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Specific aspects of semi-solid dosage forms for topical application include the nature of the barrier to be overcome,

aspects of susceptibility to physical and chemical instability, and a greater influence of sensory perception.

Advances in understanding the driving forces of skin penetration as well as the design principles and inner

structure of formulations, provide a good basis for the more rational design of such dosage forms, which still often

follow more traditional design approaches. The characterization of semi-solid dosage forms also requires specific

approaches. In particular, rheology, chemical stability considering the specifics of semi-solid vehicles, and in vitro

performance testing will be discussed.

skin penetration  chemical stability  rheology  excipients  analytics

1. Introduction

Topical semi-solid formulations, especially when emulsion-based, are often systems of high complexity, requiring

sophisticated approaches for the characterization of chemical, physical, and microbial stability. In earlier stages of

development, characterization is more focused on decision-making, knowledge-gaining, and risk mitigation,

whereas the focus in later stages is on establishing data packages for submission and quality control. Especially in

the context of generic drug development, the microscale organization of matter in semi-solids is often described as

“microstructure.” Physical characterization may include microscopy, rheology, light scattering and laser diffraction

techniques for particle size characterization, and a number of spectroscopic techniques. For comprehensive

overviews of microstructure characterization in topicals, the reader can be referred to the book by Langley,

Michniak–Kohn and Osborn  and the article by Badruddoza et al. . What will be discussed in the following are

applications of rheology for formulation characterization, an area that gained importance during the last years and

were interesting case studies became available. Approaches to address chemical stability in semi-solid

formulations are less described in the literature than aspects of physical stability but are often critical for successful

development. Therefore, also this aspect will be discussed. Finally, a brief overview of in vitro methods to

investigate release, penetration, and permeation form semi-solid formulations will be given.

2. Rheological Characterization of Semi-Solids

The rheological characterization of semi-solid formulations provides an important source of information on various

aspects relevant to the systematic development and characterization of semi-solid formulations. Rheological

characteristics can be used to describe several technological processes, such as pipe flow, properties during

stirring or spraying, product removal from the packaging or how the product can be applied on the skin. Semi-solid
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formulations are typically structured liquids that follow non-Newtonian flow behaviors. This means that their

viscosity is dependent on the shear applied. Most semi-solid dosage forms show a shear-thinning flow behavior.

Whereas the viscosity at moderate and elevated shear rates is easier to determine, viscosity values at very low

shear rats of 0.001 1/s or below can only be measured by modern high-performance rheometers. Values at such

low shear rates are often also referred to as ‘zero shear viscosity.’ Whenever the viscosity of a formulation at rest

needs to be described, the zero-shear viscosity needs to be considered. This refers to the phenomena of

sedimentation or creaming in emulsions and suspensions. According to the Stokes equation, the speed of

creaming or sedimentation is inversely proportional to the dynamic viscosity . According to the Stokes–Einstein

equation, also the diffusion coefficient is inversely proportional to the viscosity. Whenever systems at rest are

described, the zero-shear viscosity needs to be considered. In Figure 1, the viscosity curves of two creams

thickened by different polymers are presented in double-logarithmic presentation (M. Köllmer, unpublished data).

Whereas the viscosity at high shear rates and, therefore, the spreadability is almost identical, cream 1 has a five-

fold higher zero-shear viscosity which makes it more stable against creaming or sedimentation.

Figure 1. Differences in shear-thinning behavior of two creams. While both creams show comparable viscosity at

higher shear rates, cream 1 (dots) has a 5-times higher zero-shear viscosity than cream 2 (triangles).

The viscoelastic properties of semi-solid formulations can be obtained using oscillatory tests such as the amplitude

sweep or the frequency sweep test. The most relevant parameters for semi-solid formulation development include

the loss modulus (symbol G″, unit Pa) that describes the viscous content of a formulation, which is a measure of

the lost deformation energy during the test. This energy is used for the alteration of the sample structure and is

delivered to the surrounding area. Ideal viscous substances have the same loss moduli before and after stress

application. The storage modulus (symbol G′, unit Pa) describes the elastic content of a formulation. It is a measure

of the stored deformation energy during the test. Ideal elastic substances have the same storage moduli before

and after stress application. The phase angle (symbol δ, unit °) describes the ratio between viscous (liquid-like) and
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elastic (solid-like) components. A value of 0° describes an ideally elastic material (e.g., steel), and a value of 90°

describes a liquid such as water. Materials with phase angles < 45° do not flow when at rest. For comparable

materials, a lower phase angle is an indication of a more pronounced internal structure. The flow point (symbol τ ,

unit Pa) is the shear stress value at the intersection of the curves of G″ and G′. If the flow point is exceeded, the

viscous portion dominates over the elastic part of a sample, and it flows. A high flow point often is a measure of

good structural stability.

