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INTRODUCTION

Cutaneous T-cell lymphomas (CTCLs) are a group of non-
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ABSTRACT
Background: This study aimed to develop a stable, clinically suitable topical mechlorethamine

formulation using Quality by Design (QbD) principles to address chemical instability and cytotoxicity.
The objectives were to establish a data-driven formulation design space, identify critical material
attributes, and apply a surrogate active pharmaceutical ingredient (API) approach to ensure biological
performance while enabling safe early-stage optimization. Methodology: A 23 full factorial Design of
Experiments (DOE) was employed to evaluate the effects of ethanol, isopropyl myristate (IPM), and
Carbopol 974P on assay concentration, viscosity, and pH. Regression modeling and response surface
analysis were used to define the formulation design space. Diclofenac sodium was used as a surrogate
API to study matrix behavior prior to the incorporation of mechlorethamine. The optimized formulation
was subjected to long-term, refrigerated, and accelerated stability studies. Results and Discussion:
Carbopol 974P concentration was identified as the primary factor influencing viscosity, while assay
concentration and pH remained stable across the design space. The optimized formulation (73% ethanol,
3% IPM, and 0.12% Carbopol 974P, pH 5.5) met all Quality Target Product Profile criteria. Bridging
studies demonstrated comparable physicochemical properties between surrogate and mechlorethamine-
loaded formulations, indicating excipient-driven performance. Under ICH stability conditions, the
optimized formulation retained 98.3% assay after 3 months at 40°C/75% RH (0.9% loss), with total
impurities remaining at 0.19% (NMT 0.5%), stable viscosity (40-60 cps), controlled pH (5.51-5.53),
and no physical instability. Conclusion: The QbD-driven approach enabled the development of a stable,
reproducible, and biologically effective topical mechlorethamine formulation suitable for scale-up and
regulatory advancement.

involve other parts of the body at first. CTCLs constitute
approximately 65-75% of all primary cutaneous lymphomas.

Hodgkin T-cell tumors that primarily affect the skin and don't
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These are groups of diseases that present very differently in the
clinic, in histopathology, in biological behavior, and in
prognosis [1,2]. Because of this variability, it is very important
to accurately classify diseases to make appropriate treatment and
prognosis decisions [3]. The most common type of CTCL is
mycosis fungoides (MF). In most cases, it starts with patches and
plaques on the skin and slowly worsens [4]. However, disease
progression happens in only a small number of cases, and the
risk of nodal, hematogenous, or visceral involvement is higher
in advanced stages [5-8]. Sézary syndrome (SS) is a rare but
aggressive type of CTCL characterized by generalized
erythroderma, lymphadenopathy, and circulating malignant
Sézary cells [2]. CD30-positive (CD30+ LPDs), such as
lymphomatoid papulosis and primary cutaneous anaplastic
large-cell lymphoma (pcALCL), account for about 11% of
CTCLs. These disorders usually have a good prognosis, but
patients are at a higher risk for secondary lymphoid
malignancies [2,9]. From an epidemiological standpoint, the
global incidence of CTCL is estimated at fewer than 10 cases per
100,000 individuals annually [10].

The disease, on the other hand, is much more common, up to ten
times more common, because people with early-stage disease
live longer [9].MF and SS consistently exhibit a male
predominance (approximately 1.7:1) and typically manifest in
adults aged 50 to 70 years [9,11,12]. Patients diagnosed at an
early stage have a lower median age (57 years) than those with
advanced disease (63 years) [12]. Early-stage MF is often
misdiagnosed because it looks a lot like benign inflammatory
dermatoses, but advanced disease is usually diagnosed within a
year of the first symptoms [13]. While incidence rates seem to
be fairly stable across different areas, studies have shown that
non-white populations are more likely to recognize
hypopigmented MF [14-16].

Clinical outcomes in CTCL are significantly influenced by
disease stage. Five-year overall survival estimates range from
49% to 100% in early-stage MF and drop sharply to 0% to 65%
in advanced disease [5,7,17-19]. Prognosis is also affected by
factors, including positive features such as
poikilodermatous or hypopigmented lesions, and negative
features such as advanced age at diagnosis, large-cell
transformation, folliculotropic involvement, and elevated serum
lactate dehydrogenase levels [12]. The PROCLIPI (PROspective
International Cutaneous Lymphoma Prognostic Index) study has
generated substantial global prospective data on MF and SS,

various

incorporating clinical, pathological, molecular, therapeutic,
quality-of-life, metrics, thereby making a
significant contribution to disease stratification and risk
assessment [11,13,14,20,21].

and survival

Mechlorethamine hydrochloride (also known as chlormethine or
nitrogen mustard) has historically been a key drug for treating
early-stage CTCL, especially MF. Mechlorethamine is a
bifunctional alkylating agent that causes cell death by creating
highly intermediates that alkylate
nucleophilic sites on DNA and proteins. This causes DNA cross-
linking, stops replication, and causes malignant T cells to die
[22]. Mechlorethamine, the first nitrogen mustard, is historically
significant as one of the first chemotherapeutic agents used in
clinical practice; its therapeutic role has since changed to topical
use for localized disease. In the past, topical mechlorethamine
was given in compounded aqueous solutions or ointments,
which varied widely in strength, stability, and ease of use. This
inconsistency in formulation often led to a loss of drug activity,
a short shelf life, and a high rate of irritant or allergic contact
dermatitis. To overcome these constraints, a commercially
produced mechlorethamine gel (Valchlor®/chlormethine gel)
with a standardized formulation and confirmed stability was
developed and subsequently approved by the U.S. Food and
Drug Administration in August 2013 for the treatment of Stage
IA-IB MF [23]. The availability of this regulated product
underscored the importance of having strict chemistry,
manufacturing, and controls (CMC) in place to ensure the
product was safe, effective, and of high quality [24].

reactive aziridinium

Figure 1 presents a comprehensive review of the clinical context
lymphoma (CTCL),
mechanism of action of topical mechlorethamine, and the
formulation strategy driven by Quality by Design (QbD) utilized
in this work. Early-stage mycosis fungoides (MF) is generally
limited to patch and plaque lesions on the skin, whereas
advanced disease, such as Sézary syndrome, is characterized by
diffuse erythroderma and systemic involvement. Upon topical
administration, mechlorethamine undergoes
cyclization to form a reactive aziridinium intermediate that can
alkylate DNA in malignant T cells, ultimately leading to
apoptosis. Due to the inherent chemical instability of this
nitrogen mustard and the necessity for consistent dermal
delivery, the formulation development program adhered to a
structured Quality by Design (QbD) framework, which included
defining the Quality Target Product Profile (QTPP), identifying

of cutaneous T-cell the molecular

intramolecular
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critical quality attributes (CQAs), conducting systematic
experimental optimization, and bridging model-drug to create a

scientifically sound and robust design space for final product
development.

