as the sum of the individual components
— the mAb, linker, and payload. Stability risks generally fall
into two broad categories: (i) physical stability, including
aggregation, conformational perturbation, and (ii) chemical
stability, encompassing chemical modifications to the mAb,
linker or payload.

Figure 1 lists the cause of ADC instability and conse-
quences to the molecule undergone during development,
shelf-life stability, and in-use stability. The causes of insta-
bilities arise from both intrinsic, conjugation-induced per-
turbations and extrinsic stress factors encountered through-
out the ADC lifecycle as shown in Fig. 1. Beyond careful
selection of linker and payload, tailored formulation design
is critical to mitigate physicochemical instability across the
product’s shelf-life.

Intrinsic, Conjugation-induced Instability of ADCs

ADC:s require payloads with high potency because the mAb-
based drug delivery system limits the absolute amount of
cytotoxic agent reaching the target cell necessitating that the
drug be effective at concentrations several orders of mag-
nitude lower than those used in traditional chemotherapy
with small molecules [21-23]. The small-molecule payloads
used in most ADCs, such as Auristatins (MMAE), May-
tansinoids (DM1), and Camptothecin derivatives (Exatecan
and Deruxtecan), are highly potent, non-polar and inherently
hydrophobic [24, 25]. The attachment of those hydrophobic
molecules changes the surface charge, increasing its overall
hydrophobicity and thereby reducing overall colloidal and
conformational stability [9, 10, 26]. Differential scanning
fluorimetry and dynamic light scattering experiments have
shown the correlation between the destabilization of the
native mAb structure and the increasing hydrophobicity of
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Fig.1 Key stability considerations and stress factors in ADC formulations

the payload [27]. Although higher drug loading can theoreti-
cally enhance the drug’s efficacy, excessive hydrophobic-
ity associated with high DARs has been linked to increased
aggregation [9, 10, 25, 28]. Accordingly, the DAR of most
commercially approved ADCs is typically within a range
of 2 to 4, with few exceptions as shown in Table I. How-
ever, the success of Enhertu® with a DAR of 8 has driven
a trend toward the development of ADCs with higher DAR,
most often using topoisomerase I inhibitor payloads (SN-38,
Dxd). This shift toward higher DARs may introduce addi-
tional stability challenges, requiring careful selection of the
linker and formulation [29].

The conjugation chemistry and the attachment site sig-
nificantly influence the physical stability of ADCs, affect-
ing aggregation as well as thermal stability [30-32]. For
example, the conventional lysine conjugation method can
reduce surface charge through the removal of the positive
lysine charge, increasing aggregation risk [33, 34]. Similarly,
cysteine-maleimide conjugation, which involves reducing
interchain disulfides, introduces hydrophobic linker and pay-
loads. Guo et al. reported that such modification decreased
the parent mAb stability by decreasing the overall structure
compactness and increasing hydrophobicity, despite retain-
ing the secondary or tertiary structures [26]. Site-specific
conjugation strategies, such as engineered cysteines or enzy-
matic methods, enable rational site selection to optimize sta-
bility which is critical as the location of the conjugation site
can modulate hydrophobicity, aggregation propensity, and
conformational stability. For instance, conjugation in buried
regions can shield hydrophobic payloads and reduce aggre-
gation, whereas conjugation near solvent-exposed areas
often increases hydrophobicity and aggregation [31, 35-37].

Linker design in ADCs has evolved not only to con-
trol payload release but also to modulate the conjugate’s
hydrophobicity and stability. The different linkers com-
monly used have been reviewed previously [38, 39] and
are shown in Table I for each commercialized ADC. Early
linker designs were selected primarily based on their cleav-
age mechanism and systemic stability. The linker types can
be broadly divided into four categories: acid-labile, redox-
labile, enzyme-labile, and non-cleavable [38]. In addition to
those cleavage mechanisms, more recently, linker architec-
tures have been refined to incorporate hydrophilic or charged
motifs, such as poly(ethylene glycol) or amino acid residues,
to enhance solubility and minimize ADC aggregation associ-
ated with the conjugation of hydrophobic payloads [38, 40].

Instability of ADCs Induced by External Stresses

Extrinsic stress factors introduced during the development
and product lifecycle, such as thermal, pH, freeze—thaw, or
mechanical stress and light exposure can lead to the degra-
dation of ADCs [11]. The impact of those external stresses
on the parent mAb molecule can lead to physicochemical
changes such as protein aggregation, fragmentation, and
denaturation and these degradation pathways have been
extensively reviewed [41-45]. In contrast, the system-
atic investigation of these environmental stress factors on
ADC:s have been far less reported in literature. One study by
Wakankar et al. demonstrated that elevated temperature can
impact the physicochemical stability of the ADC in com-
parison to the parent mAb [46]. ADCs generally exhibit low
thermal stress tolerance, which can destabilize and expose
hydrophobic regions, increasing aggregation propensity.