Rheological investigations can contribute to the characterization, prediction and optimization aspects of formulation

aging and stability . Changes in the formulation microstructure over time or after exposure to different

temperatures can often be detected more sensitively in the rheological profile than in macroscopic or microscopic

examination. In particular, the rheological swing test—also called the temperature cycling test—introduced by

Brummer , can provide valuable contributions to the prediction of the long-term physical stability of emulsion

systems. If the loss factor tanδ (or, alternatively, the storage or complex modulus) remains constant after several

temperature cycles, this is a good indicator of long-term physical stability. Formulations that show significant

changes in these parameters, in contrast, are prone to physical instability.

Furthermore, inter-batch variability due to different excipient batches, altered manufacturing conditions, or during

storage can be determined. The similarity of the microstructure of a generic cream to an originator product can be

assessed by rheological equivalence testing. The EMA Draft guideline on the quality and equivalence of topical

products from 2019 provides specific guidance on equivalence testing for topical products in lieu of clinical

equivalence trials .

Rheological investigations have also been used to investigate correlations of viscosity with release and permeation

from semi-solid formulations. Whereas, as expected from the Stokes-Einstein equation, a negative correlation of

viscosity with the release rate could be demonstrated, no clear correlation with skin permeation or penetration

could be observed . The latter is not surprising, as the rate-limiting step for penetration into the skin is rather

the diffusion through the stratum corneum than the diffusion within the formulations. Furthermore, rheology has

proven to be useful in predicting certain sensorial properties  and process parameters. In a recent study, it has

been demonstrated that a thixotropic emulsion gel-based nasal spray could be optimized by means of rheology for

device compatibility and improvement of nasal residence time .

In the opinion of the authors, a comprehensive rheological analysis should be part of the formulation development

and optimization work for semi-solid formulations. However, it is not recommended to perform the same set of tests

for each formulation but to select the rheological test based on an analysis of which parameters are critical to the

performance of a particular formulation. For example, for a pourable lotion, zero-shear viscosity may be critical

because it correlates with stability against creaming or sedimentation if it contains suspended particles. In contrast,

for a petrolatum-based ointment, it may be important that the viscosity at higher shear rates remains below a

certain limit to ensure acceptable spreadability on the skin.

2. Chemical Analytics of Semi-Solids

FP
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The development of analytical methods is equally important as formulation development. Successful product

development consists of the close interlinking and collaboration of formulation development and analytical method

development. Only with efficient and reliable analytical methods can product quality be ensured, optimized and

controlled. In other words, the certainty of having a good product can only be as high as the quality of the methods

used to analyze it.

In many cases, analytical method development for semi-solid formulations is more challenging, for example, for

solid dosage forms. One reason is the typically unfavorable drug-to-matrix ratio. A tablet often consists of around

10–50% active ingredient, whereas for semi-solid formulations, this is often between 0.1% and 1%. The level at

which degradation products need to be determined can be calculated from their concentration in the formulation

and the (anticipated) maximum daily dose (MDD) according to ICH Q3B . An illustration of the levels of the

reporting, identification, and qualification thresholds for a 0.1% formulation dependent on the MDD is shown for a

formulation with 0.1% API in Figure 2. It can be seen that impurities often need to be determined at a 0.1% level of

the active ingredient. For a product with 0.1% API, this results in a quantification limit of 0.0001% for the impurity.

Apart from the need for well-developed methods and sensitive equipment, this may also need sophisticated

extraction procedures from the formulation matrix. The task of the formulator is to develop a stable formulation that

does not easily disintegrate upon thermal or mechanical stress, whereas the analytical scientist has to extract both

the API and its impurities quantitatively from the same formulation matrix. Creams and ointments are often

composed of excipients with different polarity, solubility, and melting points. A good understanding of chemistry,

formulation design, excipient properties and often creative problem-solving skills are necessary to develop efficient

and robust extraction procedures. Another specific challenge of semi-solid products lies in the fact that the API, as

opposed to solid dosage forms, is typically present in a dissolved state and can, therefore, undergo chemical

reactions more easily. APIs can undergo basic or acidic hydrolysis, various types of oxidation, isomerization,

transesterification or migration into or through different types of packaging material. The same also applies to

functional excipients such as antioxidants or preservatives whose stability also needs to be monitored.