4 D
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Figure 1: Overview of the clinical rationale, molecular mechanism, and QbD-driven formulation strategy for a stable topical
mechlorethamine product, including solvent—polymer interactions affecting viscosity

Recent clinical and translational research conducted in 2023-
2024 has broadened the therapeutic and regulatory framework
for topical mechlorethamine, underscoring the necessity for
meticulous formulation development. A clinical trial comparing
a non-chemotherapeutic topical alternative (synthetic hypericin,
HyBryte™) to mechlorethamine gel showed similar lesion
responses and better tolerability, indicating continued interest in
non-alkylating topical agents and that long-term management
requires good local tolerability [25]. Real-world and
observational studies published in 2023-2024 continue to
support the clinical utility of chlormethine gel across early and

some advanced MF cohorts, while also documenting contact
dermatitis & other local reactions as frequent causes for
treatment modification — findings that directly inform
acceptable quality attributes for topical product [24,26,27].
Recent FDA product-specific guidance and regulatory review
documents stress the need for stability-indicating analytical

methods and, when appropriate, clinical endpoint-driven
comparability or bioequivalence assessments for topical
mechlorethamine products. This is because the compound is
chemically unstable and cytotoxic [28]. Recent investigations
have demonstrated the expanded implementation of Quality by
Design (QbD) methodologies in semi-solid and transdermal
systems, with particular emphasis on risk-based formulation
development, critical quality attribute mapping, and structured
design space establishment in topical drug products [29,30]. At
the same time, advances in preclinical and materials science
suggest possible ways to improve chemical
controlled dermal release & local tolerability for topical antineo-
plastics [31]. These technologies are mostly still in the
preclinical stage, but they show how a QbD framework can be
used to evaluate mechanistic approaches within a defined design
space. All of these changes in the clinical, regulatory, and
technological fields make a systematic QbD approach with
model-drug bridging necessary during early experiments to (i)

protection,
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allow for strong stability-indicating analytics, (ii) reduce the
risks of occupational exposures, and (iii) define a safe, efficacy-
preserving formulation design space for mechlorethamine
topical products. Even though it has been shown to work well in
the clinic, the physicochemical properties of mechlorethamine
make it very difficult to make. The molecule is highly
chemically unstable and rapidly decomposes in aqueous and
semi-solid environments, generating reactive aziridinium ions
that readily react with water, excipients, and nucleophiles. This
causes assay loss and complicated degradation profiles [32].
Aside from these general worries about instability, the way
mechlorethamine breaks down is caused by
electrophilicity. The molecule quickly forms a highly reactive
aziridinium intermediate by self-cyclization. Water or other
nucleophiles can then open this intermediate, which results in
hydrolyzed, inactive products.
hydrolysis has a low activation energy and follows biphasic
kinetics. This is why topical products that are aqueous or semi-
aqueous have lost their effectiveness quickly in the past.
Agueous solutions usually break down within a few days, but
non-aqueous systems remain stable for much longer by reducing
the amount of water available for activity. Oxidative pathways
may also help break things down, especially in cars that use
glycols or ether-based solvents. That's why different ways of
making things need antioxidant systems like BHT. These
mechanistic insights show that the most important formulation
challenge is ensuring the molecule remains protected from

its own

This aziridinium-mediated

water, nucleophiles, and oxidative conditions to maintain its
potency during manufacturing, storage, and clinical use [33].
Because of this natural instability, there are strict limits on how
formulations can be made. This means that the amount of water,
pH, compatibility with excipients, antioxidants, and packaging
systems must all be carefully controlled.

Historically, these breakdown routes rendered compounded
mechlorethamine formulations unstable and resulted in varying
potency Many of these formulations required
refrigeration and had very limited beyond-use dates due to rapid
degradation and hydrolysis. The rapid formation of numerous
degradation products necessitates the development of robust,
stability-indicating analytical procedures. These technologies,
typically high-performance liquid chromatography,
frequently employed in conjunction with mass spectrometry to
detect contaminants and ensure regulatory compliance [34].

Mechlorethamine is a high-potency active pharmaceutical
ingredient (HPAPI), necessitating adherence to stringent safety

levels.

are

and containment regulations throughout its development and
manufacturing processes. These include closed handling
systems, OEL-based exposure controls, customized HVAC
systems, and effective cleaning methods [35]. These restrictions
render conventional empirical formulation approaches highly
constrained and call for the adoption of alternative, less
hazardous development procedures. Achieving an optimal
balance between effective skin penetration and satisfactory local
tolerability remains a significant challenge, particularly given
chemical and occupational constraints. The composition of
vehicles, solvent systems, penetration enhancers, polymeric
gelling agents, and rheological properties all influence the
efficacy of transdermal drug delivery and the incidence of
adverse effects, such as contact dermatitis. Prior research
comparing various topical vehicles concurrently has revealed
distinct features regarding their release efficacy and tolerance
levels. This illustrates the significance of creating coherent
formulations [36]. The chemical, analytical, safety, and
performance limitations render traditional empirical formulation
screening approaches inefficient. This emphasizes the need for a
systematic, risk-focused development methodology. This work
sought to formulate and enhance a resilient topical
mechlorethamine preparation using a comprehensive Quality by
Design (QbD) methodology to address diverse clinical,
chemical, and operational limitations. The main objectives were
to create a scientifically defined formulation design space that
regulates critical quality attributes, to reduce the risk of worker
exposure to hazardous substances during the early stages of
formulation development by employing a surrogate model drug
strategy, and to develop a stable and reproducible formulation
that adheres to regulatory quality standards for topical cytotoxic
therapies. Following the ICH QB8(R2) guidelines [37], the
Quality by Design (QbD) framework was utilized to clarify the
relationships between critical material attributes, formulation
variables, and product efficacy. This enabled the establishment
of a secure operational design area that guarantees consistent
product quality. Moreover, the incorporation of systematic
physicochemical and rheological optimization enabled the
methodical improvement of a formulation characterized by
enhanced resilience and reproducibility. Utilizing model-drug
bridging strategies in the early stages of testing increased
laboratory safety, improved understanding of the process, and
enabled the systematic development of chemically unstable,
high-potency topical formulations such as mechlorethamine
[38].
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MATERIALS AND METHODS
Materials

Ethanol (96%), purified water, isopropyl myristate (IPM), and
carbopol 974P were used to make the formulation. Ethanol
enhanced drug permeation through the stratum corneum by
acting as the primary solvent for hydrophobic components
[39,40]. Carbopol polymer was hydrated and thickened by
adding purified water as a cosolvent [41]. IPM acted as a polar
emollient to prevent ethanol from drying out and acted as a
lipophilic penetration enhancer [39]. Carbopol 974P, a cross-
linked acrylic acid polymer with high molecular weight, was
chosen to modify rheology because it is stable, adheres to living
tissues, and performs well at high ethanol concentrations [41].
When sodium hydroxide is added to the polymer, it ionizes and
expands, thereby thickening the formulation [41]. Diclofenac
Sodium served as a model drug during the screening and
optimization phases because it is ionic and readily dissolves in
hydroalcoholic systems. This made it possible to test the
rheological and pH design spaces without the problems
associated with using a cytotoxic agent [37,42].
Mechlorethamine was the main active pharmaceutical ingredient
in the final product. All materials were of pharmaceutical grade
and used as received.

Quality Target Product Profile (QTPP)

The Quality Target Product Profile (QTPP) summarizes the
quality characteristics of a drug product, including crucial
factors for drug safety, effectiveness, and patient acceptance.
The QTTP for topical mechlorethamine solution was designed
in line with the Quality by Design (QbD) principles, ensuring
maximum topical absorption and minimum systemic toxicity
[43,44]. The clinically established therapeutic concentration of
mechlorethamine for maintenance therapy is 0.02%. During
development, a 2% model load was used to determine the
formulation vehicle's solubility limits and to provide a "worst-
case" scenario for optimization. Stability criteria were set to
ensure the product could be stored at room temperature for at
least 24 months. This made it much easier for patients to stick to
their treatment plan and manage their supply chain because it
didn't need to be kept cold. Also, the formulation was described
as a clear, colorless-to-pale-yellow, thick liquid.