@ Springer
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The extent of thermal sensitivity varies with linker type and
payload hydrophobicity [9]. Mohamed et al. assessed the
stability of lysine-linked ADC Trastuzumab emtansine in
comparison to its parent Trastuzumab as a function of agita-
tion, freeze—thaw, and pH stress, in addition to thermal stress
[11]. In general, the aggregation of the ADC, measured by
size-exclusion chromatography (SEC), dynamic light scat-
tering, and sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, was increased relative to its parent mAb
as a function of the applied stresses, even at temperatures as
low as 25°C, whereas no significant changes were observed
as a result of freeze—thaw stress. This degradation was attrib-
uted to the presence of the drug-linker, which resulted in
the alteration of the reversed-phase liquid chromatography
profile as well as the decrease in conformational stabil-
ity measured by differential scanning calorimetry (DSC),
impacting the molecule's overall stability during applied
external stresses [11, 46].

The presence of the linker and payload can introduce
additional pH-dependent chemical instability in ADCs,
beyond the well-characterized pH effects on the parent
mADb, such as isomerization and deamidation [45, 47]. Such
sensitivity can lead to premature cleavage of the cytotoxic
payload [48] (Fig. 1). Specifically, the hydrazone moiety
containing acid-cleavable linker has a short half-life at pH
5.0 [49], leading to the premature release of payload when
the pH of the DP formulation buffer is not suitable. Cur-
rently often used enzymatically cleavable dipeptide-based
linkers (e.g., valine-citrulline or valine-alanine) are designed
to remain largely stable under formulation and storage con-
ditions and undergo efficient cleavage only after internaliza-
tion and lysosomal protease processing.

Some of the small molecule payloads used in ADCs are
light-sensitive due to their chemical structure and reactive
functional groups required for their cytotoxic activity [14,
50]. A study by Thiess et al. demonstrated that an ADC
exhibited photo-degradation, including oxidation, under rel-
atively mild exposures (36 Wh/m? UV and 56 kLuxeh vis),
not observed in the mAbs-only counterpart [51]. This photo-
sensitivity was strongly dependent on payload type, with the
greatest impact on ADCs conjugated to Exatecan, a Camp-
tothecin derivative, for which a strong presence of reactive
oxygen species (ROS) was measured. Based on other studies
for other Camptothecin derivatives, the photodegradation
involves lactone ring opening, suggesting that the pH might
be one of the important factors for the light-sensitivity of
ADCs with Camptothecin derivatives [14, 50, 52-55].

Furthermore, oxidative stress can also be induced by the
presence of ROS generated through metal oxidants, such
as Cu(Il) and Fe(II/III) and/or introduced during the manu-
facturing process, for example via fermentation media,
buffers/excipients including surfactants, isolator steriliza-
tion, container closure systems [13, 56-59]. Glover et al.

@ Springer

demonstrated that these metal-catalyzed reactions not only
lead to oxidation but also to changes in aggregation and frag-
mentation, for both cysteine- and lysine-conjugated ADCs
[13]. The results demonstrate that the conjugation did not
make the ADC more susceptible to chemical modifications
relative to the parent mAb however increased aggregation
was observed upon exposure to additional oxygen relative to
the parent mAb. This review focuses on the stability related
to the DP development up to in-use stability. Therefore, any
liabilities after administration such as premature release of
free-payload linker from thiol-maleimide conjugation by
retro-Michael reactions are out of scope of this review.

The degradation pathways aforementioned can negatively
impact critical quality attributes (CQAs) related to immu-
nogenicity, pharmacokinetics, and potency, and must be
minimized through rational ADC design and an optimized
formulation. The liabilities outlined underscore the need for
controlled formulation and DP manufacturing process envi-
ronments, coupled by robust analytical strategies tailored
to monitor ADC-specific quality attributes. Comprehensive
analytical tools are thus essential for monitoring ADC sta-
bility throughout development and long-term stability to
achieve the targeted shelf-life [60, 61]. Furthermore, analyti-
cal comparability studies are required for the implementa-
tion of manufacturing and formulation changes throughout
the product lifecycle[8, 62]. Beyond the standard analytical
methods employed to assess the stability and purity of mAbs
such as size variants analysis by SEC and capillary elec-
trophoresis SDS, charged variant analysis by imaged capil-
lary isoelectric focusing or ion-exchange chromatography,
and potency analysis, ADCs require additional analytics
to evaluate ADC specific quality attributes. These include
methods to determine the average DAR, drug load distribu-
tion, residual drug by for example chromatographic methods
[63]. Analytical strategies around ADCs is outside the scope
of this review and will not be further discussed here, it has
been well documented in the literature [8, 60, 61, 63-65].

Formulation development of ADCs
Formulation Review of Marketed ADCs

The landscape of the 16 marketed ADCs offers valuable
insight into formulation strategies of ADCs as detailed com-
positional data of most clinical stage ADCs remains largely
publicly undisclosed. Table I summarizes the formulation
profiles of marketed ADC DP as of October 2025, based
on information from the Package Leaflet (FDA), the Sum-
mary of Product Characteristics (SmPCs) (European Medi-
cines Agency, EMA) or equivalent regulatory document
provided by other national authorities (i.e., Aidixi™ and
Jiataile™ approved only in China by the National Medical
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Products Administration (NMPA)). Given the scope of this
review, ADCs that have been withdrawn or granted only
provisional approval were also included. In contrast, mol-
ecules which lacked the typical linker-cytotoxic payload
architecture of ADCs, such as Lumoxiti® sometimes ref-
erenced in other published work were excluded [66]. As
shown in Table I, the majority of approved ADC formula-
tions contain a buffering and a stabilizing agent, and a non-
ionic surfactant, typically polysorbate, and are formulated
at concentrations below 20 mg/mL, except for Blenrep®,
reported at 50 mg/mL. The relatively low DP concentrations
reflect the low dosage required for these potent drugs (often
much below 10 mg/kg) and their intravenous administration
route, which avoids the volume limitations associated with
subcutaneous delivery, increasing in popularity for many
mAD therapeutics [67]. Finally, only one of the marketed
ADC drugs listed in Table I is presented in liquid form,
Elahere®, an anti-Folate Receptor-a mAb (IgG1) conjugated
via a cleavable linker to cytotoxic payload DM4. Although
unusual to have an approved liquid ADC DP, this may be
indicating a trend in recent years towards liquid formulation
ADC products [51]. Interestingly, Elahere® has a long shelf-
life stability of 60 months at 2-8°C [68], likely enhanced by
the chemically robust amide linkages, despite the heteroge-
neity of the lysine conjugation [69]. Despite the advantages
of liquid dosage forms (avoiding the need for reconstitution,
resulting in faster administration in the clinic), lyophilized
DP formats predominate presumably to enhance shelf-life
and stability.

As shown in Table I, all excipients are common excipi-
ents found in mAb-based DP formulations and fall within a
typical range for intravenous parenteral biological products
[70, 71]. Although histidine buffer remains the predominant
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Fig.2 Number of commercialized ADC product from Table I by (A)
DP formulation buffer and (B) DP formulation pH. Black bars rep-
resent lysine conjugation and gray bars cysteine conjugation technol-

choice (found in 50% of disclosed ADC formulations), the
overall distribution of buffer type and pH range is more het-
erogeneous compared to conventional mAb formulations
[71]. While mAbs are generally formulated at pH 5-7 (aver-
age around 5.8, with no significant trend between low and
high concentration products [71]), ADC formulations span
a broader pH range from pH 5.0 to 8 (Fig. 2). This broader
distribution likely reflects the additional stability constraints
imposed by the conjugated linker-payload in addition to the
mAb itself. Among two major conjugation methods used in
the commercial ADCs (Table I), cysteine-maleimide conju-
gated ADCs, are typically formulated under slightly acidic
conditions, between 5.3 and 6.6, presumably to prevent the
hydrolysis of thio-succinimide ring and maintaining ADC's
physical stability for long-term storage. In contrast, lysine-
conjugated ADCs formulation buffer pH range both acidic
(pH 5) and basic (pH > 7.5) pH, reflecting the reduced prod-
ucts susceptibility to hydrolysis. Specifically the slight basic
formulation from lysine conjugated products corresponds to
acid-labile hydrazone linker containing ADCs (Mylotarg®
and Besponsa®) to avoid the release of payload in the for-
mulation buffer.