This visual specification ensures that there is no rain and that the
only color changes are small, caused by trace oxidation. These
changes must not be the same as signs of major degradation that
could make something unsafe or less effective. Taken together,

these QTPP elements set the target characteristics for the topical
mechlorethamine solution. The QTTP framework serves as the
foundation for identifying Critical Quality Attributes (CQAS)
and designing experiments (DoE), which in turn help improve
formulation characteristics and reduce risks associated with
scale-up and commercialization [43,44].

Critical Quality Attributes (CQAS)

Assay, pH, and viscosity are the three main CQAs for the topical
mechlorethamine solution, identified using the QTTP
framework. Assay, which ranges from 90-110%, quantifies the
actual amount of drug against the label claim. This helps ensure
precise dosing and minimize dose variability. The pH of the
mechlorethamine solution should be maintained within the range
of 5-6 (close to the skin’s natural acid mantle) to avoid
degradation in an extremely alkaline environment, support long-
term API stability, and address acid sensitivity issues in CTCL
patients. The viscosity of the mechlorethamine solution should
be maintained within the range of 40-60 centipoise (cps) that
strikes a balance between spreading consistency and therapeutic
effectiveness. These CQAs work together to provide measurable
standards that help us develop formulations, control processes,
and verify quality. They ensure that all of these things align with
the main QTPP goals [45-47].

Analytical Methods

Validated analytical methods compliant with ICH Q2(R1)
guidelines [47,48] were employed to evaluate the critical quality
attributes (CQAs), including pH, viscosity, and assay of
mechlorethamine and model drug formulations. High-
performance liquid chromatography (HPLC) with UV detection
was used for quantitative analysis of the active pharmaceutical
ingredients. Chromatographic separation was achieved using a
C18 reverse-phase column (250 x 4.6 mm, 5 pm particle size).
The mobile phase consisted of methanol and 50 mM ammonium
formate buffer (30:70, v/v), with the buffer pH adjusted to 4.5
using formic acid. The flow rate was maintained at 1.0 mL/min
under isocratic conditions, with an injection volume of 20 L.
Detection wavelengths were set at 254 nm for diclofenac sodium
and 210 nm for mechlorethamine. Samples were appropriately
diluted within the validated linearity range, and five-point
calibration curves were constructed for quantification. Assay
results were expressed as a percentage of the labeled claim. The
method demonstrated acceptable precision (RSD < 2%) and
accuracy (recovery 98-102%), confirming its suitability as a
stability-indicating method [49,50]. Formulation pH was
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measured with a calibrated digital pH meter after dispersing 10
mL of the formulation in distilled water, and readings were
recorded in triplicate. Viscosity was determined at 25°C using a
rotational viscometer. Stability studies were conducted under
accelerated (40°C/75% RH), ambient (25°C/60% RH), and
refrigerated (2-8°C) conditions at predefined intervals [51].
Analytical data were statistically evaluated using Design-Expert
software.

Formulation Strategy

The formulation was designed in accordance with the QbD
principles. A non-aqueous, hydroalcoholic vehicle system was
used to ensure optimal dissolution of the API and to reduce its
hydrolysis. Ethanol improved permeation through the stratum
corneum and faster drying after being applied to the skin [52].
Isopropyl myristate increased lipid bilayer fluidity in the
epidermis and protected the skin from excessive drying caused
by ethanol [53]. Optimum rheology was attained by using
carbopol 974P [45]. A 2° factorial design of experiments
revealed that polymer content was the primary factor affecting
the formulation's rheology.

Statistical modeling further confirmed that minor variations
within the design space do not affect the assay or pH, thereby
demonstrating the robustness of the formulation [46]. A bridging
study using diclofenac sodium as a surrogate compound
confirmed that the rheological behavior and pH characteristics
of the model formulation were representative of those of
mechlorethamine at the intended target concentration of 0.02%.

Furthermore, stress testing under accelerated and refrigerated
conditions confirmed both physical and chemical stability, with
no evidence of precipitation, phase separation, or loss of clarity,
indicating maintenance of a homogenous system [46]. Thus, the
optimized combination of hydro alcoholic solvent system, IPM,
and carbopol 974P resulted in a patient-friendly, skin-
compatible, and storage-stable formulation [54].

Design of Experiments (DoE)

A full 28 factorial DoE was employed to evaluate the effects of
key excipients on CQAs, including assay, pH, and viscosity.
This design enables simultaneous assessment of three variables
at two levels, allowing identification of both main and
interaction effects with a limited number of experiments [55,56].
Ethanol (Factor A, 70-80%), IPM (Factor B, 1-5%), and
carbopol 974P (Factor C, 0.1-0.5%) were selected as high-risk

factors based on initial risk assessment. Ethanol levels were
adjusted to ensure the solubilization of lipid components while
minimizing volatility and skin irritation; IPM concentrations
were optimized for emolliency and phase stability; and carbopol
levels were chosen to achieve suitable rheological properties for
topical application [57,58]. Factor levels were coded from -1 to
+1 to standardize comparisons across variables. DoE data were
analyzed using Design-Expert software, and regression models
were developed to quantify factor-response relationships. Model
significance and adequacy were confirmed by analysis of
(ANOVA), diagnostic plots, coefficients of
determination, and lack-of-fit tests. This statistical approach
enabled the identification of robust operating ranges and
supported formulation optimization within the QbD framework
[55-58]. To balance experimental efficiency with occupational
safety cytotoxic
mechlorethamine handling, a 23 full factorial design was
deliberately selected as a structured screening approach to
identify significant main effects and two-factor interactions on
CQAs. ANOVA and lack-of-fit testing confirmed model
adequacy within the explored design space, with no statistically
significant curvature detected. Although isolated viscosity
responses (e.g., Run 7) suggested potential non-linearity, the
predictive performance of the linear model remained acceptable
for factor prioritization and design space establishment.
Advanced quadratic response surface methodologies (e.g., Box—
Behnken or Central Composite Design) are reserved for
subsequent optimization and scale-up phases to further refine
rheological mapping if required.

variance

considerations associated with

Manufacturing Process Development

The process was conducted in defined stages to ensure complete
solubilization, uniform dispersion, and stabilization of all
components, while preserving the integrity of the polymer
network and API stability. The solvent phase was prepared by
blending water and ethanol at low shear (500-600 rpm) for 10
minutes to ensure homogeneity and prevent air entrapment. The
model drug was then dissolved under moderate shear to ensure
uniform solubilization. Carbopol 974P was subsequently
dispersed under high shear (800-1000 rpm for 50-65 mins) to
prevent agglomeration and enable full polymer hydration, a
critical requirement for cross-linked carbomers. Neutralization
was performed using 0.1 N NaOH under controlled shear to
achieve a target pH of 5.5. For a 100 g batch containing 0.12%
w/w Carbopol 974P, approximately 8.5 mL of 0.1 N NaOH was
required, corresponding to ~70-75 mL of base per gram of
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polymer. The base was added dropwise under continuous mixing
(600-800 rpm) to ensure uniform ionization of the carboxylic
acid groups and complete polymer expansion without localized
over-neutralization. Precise control of the base addition rate and
final pH was identified as a critical process parameter (CPP) that
influences gel viscosity and microstructural integrity. Mixing
speed, shear history, and the order of addition were identified as
critical process attributes (CPPs) that influence viscosity,
homogeneity, and stability. This staged mixing strategy enabled
target CQAs supported
development of a robust, scalable manufacturing process [59].

consistent attainment of and

Model Drug Bridging

To mitigate occupational safety risks associated with the highly
cytotoxic mechlorethamine during formulation optimization,
diclofenac sodium was employed as a model drug. A
confirmatory bridging study was conducted to verify the
predictive capability of DoE and to assess whether the model
compound adequately represented the target API with respect to
CQAs. Test formulations were prepared using equivalent
excipient compositions, containing diclofenac (2%) or
mechlorethamine (0.02%) as the active ingredient, with ethanol
(73%) as the solvent, IPM (3%) as the permeation enhancer, and
carbopol 974P (0.12%) as the viscosity modifier. The pH was
adjusted to 5.5 using 0.1 N NaOH, and purified water was added
to achieve the final formulation volume. This bridging approach
enabled safe evaluation and optimization of the topical vehicle
prior to the incorporation of cytotoxic API, in accordance with
QbD principles [60-62].