Most approved ADCs contain one or more excipients
commonly found in parenteral biologics. Notably, all con-
tain a disaccharide, such as sucrose or trehalose, with 12
of 16 containing sucrose, while the remaining contain tre-
halose (Table I). Mannitol, a saccharide-derivative, is also
present in Aidixi™ and Tivdak®. These sugars have been
reported to contribute to stability during storage and recon-
stitution and are especially important for cake quality and
product stability in lyophilized presentations [17]. Disaccha-
rides enhance the conformational stability of mAbs through
preferential exclusion by favoring the folded state of the

B o

# of ADC products

i 1l

5.0 5.3 5.5 6.0 6.2 6.5 6.6 7.5 8.0

DP formulation pH

ogy. pH values for Aidixi™ and Jiataile™ not available in Chinese
package insert or other official documentation, therefore excluded
from graph
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protein [72] and act as cryoprotectants during freeze—thaw
and lyophilization. While these mechanisms have been well
described for mAbs, their role on ADCs stability remains
limited. Additional stabilizers appear in 2 of the 16 marketed
ADCs, Dextran 40 (Mylotarg®), and NaCl (100 mM NaCl
in Mylotarg®, and 10 mM NaCl in Besponsa®). Dextran
40, similarly to the sucrose already present in Mylotarg®,
can help stabilize and provide cryo-protection. Interest-
ingly, Adem et al. reported that formulation with high ionic
strength (> 50 mM NaCl) generally contributed to increased
aggregation and fragmentation of an ADC compared to its
parent mAb, attributing this to hydrophobic interactions
induced by the conjugation, in particular at increased DAR
[24]. Furthermore, the excipient NaCl is generally avoided
in lyophilized formulations as it tends to crystallize during
freezing and drying which can compromise cake integrity,
making it unlikely in general to be included as an excipient
in ADC products [17].

Although ADCs containing Camptothecin payloads are
susceptible to photodegradation, none of the currently mar-
keted ADC products include antioxidants commonly used
in photo-sensitive mAb formulations, such as methionine
[73]. Recent studies by Luo et al. demonstrated that optimiz-
ing buffer and excipient selection can mitigate light-induced
ADC degradation compared to the parent mAb [14]. For
example, histidine buffer can act as a scavenger, although
pH shifts under light stress were observed. Additional pro-
tection was achieved by incorporating excipients such as
methionine, ascorbic acid, or sucrose. Instead, mitigation
strategies at the DP level, shown in Table I, rely primarily on
protective packaging, such as amber vials. Additional pro-
tective measures may be implemented during development
and manufacturing, however, such details are not publicly
disclosed in product labeling. In regards to metal-catalyzed
oxidative degradation, only one product, Blenrep®, con-
tains a chelators (ethylenediaminetetraacetic acid, EDTA),
to protect its auristatin payload. EDTA can play a protective
antioxidant role by chelating metal ions that catalyze the
formation of ROS [71].

Non-ionic surfactants, in particular polysorbate 20 (PS20)
and polysorbate 80 (PS80) are ubiquitous in ADC formula-
tions, serving to prevent aggregation, including agitation-
induced aggregation [74] and unwanted surface adsorption
which can be more pronounced due to ADC’s increased
hydrophobicity relative to unconjugated parent mAb. The
distribution of surfactant type mirrors recent trends observed
in mAb formulations: while earlier mAb products before
2015 predominantly used PS80 (~ 60%), smaller proportions
used PS20 (~20%) or no surfactant (~20%), newer trends
indicate a shift toward PS20, now present in 34% of mAb
formulations while only 2% lack surfactants [75]. ADCs
DP exhibit a similar pattern, with 50% containing PS80,
while 37.5% contain PS20, and 12.5% with no surfactant
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consistent with evolving formulation preferences. Surfactant
concentrations in ADCs (typically 0.02-0.1% w/v) are com-
parable to those used in mAbs.

Although the limited number of commercially approved
ADC:s restricts robust statistical or trending analysis, the
available, albeit fragmentary, information suggests that
ADC formulation strategies both overlap with and diverge
in certain respects from classical mAb formulation norms.
Core excipients such as disaccharides and non-ionic sur-
factants remain common to both modalities; however, ADCs
introduce additional considerations driven by linker-payload
moiety. These constraints manifest into broader pH ranges,
narrower buffer and excipient choices. Recognizing these
trends early is critical for designing robust and adapted ADC
formulations that balance mAb stability principles and lia-
bilities from the ADC linker-payload conjugation.

ADC Formulation Development Strategy

Figure 3 depicts a suggested DP pre-clinical formulation and
process development strategy for ADCs. While many princi-
ples align with mAbs development, such as physicochemical
stability screens within a Quality by Design (QbD) frame-
work supported by relevant analytical and statistical tools
[61,76-78], ADC development introduces additional com-
plexity due to the linker-payload conjugation [79]. These
unique attributes demand tailored approaches, without com-
promising development timelines, to ensure a stable DP with
the desired shelf-life [20, 61]. Furthermore, the emergence
of next-generation ADC technologies aimed at improving
the therapeutic window and reducing toxicity adds further
challenges, including diverse conjugation chemistries and
more varied mAb scaffolds [2].