Stability and Stress Testing

The optimized topical mechlorethamine formulation underwent
comprehensive stability and stress testing to assess its chemical
and physical stability across varied environmental conditions.
Stability studies were conducted under refrigerated (2-8°C),
long-term (25 °C/60% RH), and accelerated (40 °C/75% RH)
conditions in accordance with ICH stability guidelines to assess
degradation behavior, impurity formation, and physical
performance over time. Chemical stability was evaluated using
validated HPLC methods developed and applied in compliance
with ICH(Q2) R1 requirements. Physical stability was assessed
through periodic evaluations of viscosity, pH, and visual
appearance to detect potential changes, including phase
separation, precipitation, or discoloration. Additional short-term
stress studies were performed at an elevated temperature (60°C)
and under refrigerated conditions to assess the formulations'

robustness to extreme thermal stress. These studies were
designed to ensure that the hydro-alcoholic vehicle, polymer
network, and buffering system remained intact, thereby
supporting formulation stability across anticipated storage,
handling, and use conditions in line with QbD principles
[48,49,63].

RESULT AND DISCUSSION
DOE Outcomes and Statistical Modeling

Raw data and Replicate Analysis

Tables 1 show the experimental design matrix and the observed
responses for assay, viscosity, and pH. The eight-run factorial
design incorporated systematic variations in the quantities of
Ethanol, IPM, and carbopol 974P at elevated and diminished
levels to evaluate the impact of the formulation’s composition
on CQAs. The assay values varied from 98.7% to 101.1%,
indicating uniform distribution of the drug content throughout
the design area. The pH measurements remained consistent,
ranging from 5.46 to 5.59, indicating suitability for the skin and
demonstrating the formulation’s robustness. Viscosity exhibited
significant variation (28-152cP), indicating that rheological
behavior is highly responsive to polymer concentration and the
interactions between polymers and solvents. When the carbopol
quantity was minimal (runs 3, 6, and 8), the viscosity values
remained low. At higher carbopol concentrations (Runs 4 and 5),
the viscosity values were markedly elevated; despite containing
0.5% w/w Carbopol 974P, Run 7 (80% ethanol, 1% IPM)
exhibited a markedly reduced viscosity (28 cP). This behavior
reflects a solvent-quality-driven microgel collapse phenomenon
rather than simple polymer deficiency. Carbopol is a crosslinked
polyacrylic acid polymer whose viscosity development depends
on ionization of carboxylate groups and subsequent electrostatic
repulsion-driven chain expansion in a hydrated environment. At
elevated ethanol concentrations (80%), the dielectric constant of
the continuous phase decreases substantially compared to
aqueous systems. This reduction in polarity limits carboxylate
ionization and weakens electrostatic repulsion between polymer
chains, thereby suppressing volumetric expansion of the swollen
microgel network. Simultaneously, the presence of IPM
introduces a hydrophobic component that may further reduce
effective solvent quality and promote preferential solvent—
solvent interactions over polymer—solvent interactions. Under
these high co-solvent conditions, the polymer network
undergoes deswelling and partial microgel contraction, resulting
in diminished macroscopic viscosity despite elevated polymer
concentration. This composition, therefore, represents a
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boundary condition within the explored formulation space,
where solvent-mediated suppression of polymer expansion
overrides the thickening contribution of Carbopol. The observed

viscosity reduction in Run 7 is thus mechanistically consistent
with solvent-induced microstructural collapse rather than
experimental anomaly.

Table 1: DOE Experimental Runs with Actual and Coded Factor Levels and Observed Responses

RuUn Ethanol | Ethanol | IPM (% IPM Carbopol 974P (% | Carbopol Assay Viscosity oH
(%v/v) | (coded) wiw) (coded) wiw) (coded) (%) (cP)
1 80 +1 5 +1 0.5 +1 101.1 127 5.52
2 80 +1 1 -1 0.5 +1 99.7 121 5.47
3 70 -1 5 +1 0.1 -1 100.9 49 5.51
4 70 -1 5 +1 0.5 +1 98.7 148 5.47
5 70 -1 1 -1 0.5 +1 99.3 152 5.55
6 70 -1 1 -1 0.1 -1 100.2 46 5.59
7 80 +1 1 -1 0.5 +1 99.1 28 5.46
8 80 +1 1 -1 0.1 -1 98.9 34 5.52

ANOVA Significance

The combined ANOVA summary (Table 2), supported by
diagnostic plots (Figure 2), demonstrated that each critical
quality attribute responded differently to formulation variables.
The assay was significantly affected by all main effects and
interaction terms, indicating that Ethanol, IPM, and Carbopol
each contribute independently and synergistically to drug
content uniformity. Similarly, pH exhibited strong statistical
sensitivity to all formulation variables, with high F-values
indicating that even small compositional changes resulted in
measurable shifts. Importantly, these variations remained within
the dermally acceptable range, ensuring practical applicability of
the formulation. In contrast, viscosity did not show statistically
significant linear or interaction effects in the two-level factorial
design (p > 0.05), as supported by the predicted-versus-actual
and residual diagnostic plots (Figure 3). Although viscosity
numerically varied between 28 and 152 cP across experimental
runs, a two-level factorial design estimates only first-order
(linear) and interaction effects.

The absence of statistical significance, therefore, indicates that
viscosity is not governed by systematic linear relationships
among factors within the evaluated design space. Rather, the
observed variability is attributable to nonlinear solvent—polymer
equilibrium  phenomena intrinsic to  Carbopol-based
hydroalcoholic systems. At elevated ethanol concentrations, the
dielectric constant of the medium decreases substantially,
potentially suppressing ionization of Carbopol carboxylate
groups and limiting electrostatic chain expansion. Under such
conditions, the polymer network may undergo solvent-induced
deswelling, resulting in threshold-type rheological transitions.
These curvature-driven microstructural changes cannot be fully
captured by a first-order factorial model. Importantly, the lack

of fit for viscosity was non-significant (p = 0.6340), confirming
the absence of systematic model inadequacy or experimental
anomaly. Further dataset evaluation identified Run 7 (80%
Ethanol, 1% IPM, 0.5% Carbopol) as contributing substantially
to dispersion, with a measured viscosity of 28 cP. Rather than
representing an outlier, this condition reflects a compositional
boundary phenomenon consistent with
microgel collapse at high ethanol fractions.

solvent-mediated

This observation reinforces the interpretation that viscosity
behavior is governed by nonlinear solvent—polymer interaction
dynamics within the explored formulation domain. This
behavior is further supported by the close agreement between
predicted and actual values and the uniform distribution of
residuals for assay and pH responses (Figure 4).