A risk-based approach is essential to prioritize CQAs and
identify formulation variables most likely to impact ADC
stability and safety. Early screening, or ‘developability’
assessments as described in Jarasch et al., are critical to both
mAb and ADC candidates to inform on lead selection [80].
These screens, leveraging in-silico and in-vitro tools, can
identify stability liabilities and inform formulation design,
although in-silico computational approaches are less mature
for novel constructs such as ADCs than for mAbs [80-83].
The formulation development of the mAb unconjugated
intermediate should consider the intended storage conditions
(i.e.,£—65°C) which contrasts with the final ADC DP or
typical mAb-only DP formulations, typically stored at 2—-8°C
[15]. Furthermore, excipient compatibility with the conjuga-
tion steps should be considered to minimize buffer exchanges
and avoid components that interfere with coupling reactions,
for example, primary amine excipients (e.g., histidine) in
lysine-based conjugation [15, 61]. Surfactants should also
be excluded, as they are difficult to remove and may mask
reactive sites, thereby disrupting conjugation chemistry [84].
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Preclinical Development CMC Development Clinical Manufacturing

Typical 6 -12 months 6 - 9 months 6 months
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" Non-GMP DS DS GMP
Ds N ADC lead candidate development ADC DS process development " .
Activities pilot batch manufacturing
..*ADC candidate selection * ADC formulation lock
Pre-formulation | Formulation definition: |
DP Key screening excipients combination * ADC DP process lock
Activities DP process development including
lyophilization
Non-GMP DP DP GMP
pilot batch manufacturing
DP Key « Developability assessment « Formulation screening (surfactant, excipients combinations optimization) « Manufacturing under GMP
Operational « Stability under different pH and + DP unit operation selection and process parameter evaluation * GMP release testing
Ep luati buffer conditions « Lyophilization development (if applicable: cycle, Tg" and/or Tc, cake appearance) + GMP stability testing
valuations « Forced degradations studies + Non-GMP stability testing
Analytical Method screening and feasibility Method development and

Development (SEC, RP-HPLC, HIC, CE-SDS, etc.) e fit-for-purpose testing

* ADC candidate selection

Decision to advance ADC candidate based on:
« Biological activity and safety

« Adequate stability window

« Developability including manufacturability

Milestone (%)
Description &
Decision
Criteria

% ADC formulation lock

Decision to lock DP formulation based on:

+ Demonstrated physical & chemical stability
(accelerated & stress)

« Excipient compatibility established

—» Method validation (based on ICH Q2(R1)) —»  Validated methods for GMP release

% ADC DP process lock

Decision to lock DP process based on:

« Defined unit operations and process parameters
 Proven process parameter ranges

+ Compatible with DS process and DP operations

Fig.3 Example of an ADC DP preclinical formulation and process
development workflow from ADC lead candidate development to
clinical manufacturing. Stages involving DP activities are highlighted
with a black outline. Stars indicate major development milestones for
DP. Abbreviations: ADC, antibody—drug conjugate; CE-SDS, capil-
lary electrophoresis-sodium dodecyl sulfate; CMC, chemistry, manu-
facturing, and controls; DP, drug product; DS, drug substance; GMP,

Optimizing the parent mAb formulation early can accelerate
timelines and mitigate supply constraints, as mAb material
is often available ahead of conjugation and process devel-
opment. High-throughput, plate-based screening methods
should be employed when feasible, to conserve material and
accelerate development [85].

Conjugation frequently compromises molecular stability,
therefore acceptable mAb stability does not ensure ADC
stability [20, 84]. To mitigate ADC-specific liabilities, a tai-
lored formulation development should incorporate excipients
such as sugars, surfactants, as discussed previously [79, 84].
A systematic strategy should include screening of pH and
buffer systems as well as excipient evaluation under acceler-
ated and stressed conditions [86, 87]. Given the hydrophobic
nature of ADCs and the typical lower DP concentration,
thereby increasing the risk of surface adsorption, surfactant
selection should be carefully evaluated. Here, polysorbate
degradation is a known challenge in liquid dosage forms,
as even trace levels of lipases from host cells can drive deg-
radation. A careful monitoring using orthogonal analytical
methods alongside identification and lipolytic activity assays
can be performed [88, 89]. Higher polysorbate concentra-
tions can be used, whilst balancing the impact of peroxide
and fatty acid generation from polysorbate degradation [58].
With the strong preference for lyophilized presentations for