Despite the absence of statistical significance for viscosity
within the first-order model, this does not compromise the
robustness of the established design space. Assay and pH—
identified as primary critical quality attributes—demonstrated
strong statistical significance across both main and interaction
effects and therefore served as the fundamental determinants of
design space definition. Viscosity limits (40-60 cP) were
conservatively established based on experimentally validated
acceptable performance ranges rather than statistical
extrapolation, ensuring reliable boundary definition while
acknowledging inherent rheological nonlinearity. Collectively,
these findings confirm that the developed models are suitable for
describing the critical formulation behavior within the studied
domain and provide a scientifically sound foundation for
subsequent  response scale-up
considerations.

surface refinement and
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Table 2: Combined ANOVA Significance Summary for All CQAs
Viscosity - .
Source Aésay(Yl) Assay p- Significance | (Y2) F- Viscosity Significance PH(Y3)F- | pH p- Significance
-value value value p-value value value
Model - - Significant - - Not - - Significant
g significant g
A- 20951.56 | 0.00440 | Significant 1.19 0.4723 . th 233244.08 | 0.00132 | Significant
Ethanol significant
B-IPM | 19892.81 | 0.00451 | Significant | 0.00002 0.9970 sign,\ilf?(t:ant 232130.08 | 0.00132 | Significant
C- 20784.75 | 0.00442 | Significant 5.71 0.2524 . th 222224.08 | 0.00135 | Significant
Carbopol significant
AB 9504.18 | 0.00653 | Significant | 0.0054 0.9532 . th 101762.12 | 0.00200 | Significant
significant
AC 10889.14 | 0.00610 | Significant | 0.0329 0.8858 signl\ilfci)::ant 110459.26 | 0.00192 | Significant
BC 13617.16 | 0.00546 | Significant | 0.3839 0.6469 . '\.k.)t 153012.31 | 0.00163 | Significant
significant
ABC 8874.88 | 0.00676 | Significant | 0.3110 0.6761 signl\ilfci)::ant 95632.69 | 0.00206 | Significant
Lack of Not
Fit B - B B 0.6340 significant B - -

Note: The two-level factorial design estimates first-order (linear) and interaction effects. Non-significant viscosity results indicate
the absence of systematic linear factor influence within the evaluated design space. The lack-of-fit for viscosity was non-
significant (p = 0.6340), indicating no evidence of model inadequacy.
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Figure 4: (A) Predicted vs Actual pH values. (B) Residuals vs Predicted pH values

Response surface analysis

The three-dimensional response surface plots provided a
complete picture of how Ethanol and Carbopol interacted to
affect the assay, viscosity, and pH. These graphical models
the findings by illustrating the
interconnections of factors within the formulation space and
identifying regions where CQAs remain within acceptable
limits. The response surface plot for the assay (Figure 5)
indicated that assay values decreased predominantly linearly
with increasing Ethanol concentration. This indicates that the
solvent system adversely affected the medication content. On the
other hand, higher amounts of Carbopol had a small positive
effect on the assay. The surface had a gentle slope and no sharp
curves, making the reactions and interactions among factors easy
to predict. The ANOVA showed significant main and interaction
effects, which were consistent with this smooth profile.

enhance statistical

This shows that the assay is sensitive to formulation
composition, remains stable, and doesn't exhibit any sudden
changes within the ranges examined. The viscosity response
surface (Figure 5) showed the strongest gradients among the
three important quality attributes, indicating that it is the most
sensitive to compositional changes. The polymer-induced
thickening process increased viscosity significantly when
ethanol levels were low and Carbopol levels were high. On the
other hand, viscosity decreased significantly as Ethanol levels
increased. This shows that interactions between the solvent and
the polymer disrupted the Carbopol gel matrix.

The drop in viscosity can be mechanistically ascribed to solvent-
induced deswelling of the Carbopol microgel network. Carbopol
974P is a cross-linked poly(acrylic acid) polymer that increases
viscosity due to the ionization of carboxylic acid groups upon

neutralization, resulting in electrostatic repulsion, uncoiling of
polymer chains, and volumetric expansion of the hydrated
network. At high concentrations of low-dielectric solvents such
as ethanol and isopropyl myristate (IPM), the medium's effective
dielectric constant decreases significantly. This reduction
constrains carboxylate ionization and diminishes electrostatic
repulsion across polymer chains, thereby inhibiting chain
expansion.  Furthermore, competing
diminishes the accessibility of structured water necessary for
optimal polymer hydration. The cumulative effect leads to
partial network deswelling, less hydrodynamic volume of the
microgel particles, and a subsequent reduction in macroscopic
viscosity. The interaction between the solvent and polymer
elucidates the sharp gradients noted in the response surface and
the significant viscosity reduction at elevated ethanol/IPM ratios
(e.g., Run 7), although a constant polymer concentration.

ethanol  solvation

The surface exhibited significant curvature and a wide range of
reactions, as observed in experiments (28-152 cP). These data
showed that viscosity is affected by complex interactions
between the solvent ratio and the polymer concentration. This
highlights the importance of properly controlling a formulation’s
constitution to maintain rheological qualities. The pH surface
plot (Figure 5) dropped slowly as ethanol levels increased.
However, carbopol levels increase the pH. The narrow pH range
was reflected in the smooth, slightly curved surface. ANOVA
showed that all main and interaction effects were statistically
significant, that the pH shift across the design space was
minimal, and that the shift was skin-safe. Viscosity responded
strongly to ethanol and carbopol, exhibiting steep gradients and
nonlinear behavior. This indicated that the rheological stability
was rare. Combining these plots allows for a design environment
that maintains assay, viscosity, and pH.
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Figure 5: Three-dimensional response surface plots illustrating the combined influence of ethanol and Carbopol 974P
concentrations on assay content, viscosity, and pH of the mechlormethamine topical formulation

Statistical Regression Modeling and Interpretation

Regression modeling was utilized to determine the associations
between the formulation variables and the CQAs. These encoded
polynomial models function as mathematical representations of
the design space. The regression analysis of the test revealed a
highly interactive system, with all primary effects and higher-
order variables considerably affecting the response. Both
Ethanol and IPM had negative effects on the assay, which means
that the drug content was lower at higher solvent concentrations.
On the other hand, Carbopol had a positive effect, stabilizing the
assay. The size and direction of the AB, AC, BC, and ABC
interaction terms showed that the assay's performance is affected
by both positive and negative interactions among the excipients,
not by effects that occur on their own. This is in line with the
ANOVA results, which showed that all effects were statistically
significant. The viscosity model, on the other hand, showed that
Carbopol had the greatest effect, with a coefficient much higher
than the others, indicating it was the primary factor in
determining the formulation's rheological structure. Ethanol and
IPM both reduced the solution's viscosity, consistent with their
ability to prevent Carbopol networks from swelling. Even
though the viscosity effects weren't statistically significant in the

ANOVA (mostly due to the small sample size and inherent
variability), the coefficients' direction and magnitude are
chemically consistent with polymer-solvent interactions. The
simplified model, which only keeps important terms, is a good
way to predict how to control viscosity within the desired range.
The pH model showed that all factors and interactions had
statistically significant effects, despite the experimental pH
range being very small. The slight changes in pH were due to the
solvent's polarity and the ionization state of Carbopol.