good manufacturing practice; HIC, hydrophobic interaction chroma-
tography; ICH, International Council for Harmonization of Techni-
cal Requirements for Pharmaceuticals for Human Use; RP-HPLC,
reversed-phase high-performance liquid chromatography; SEC, size-
exclusion chromatography; Tc, collapse temperature; Tg', glass transi-
tion temperature of the maximally freeze-concentrated solution

early-stage formulations and in the current commercialized
ADC products, lyophilization prevents time-dependent pol-
ysorbate degradation and particle formation. On the other
hand, formulation parameters should be optimized for suc-
cessful lyophilization, particularly in anticipation of the
commercial presentation. This includes for example avoid-
ing high salt concentrations and phosphate buffers, which
can lead to risks of crystallization and poor cake structure,
or volatile buffer species such as acetic acid [16] (see Lyo-
philization strategies for further details). However, frozen
liquid DP presentations as applied for other immunoconju-
gates [15], may represent a viable alternative, particularly for
early clinical trials. Finally, primary packaging considera-
tions, typically glass vials for ADCs, should be integrated
early in development (see Process Scalability and Control
Strategy for further considerations).

Lyophilization Strategies

Despite recent advances in liquid dosage forms (e.g. Ela-
here®), linker-related degradation pathways mentioned in
early sections and shown in Fig. 1, including hydrolysis and
premature payload release, remain major stability liabilities
[90]. For ADCs with linkers that are particularly sensitive

@ Springer



224 Page 10 of 17

AAPS PharmSciTech (2026) 27:224

to degradation in aqueous environments, lyophilization can
provide substantial stability benefits by minimizing hydroly-
sis and other stress factors encountered in liquid formula-
tions (Fig. 1) and can be included in the DP development
workflow (Fig. 3).

Lyophilization Cycle Development

When developing a lyophilization cycle, conducting a com-
prehensive analysis of the thermal properties of the final
formulated ADC is crucial to ensure correct parameters for
the lyophilization process are selected. The glass transition
temperature of the maximally freeze-concentrated solution
(T,’) and the collapse temperature (T.), are critical product
properties [16]. T';" is determined using appropriate thermal
analytical techniques such as modulated temperature DSC
[91, 92]. A conservative safety margin should be applied
below the measured T, by light transmission freeze-drying
microscopy to avoid a microcollapse of the lyophilized
cake [93]. Therefore, the target product temperature (7))
during primary drying is typically set at approximately
2-5°Cbelow T (or below T, for amorphous systems), also
to account for process variability and edge vial effects [94,
95]. To the best of our knowledge, no trends in the thermal
behavior (T, or T,) of ADCs compared to antibodies are
reported in literature. Moreover, the thermal behavior of a
formulation is predominantly influenced by its excipients
and their concentrations as well as the concentration of the
protein [96, 97], implying that common lyophilization strate-
gies for proteins are also applicable to ADCs.

However, ADCs present additional challenges due to
the conjugation of the payload. Conjugation, especially via
certain chemistries such as thiol-maleimide, can reduce the
structural stability of the antibody scaffold when subjected
to thermal stress [26, 98]. Buecheler et al. describe how
increasing payload hydrophobicity can also contribute to
reduced ADC conformational thermal stability as well as
an enhanced propensity to self-associate [90]. This addi-
tional complexity of the ADC molecule, as also mentioned
in the previous section on ADC stability, highlights the
need to experimentally determine the stability of the mol-
ecule from the start of lyophilization until the completion
of reconstitution.

Safety Considerations

The high potency of ADC payloads and the potential for
airborne particle generation during lyophilization neces-
sitate stringent safety measures to protect laboratory per-
sonnel and ensure safe handling. However, isolators and
containment strategies applied at manufacturing scale may
not always be available in development laboratories [99,
100]. Alternatively, protective bags can be used to mitigate
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this risk. However, protective bags were shown to hinder
vapor flow leading to extended drying times which should
be considered during scale-up [101, 102], e.g. through mod-
eling as discussed below. Furthermore, to reduce the risk of
handling highly potent active material during small-scale
laboratory studies and to conserve active material, surro-
gate formulations can be employed. Such surrogate formu-
lations should have similar physical attributes to the DP,
including total solids content, viscosity, surface tension,
density, and product temperature profile during processing
[103, 104]. Such surrogates can consist of a high molecular
weight substance replacing the active, e.g. Dextrans, and
at least a bulking agent[104]. Nevertheless, it is important
to include representative active vials in strategic locations
across the lyophilizer shelf to generate product quality read-
outs. Surrogate vials then serve the purpose of simulating
a full lyophilizer load which is an important factor during
cycle development and optimization [94]. In addition, as
highlighted earlier, the majority of ADCs are formulated at
low active concentration, further justifying the use of sur-
rogate as a suitable readout of key attributes such as cake
appearance and T}, during lyophilization cycle development.
As disclosed by McGarvey et al. [105], comparable cake
appearance, moisture content and reconstitution time was
demonstrated between a formulated mAb-MMAE conjugate
active at 10 mg/mL and its corresponding placebo after lyo-
philization in the same cycle. Thermocouples were placed
in placebo vials to support tracking the endpoint of primary
drying which was shown to correlate well with other in-
process monitoring tools (i.e., thermal conductivity, pressure
and relative humidity).

Beyond these practical approaches, strategies such as
design of experiments and modeling can support lyophili-
zation process development [106—-109]. Although not neces-
sarily specific to conjugated mAbs, these same approaches
benefit more complex ADC lyophilization development,
ensuring minimal quantities of highly potent ADC active
material need to be handled for any given study, while still
generating a robust dataset suitable for cycle optimization
and subsequent scale-up to manufacturing.

Process Scalability and Control Strategy

Although ADCs require tailored analytical strategies for
each component as highlighted earlier [4, 110], the overall
DP manufacturing process is largely similar to that of uncon-
jugated mAbs, which is well described in recent literature
[77].

As outlined in the previous section on lyophilization
strategies, the use of surrogate during lyophilization process
development and characterization is advantageous, particu-
larly during scale-up, when lyophilizer load is key to verify
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cycle transferability, and where it is important to study the
impact of a fully loaded lyophilizer at scale. ‘Seeding’ the
surrogate loaded lyophilizer shelves with active vials is an
accepted approach [111, 112]. Moreover, it is highly desir-
able to minimize the number of runs needed for a successful
cycle scale-up through the use of modeling tools and by pref-
erentially performing small scale runs [94]. As highlighted
by Ramprasad, a cycle optimization, i.e. the primary drying
shelf temperature, can be significantly accelerated through
dynamic approaches, e.g. in certain pilot scale freeze-dry-
ers using SMART™ technology [78], or via mechanistic
models [113]. Mechanistic models also provide benefit in
scaling up predictions of small-scale trial runs and statisti-
cal tools can further fill knowledge gaps, as reported in a
conference poster by Koci et al. [114]. Furthermore, design
space approaches are particularly valuable in identifying
optimal processing conditions and a safe operating window
to avoid undesirable outcomes such as product collapse or
an impact on critical quality attributes [107, 113, 115]. Scal-
ability considerations for all other unit operations during
DP manufacturing are well described by Das et al., includ-
ing compounding, homogenization, filtration, filling and the
associated CQAs which may be impacted by the applied
stresses [116].

As previously described in the stability section of this
review, ADCs can be photo-sensitive. To address this sen-
sitivity, mitigation measures during DP large scale manu-
facturing should be implemented, as described in the recent
literature [14]. Some of the measures include installation of
safer light sources, such as yellow, amber or red light as well
as LED lighting. Additionally, for the final DP packaging,
reduced UV transmittance, multi-layer cyclic olefin poly-
mer (COP) vials and amber glass vials have been proven to
offer protection from photodegradation, with COP provid-
ing a moderate protection compared to amber vials, which

Product Understanding

demonstrated a substantial mitigation of photodegradation,
preventing changes in both high-molecular weight species
and pH. Mylotarg®, Besponsa®, Enhertu® and Datroway®
are examples of marketed ADC products which are packaged
in amber vials as shown in Table I.

Vial fogging, a largely unpredictable phenomenon, has
been observed more frequently in lyophilized ADC vials
[117-120], likely driven by the combination of the reduced
surface tension from surfactants and the hydrophobic pay-
loads, with conjugation increasing molecular hydropho-
bicity, exposing hydrophobic domains that preferentially
migrate to air—liquid and container-liquid interfaces [121].
Approaches reported to reduce and control vial fogging
include the use of hydrophobic-surface vials, specific pro-
cessing conditions (e.g., adjustment of the depyrogenation
parameters, incorporating a prolonged pre-freezing hold
or an annealing step), and formulation adjustments (e.g.,
increasing viscosity or increasing surface tension by omit-
ting a surfactant) [119, 121]. A minor degree of fogging is
generally regarded as a cosmetic defect while fogging in the
neck region is considered critical due to a potential impact
on container closure integrity [122], which was, however,
recently shown to be limited [123].