Even though these effects were small in numbers, their statistical
significance shows how sensitive pH is to even small changes in
composition. Importantly, the predicted pH values remained
within physiologically acceptable limits throughout the design
space, indicating that the system is practically robust despite
being statistically responsive. The regression models show that
assay and pH depend on formulation composition in a complex
way. In contrast, viscosity depends primarily on polymer
concentration and, to a lesser extent, on solvent components.
Within the QbD framework, these quantitative models are the
basis for design space exploration, optimization, and risk-based
control strategies.
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Assay = 87.3125 — 12.4625A - 12.1375B + 12.3125C -
12.1625AB + 13.0875AC + 12.4125BC + 12.7375ABC
Viscosity = 88.125 — 8.25A — 13.25B + 58.25C - 2.75AC

pH = 5.51 - 0.02A - 0.015B + 0.02C - 0.01AB + 0.015AC +
0.02BC - 0.01ABC

To further validate the regression models, essential adequacy
statistics for assay, viscosity, and pH were assessed. All three
models showed strong goodness-of-fit indicators, with Rz,
adjusted R?, and predicted R? values that were all in line with
each other. This means there was little overfitting, and the
models made accurate predictions. The recommended thresholds
of 4 for assay and pH were exceeded by the Adequate Precision
values, indicating that the signal-to-noise ratio was high enough
to navigate the design space. The viscosity model had lower
predictive metrics than the other models, consistent with the
variability observed in the experiments. However, the adequacy
statistics remained within acceptable limits, indicating it can still
be used for qualitative interpretation and design space
optimization. Together, these model-fit parameters indicate that
the regression equations are statistically robust and can be used
to develop predictive formulations and define the design space.

Design space identification and optimization

The main result of the DOE analysis was the creation of a design
space, a verified multidimensional region of formulation
variables in which the topical mechlorethamine solution
consistently meets all predefined Critical Quality Attributes
(CQAs) and aligns with the Quality Target Product Profile
(QTPP). Statistical significance (ANOVA), regression model
predictions, and response surface interpretations were used to
find strong operating windows for Ethanol (A), IPM (B), and
Carbopol 974P (C) to create the design space. Assay and pH
showed considerable operational flexibility because their
predicted values remained within acceptable limits across almost
the entire design region. Because viscosity was the most
sensitive to formulation composition, it was the primary driver
of the design constraints.

The regression model and surface plots showed that Carbopol
concentration was the most important factor affecting viscosity.
Ethanol and IPM exhibited thinning effects, but to a lesser
extent. At the experimental low concentration of 0.1%, Carbopol
exhibited viscosities ranging from 46 to 49 cps, within the target
range of 40 to 60 cps. Relying on this boundary condition may
be precarious due to minor variations in polymer efficiency

across batches, solvent quality, or mixing shear, which could
reduce viscosity below the minimal standard. Model-based
interpolation identified an ideal carbopol concentration of 0.12%
to improve formulation stability. This alteration positions the
formulation closer to the midpoint of the viscosity goal range
(50-55 cps), hence diminishing its susceptibility to fluctuations
in raw materials and processing conditions. The DoE models
were employed to optimize the solvent system. The ethanol
concentration was set at 73%, creating a substantial
thermodynamic driving force for API dissolution and rapid
absorption into the skin. This amount was sufficiently modest to
prevent excessive decreases in viscosity or increases in pH. IPM
was optimized at 3%, which balanced its softening of skin with
its ability to lower viscosity. This ensured that the polymer
network remained strong enough to maintain the desired
rheology. The best combination of settings—73% Ethanol, 3%
IPM, and 0.12% Carbopol 974P—was completely within the
multidimensional design space. It was also expected to meet all
CQA s (assay, viscosity, and pH) with a high chance of success.
Verification batches showed that the optimized composition
gave assay values between 90% and 110%, viscosity between 43
and 55 cps, and pH between 5.50 and 5.55. This fully supports
the model predictions. This optimized area is the final design
space. It gives a scientifically sound and regulatory sound basis
for scale-up, technology transfer, and commercial trading.

Model drug bridging study

A bridging study was performed to assess the reliability of
extrapolating the formulation behavior of Diclofenac Sodium
observed during DOE development to the target cytotoxic agent,
Mechlormethamine. This assessment was crucial for validating
the predictive validity of the DOE-derived regression models
while reducing occupational exposure risk during the initial
phase of optimization. Both formulations were prepared using
the same vehicle composition: 73% ethanol, 3% isopropyl
myristate, and 0.12% Carbopol 974P, with a pH of 5.5. This
made it possible to see how the API affected the critical quality
attributes (CQAS). The comparative results in Table 3 show that
the model and target formulations are very similar. The assay
values for both APIs remained within the 90-110% range,
indicating that the solubilization and mixing processes worked
equally well for both drugs, regardless of the drug or its amount.
The viscosity values (45 cps for Diclofenac and 43 cps for
Mechlormethamine) were nearly identical, indicating that the
polymer-solvent matrix, rather than the low API load, controls
rheology.
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Despite the incorporation of Diclofenac Sodium at 2% wi/w,
compared with 0.02% w/w Mechlormethamine (a 100-fold mass
disparity), the rheological properties of this hydro-alcoholic gel
system are primarily influenced by the cross-linked Carbopol
974P network rather than by the dissolved active pharmaceutical
ingredient. At pH 5.5, Carbopol undergoes ionization and
polymer chain expansion, resulting in a three-dimensional
swollen gel structure, with viscosity primarily influenced by
polymer concentration, degree of cross-linking,
composition, and ionic strength. At the used quantities, both
active pharmaceutical ingredients remain molecularly dispersed
within the ethanol-dominant phase and constitute a modest
proportion relative to the polymer matrix. Thus, their impact on
gel microstructure disruption, chain entanglement density, or
polymer—polymer interactions is minimal. The deliberate
application of 2% diclofenac constituted a worst-case loading
scenario to evaluate the solubilization capacity and investigate
potential polymer—drug interactions. The viscosity values for
diclofenac (45 cps) and mechlormethamine (43 cps) are nearly
comparable, indicating that even with much increased drug
loading, the gel rheology is predominantly influenced by the
polymer and is unaffected by the identity of the active
pharmaceutical ingredient within this concentration range. The
pH values remained the same (5.52 vs. 5.51), indicating strong
buffering capacity and little change in the API-specific
ionization properties. A direct physicochemical comparison
further substantiates the scientific validity of the bridging
strategy. Diclofenac Sodium possesses a molecular weight of
approximately 318.13 g/mol and a logP of ~4.5, indicating

solvent

Mechlormethamine (MW = 156.05 g/mol; logP = 1.2), which is
smaller From a microstructural
perspective, higher-molecular-weight,
hydrophobic API at 2% w/w poses a greater challenge for the
hydro-alcoholic Carbopol network. Increased hydrophobic drug
loading may potentially influence solvent—polymer interactions,

and more hydrophilic.
incorporating a

alter local microviscosity, or affect chain entanglement density
within the swollen gel matrix. However, the negligible viscosity
difference observed between diclofenac (45 cps) and
mechlormethamine (43 cps) demonstrates that the three-
dimensional Carbopol 974P network remains structurally
dominant. Given that mechlormethamine is incorporated at only
0.02% w/w—two orders of magnitude lower than diclofenac—
the likelihood of API-induced microgel disruption is
mechanistically minimal. Thus, the 2% diclofenac system
loading model for
evaluating matrix robustness. Collectively, the close agreement
in assay, viscosity, and pH, together with the marked disparity
in molecular weight, lipophilicity, and loading levels between
the two APIs, confirms that formulation performance is
predominantly excipient-driven. The close agreement between
the assay, viscosity, and pH shows that the CQAs are mostly
affected by the composition of the excipients, especially the
amount of ethanol, the concentration of Carbopol, and the
conditions for neutralization, not by the identity of the API.
These results confirm that the design space and regression
models derived from the DOE can be used in the final
formulation of mechlormethamine. They also provide a strong
basis for moving on to full-scale development, stability testing,

represents a conservative worst-case

higher molecular bulk and lipophilicity relative to and eventual product sales.
Table 3: Integrated Comparison of Model and Target Formulations with Verification Batch Results (n = 3, mean = SD)
Target/ Diclofenac .
Parameter Category Specification Trial MVB Interpretation
API Level | Composition . 20% 0.02% Different drug loads do not alter vehicle behavior due
to polymer-dominated rheology.
Ethanol (%) | Composition Fixed 73.0 73.0 Primary solvent; identical in both trials.
IPM (%) | Composition Fixed 30 3.0 Enhancer/emollient; does not influence assay or pH
behavior.
Carbopol . . Governs viscosity; identical levels allow direct
974P (%) Composition Fixed 0.12 0.12 comparison.
NaOH Composition | Adjust to pH pH 5.5 pH 5.5 Neutralization behavior is unaffected by API identity.
Water (%) | Composition | Q.S. to 100% Yes Yes Base vehicle unchanged.
Assay (%) COA 90-110% 99.8 994+ 0.6 Both APIs are fully solub_lllzed; the manufacturing
process is robust.
Viscosity COA 40-60 45 443+15 Nearly identical; confirms that API does not impact
(cps) polymer gel structure at low concentration.
oH COA 5.0-6.0 552 552+ 0.04 pH is formuIatlon-contirdoeI:]eiﬁ;nd independent of API

MVB = Mechlorethamine Verification Batch (n=3)
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Optimized formulation characteristics

The final version of the optimized mechlormethamine topical
formulation was based on a thorough integration of model
predictions from DOE, verification of the bridging study, and
early stability data. The target composition in the design space
was 73% ethanol, 3% isopropyl myristate (IPM), 0.12%
carbopol 974P, and 0.02% methylchloromethyl ether. It was
neutralized to pH 5.5 with sodium hydroxide, then purified water
was added to bring it to 100%.

The final composition was carefully chosen to fall within the
viscosity specification (40-60 cps) while ensuring the assay
performed well and that the pH was suitable for the skin. At these
optimized setpoints, verification batches always met all the set
CQAs. The assay of the final formulation was 99.2%, well
within the acceptable range of 90-110%. This indicates that the
APl was dissolved and that the production procedure is
reproducible. The viscosity ranged from 43 to 45 cps, as
indicated by DoE. The selected carbopol concentration (0.12%)
is optimal for dermal application and adhesion.

The pH remained between 5.50 and 5.55, indicating that the
neutralization process and the buffer capacity of the
carbopol/NaOH combination consistently maintained a body-
safe level of acidity. The optimized formulation appeared as a
clear, colorless to pale yellow, viscous liquid, with no evidence
of precipitation, phase separation, or changes in rheology. This
appearance met the QTTP expectations and remained consistent
during both first and accelerated stability studies. Chemical
stability assessments indicated that the improved system
remained robust. Assay retention increased to 98.3% following
three months of accelerated testing. The formulation maintained
its viscosity within a predictable range of thermal responses.

When refrigerated, the viscosity increased slightly to 51 cps,
whereas at elevated temperatures it decreased marginally to 42
cps. No indications of polymer degradation or irreversible
viscosity reduction were seen. The findings indicate that the
optimized hydro-alcoholic provides a stable,
reproducible environment for mechlorethamine, preventing its
degradation via hydrolysis while preserving the intended
application properties. The robust correlation between planned
and actual performance validates the QbD design space,
confirming that the final composition is sufficiently robust for
large-scale manufacture, commercial application & clinical
utilization.

vehicle

STABILITY STUDY RESULTS

Stability testing was conducted at refrigerated (2-8°C), room
temperature  (25°C/60% RH), and elevated temperature
(40°C/75% RH). These studies were conducted to validate that
the design space generated by DOE modeling corresponded to
sustained product performance and to delineate the degradation
pathways associated with this hydrolysis-sensitive nitrogen
mustard.

Chemical Stability and Impurity Growth

The test results showed that the chemicals stayed stable in all
storage conditions. The first test showed 99.2%, and after three
months at 40°C/75% RH, it dropped to 98.3%. This 0.9% drop
under accelerated conditions indicates that the substance is
breaking down slowly, consistent with the stabilizing effect of
the high ethanol concentration (73%), which lowers water
activity and halts hydrolytic pathways common to
mechlormethamine. The total impurity level increased from
0.08% in the first test to 0.19% after three months at 40°C. This
is still well below the acceptance level of not more than (NMT)
0.5%. This small amount of impurity growth supports the idea
that keeping the formulation at pH 5.5 prevents aziridinium
formation and acid-catalyzed decomposition. These results
confirm that the optimized solvent—polymer system successfully
stabilizes mechlormethamine under both prolonged and
expedited conditions. Mechlorethamine is a bifunctional
nitrogen mustard characterized by chemical instability due to its
inherent electrophilicity. In aqueous settings, the tertiary amine
experiences intramolecular nucleophilic substitution, resulting
in the production of a highly reactive three-membered
aziridinium ion intermediate.

The cyclic cation is then assailed by water, leading to ring
cleavage and the generation of hydroxyethylated breakdown
products, which are pharmacologically inert. The sequential
hydrolysis of both chloroethyl groups can produce mono- and
di-hydroxy derivatives, typically identified as early-eluting polar
contaminants in reverse-phase HPLC analysis. The negligible
impurity increase noted under accelerated conditions (0.19% at
40°C/75% RH) suggests that the hydro-alcoholic vehicle
proficiently inhibits this aziridinium-mediated hydrolysis
pathway. The elevated ethanol concentration (73%) markedly
diminishes water activity, thereby restricting nucleophilic
assault on the intermediate species. Moreover, maintaining the
formulation at pH 5.5 preserves the tertiary amine's protonation
state, thereby diminishing the rate of intramolecular cyclization
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and reducing acid-catalyzed degradation. These
physicochemical controls collectively reduce the generation of
hydroxyintermediates and account for the low impurity levels
seen during stability testing. The included schematic (Figure 6)
depicts this mechanistic route and emphasizes how the optimal
solvent environment disrupts the degradation cascade.
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Figure 6: Aziridinium-mediated hydrolysis pathway of

mechlormethamine and its inhibition in a hydro-alcoholic
system

Physical Stability

Physical stability parameters remained within the set CQAs,
indicating that the Carbopol-thickened hydro-alcoholic matrix
was stable. The viscosity behaved consistently with temp., rising
at cooler temperatures (51 cps at 2-8°C) & falling slightly at

higher temperatures (42 cps at 40°C), with no signs of permanent
polymer degradation or thinning. The viscosity readings at room
temp. stayed around 45 cps, which is in line with the desired
range of 40-60 cps. The pH profile showed very little change,
going from 5.51 to 5.53 after three months at 40°C. The small
changes indicate that the neutralized Carbopol system can buffer
pH changes and suggest that the matrix's acid-base balance was
not disturbed by solvent evaporation or interactions between the
polymer and the solvent. The formulation was found to be
transparent, colorless to pale yellow, with no visual separation,
precipitation, or crystallization. This confirms the physical
stability of API and excipients during storage.