During the transition from early clinical phases to late
and commercial phases, process knowledge gained from
early development will influence the process design phase
and Stage 1 process validation, which should account for
the constraints of commercial-scale manufacturing limita-
tions (Fig. 4). Stage 2 focuses on the qualification of facili-
ties, equipment, and utilities as well as process performance
qualification (PPQ), ensuring that the design established in
Stage 1 will be reproducible in commercial-scale manu-
facture [124]. For ADCs specifically, it is an expectation
to apply QbD principles, risk-based containment, and
integrated control strategies for both biologic and small
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(CQAs)
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« DAR « Early integration of
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(bioassay/cell-based) (Bechtold-Peters 2023)
« Physico-chemical
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« Sterility, endotoxin
« Particulate matter
(Wagh, 2018)

« Building process
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Critical Process
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induced aggregation)

(Aoyama 2021)
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potency and
complexity
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impacting CQAs

(ICH Q9, Alsaidalani

2022)
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(Process
Characterization)
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molecule payload

+ Scale-down models

+ Hold-time studies
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+ Robustness studies

« Unit operation control

« Extractables &
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(ICH Q8(R2), FDA ADC
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Stage 2 Process
Validation

(Process Performance
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« Proof of reproducible
ADC manufacturing
process at
commercial scale
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+ Analytical control
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Fig.4 A science and risk-based DP process control strategy with
considerations from recent ADC literature. Abbreviations: IV, intra-
venous; DAR, drug-to-antibody ratio; QbD, Quality by Design; ADC,

antibody—drug conjugate; CQA, critical quality attribute; CPP, criti-
cal process parameter; mAb, monoclonal antibody
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molecule components based on ICH guidelines [125-127].
It is important to highlight that there is not yet a harmo-
nized approach to CMC strategies for ADCs [8], and local
authority expectations differ across regions, with for exam-
ple FDA following a cross-center approach in a single BLA
submission, with the Center for Biologics Evaluation and
Research (CBER) leading the review for mAb, conjugation,
DP quality and sterility and Center for Drug Evaluation and
Research (CDER) experts involved for small-molecule pay-
load and linker chemistry aspects. A consistent and con-
trollable process requires upfront assessment of risk and
process characterization studies to establish criticality of
process parameters and proven acceptable ranges. An over-
view of considerations when defining the control strategy
for an ADC, with references to recent relevant ADC reviews
and articles [8, 12, 63, 64, 125-130] is presented in Fig. 4.

Bechtold-Peters et al. provide an in-depth analysis of the
complexities with ADCs, highlighting control strategies,
critical quality attributes that are specific to ADC products,
including free drug impurities, unconjugated mAb, DAR,
conjugate variants, potency and charged species [8]. The
paper compares traditional linear validation strategies ver-
sus more modern process validation approaches. The former
poses timeline challenges specifically for ADCs, where the
DP PPQs use validated drug substance (in turn prepared
from a validated mAb intermediate and a separately vali-
dated drug-linker intermediate) knowledge. More forward-
looking considerations, using QbD principles, involving
risk-based and data-driven approaches, are increasingly
accepted for ADCs by the regulatory agencies and support
accelerating clinical-to-commercial transitions without com-
promising quality [131].

Conclusion

Conjugation-induced instability and increased hydrophobic-
ity from cytotoxic payloads makes ADCs more vulnerable
to environmental stresses, leading to increased risks such
as aggregation, linker hydrolysis, and premature payload
release impacting both drug efficacy and safety. This review
highlights how to address these liabilities through tailored
formulation and DP process development relying on pub-
lished works and on the data available from marketed ADCs.
The latter demonstrates the reliance mostly on more tradi-
tional excipients (sugar, buffer, surfactant) with formulation
pH values tailored to linker and payload chemistry and the
predominance of lyophilized formats to tackle instability
issues. Although ADCs introduce analytical and manufac-
turing complexities, the overall DP process remains largely
analogous to that of the parent mAb. Risk-based strategies,
including QbD principles, are essential to define critical
process parameters and mitigate ADC-enhanced risks, such
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as photodegradation and vial fogging during lyophilization.
Robust scale-up and commercialization workflows depend
on well-integrated control strategies, predictive modeling,
and design space approaches to ensure an efficient devel-
opment of reliable and robust processes. While regulatory
expectations for ADCs remain non-standardized, science-
driven and flexible validation strategies are recommended.
Looking forward, it is expected that the molecular com-
plexity of the ADC constructs will increase, driven by the
growing diversity of each component and the expansion
of therapeutic targets. Furthermore, alternative routes of
administration (e.g. subcutaneous), higher doses, or a shift
towards liquid or frozen dosage forms will be explored for
specific therapies. During this evolution, pharmaceutical
development will benefit from the presented strategies and
may require even more innovative formulation and process
solutions to ensure stability, manufacturability, and safety.
Addressing these complexities would enable the develop-
ment of next-generation ADCs that are clinically effective,
commercially viable, and safe throughout their lifecycle.
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