Stress Testing

Stress tests conducted at elevated temperatures (60 °C) and
during refrigeration cycling demonstrated the robustness of the
formulation. The API did not undergo crystallization or
reprecipitation, indicating that the thermodynamic solubility
limit was not surpassed, despite temperature fluctuations. The
ethanol-IPM-carbopol system exhibited no phase separation or
turbidity, indicating a stable mixed solvent microenvironment
and a robust polymer network. This outcome is particularly
noteworthy, as high-ethanol gels frequently decompose or
segregate into distinct solvents under significant stress. The
stability results are closely related to the design space that the
DOE set up. The optimized formulation—73% ethanol, 3%
IPM, and 0.12% Carbopol—kept all of the important quality
characteristics (assay, viscosity, pH) within the limits set during
the study. This showed that it was very strong chemically and
physically under all conditions, including refrigerated, room-
temperature, and accelerated conditions. These results show that
the regression models accurately captured the main effects of
formulation variables on product performance. They also show
that the identified optimal region is very resilient to changes in
the environment and manufacturing. Table 4 of the consolidated
stability summary shows that assay retention, impurity control,
rheological stability, and pH maintenance are all stable across all
storage conditions. This shows that the formulation is suitable
for long shelf life and room-temperature storage for commercial
development.

This publication presents the initial three-month stability results,
providing early validation of the robustness of the QbD-
optimized formulation. In accordance with ICH stability
guidelines (ICH Q1A(R2)), long-term stability tests at
25°C/60% RH and ongoing rapid assessments at 40°C/75% RH
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are being conducted. Data for six- and twelve-month periods are
being systematically generated to validate the shelf-life
designation further and demonstrate ongoing chemical and
physical stability under prescribed storage conditions. The initial
3-month data provided here indicate a positive stability

trajectory, with no observable trend toward specification drift.
Extensive long-term data will be incorporated into future
regulatory documents & development reports to provide a
conclusive determination of expiry.

Table 4: Summary of Stability Results for Optimized Mechlormethamine Topical Formulation

Specification / N RT(25°C/ Accelerated Refrigerated _
Parameter Target Initial | 60%RH) - (40°C / 75% (2-8°C)-3 Interpretation
3 Months | RH) — 3Months Months
Minimal degradation (0.9% loss)
Assay (%) 90-110% 99.2 - 98.3 - even under accelerated conditions;
strong chemical stability.
Total Impurities remain far below limits;
Impurities NMT 0.5% 0.08 - 0.19 - degradation pathways are well
(%0) controlled at pH 5.5.
Viscosity shows expected thermal
Viscosity dependence; the polymer matrix
(cps) 40-60 cps 43 45 42 51 remains intact without permanent
thinning.
Minor fluctuations; strong buffering
pH 5.00-6.00 5.51 - 553 (5.61at1 - capacity ensures pH remains within
month)
an acceptable range.
Clear, colorless— | Clear, No crystallization or phase
j Clear, no Clear, no .
Appearance | pale yellow; no ppt. no Clear, no ppt. separation across all storage
or phase separation | ppt. ppt ppt conditions; robust physical stability.
CLINICAL CONSIDERATIONS: ETHANOL-DRIVEN CONCLUSION

STABILITY-TOLERABILITY TRADE-OFF

The optimized formulation 73% ethanol, a
concentration essential for suppressing aziridinium-mediated
hydrolysis by reducing water activity and thereby ensuring the
chemical stability of mechlormethamine. However, high ethanol
levels are known to disrupt stratum corneum lipids, potentially
leading to transepidermal water loss, erythema, dryness, and
contact dermatitis—effects that are particularly relevant in
patients receiving topical nitrogen mustard therapy.

contains

The present formulation addresses this clinical trade-off by
incorporating 3% isopropyl myristate (IPM), which functions as
a lipid-replenishing emollient and penetration modifier. IPM
contributes to barrier support by reducing ethanol-induced lipid
extraction while maintaining adequate dermal permeation.
Furthermore, the Carbopol-based gel matrix moderates solvent
evaporation kinetics, potentially reducing acute ethanol
exposure at the skin interface.

Thus, the formulation represents a deliberate balance between
chemical requirements and local tolerability
clinical evaluation

stabilization

considerations.  Future will  further

characterize dermal safety and patient acceptability under real-
world use conditions.

This study demonstrates that a topical mechlorethamine
formulation can be systematically developed using Quality by
Design (QbD) principles to overcome challenges associated with
chemical instability and high potency. A 23 full factorial Design
of Experiments effectively elucidated the individual and
interactive effects of ethanol, isopropyl myristate, and Carbopol
974P on critical quality attributes, identifying Carbopol
concentration as the primary determinant of viscosity while
maintaining consistent assay content and pH across the design
space. The integration of regression modeling and response
surface analysis enabled a robust definition of a scientifically
justified formulation design space. The use of diclofenac sodium
as a surrogate active pharmaceutical ingredient allowed safe
early-stage optimization, and bridging studies confirmed
comparable physicochemical performance between the
surrogate and mechlorethamine-containing  formulations,
highlighting the dominant role of excipient interactions. The
optimized formulation (73% ethanol, 3% IPM, and 0.12%
Carbopol 974P at pH 5.5) satisfied all Quality Target Product
Profile requirements and demonstrated substantial stability
under refrigerated, ambient, and accelerated conditions. While
this study focused primarily on physicochemical stability and
formulation robustness, further clinical and long-term in vivo
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evaluations are required to establish therapeutic performance
fully. Although the laboratory-scale preparation was conducted
under regulated low-shear mixing conditions (500-600 rpm),
transitioning to industrial production requires assessing the
shear-sensitive rheology of Carbopol 974P. Carbopol, a cross-
linked poly(acrylic acid) microgel, exhibits significant shear-
thinning behavior; at high shear rates during extensive mixing,
it can undergo transient network deformation and a decrease in
apparent viscosity. This activity is primarily reversible, as long
as mechanical stress remains within structural tolerance limits.
During scale-up, it is essential to maintain geometrically scaled
impeller configurations, regulated shear-rate profiles, and
appropriate neutralization sequencing to preserve polymer
expansion and gel integrity. Consequently, although the
formulation is deemed scalable, its industrial implementation
will rely on optimizing process parameters to ensure rheological
consistency across manufacturing scales. From a Design for
Manufacture perspective, the identified design space integrates
both formulation composition and process understanding,
enabling predictable scale-up. The high-shear dispersion and
neutralization steps employed during laboratory development
are inherently scalable when the shear rate, mixing geometry,
and addition sequence are appropriately controlled in
accordance with geometric and dynamic similarity principles.
The QbD framework established in this study, therefore,
provides not only formulation robustness but also a scientifically
justified foundation for manufacturing scalability and process
transfer to industrial production. In the context of increasing
regulatory emphasis on risk-based development and lifecycle
management, this work provides a relevant and practical
framework aligned with ICH Q8(R2) guidance. The integration
of design space definition with process parameter awareness
supports scalable manufacturing, regulatory flexibility, and
future topical anticancer

commercialization of stable

formulations.
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