Furthermore, the compatibility of the API with excipients needs to be investigated. As pure excipients may behave

differently from the excipient, which is formulated in a complex matrix, two approaches are possible: The stability is

first investigated at the level of the formulation, and if an indication for incompatibility with excipients exists, a

compatibility screening with potentially responsible excipients is performed. Alternatively, a comprehensive

compatibility screening is performed prior to the start of the formulation development. This, however, is associated

with the risk of discarding excipient options, which are only problematic when used as pure excipients but not as

part of a complex formulation.
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Figure 2. Illustration of the dependency of qualification, identification, and reporting thresholds for impurities

dependent on the maximum daily dose (MMD) according to ICH Q3B .

Method development should start with stress tests, which are also referred to as forced degradation studies, to

obtain information on the stability and degradation behavior of the API when exposed to different stress conditions.

Stress tests are mandatory as part of the stability studies for the registration application of new drug substances or

drug products as described in the ICH Q 1 A (R2) “Stability Testing of new Drug Substances and Products” . The

guideline states that “Stress testing of the drug substance can help identify the likely degradation products, which

can in turn help establish the degradation pathways and the intrinsic stability of the molecule and validate the

stability-indicating power of the analytical procedures used. The nature of the stress testing will depend on the

individual drug substance and the type of drug product involved.” Thermal, oxidative, photolytic and hydrolytic

(acidic and basic) stress conditions are required. It is important to be aware that a decrease in the API peak in the

chromatographic analysis may not necessarily be connected to a corresponding increase in peaks of degradation

products. The earlier a mass balance of the API and its degradation products can be established, the better. For

registration, this is mandatory. It is even possible that despite substantial API degradation, there are no peaks of

degradation products visible in the chromatograms in case their chromophore is destroyed. Therefore, it is

recommendable that detection at multiple wavelengths and/or mass-spectrometric detection is used for stress test

studies . The exact experimental conditions are not defined, but potential approaches have been described in

the literature .

Although this ICH guideline is not binding for early explorative stages of development, it provides useful general

guidance. The value generated from properly designed stress tests is in the identification of degradation

mechanisms such as hydrolysis, oxidation, thermolysis or photolysis and the establishment of preliminary

hypotheses for degradation pathways and possible structures of API-related degradation products (especially if in

addition to UV detection, molecular masses are also recorded, e.g., by routinely using an additional single-MS
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detector). This provides an important basis and good understanding of the API molecule, the identification of

options to optimize stability in formulations, and for the development of stability-indicating analytical methods and,

ultimately, robust drug products. It may be important to adapt the stress conditions to the API, e.g., to avoid ‘over

stress’ resulting in the dominance of secondary degradation products. In such a case, important information would

be lost.

Although not a formal requirement in exploratory development, from a risk mitigation point of view, it is important to

know if an analytical method is stability-indicating or not as soon as significant investment decisions are made,

such as entering the clinical phase or during the process of due diligence for a product to be licensed. This is

especially the case if conclusions should be made based on the assay. Without that knowledge, there is a

substantial risk of making false-positive decisions on drug product stability. According to Blessy et al. , a stability-

indicating method (SIM) is an analytical procedure used to quantitate the decrease in the amount of the active

pharmaceutical ingredient (API) in drug products due to degradation. A stability-indicating method accurately

measures the changes in active ingredient concentration without interference from other degradation products,

impurities and excipients. Often, this is confirmed by investigations on spectral homogeneity of the relevant peak(s)

in the chromatogram. However, it should be considered that in topical formulations, often complex excipients are

used, which may elute over almost the entire range of retention time, as, for example, demonstrated for

polysorbate 20 . Alternatively, or in combination with stability-indicating assay methods, a comprehensive

analysis of the degradation products based on a good understanding of the degradation kinetics is very helpful in

the risk assessment of prototype formulations.

Chemical stability studies in exploratory development are typically performed in the form of accelerated stability

studies. As opposed to ICH stability studies, the focus is not on providing data for registration purposes but on

predictive risk-analysis and formulation selection under accelerated conditions, i.e., with substantial time savings

as compared to real-time studies. Typically, formulations are stored at various temperatures between 5 °C and 40

°C. If the formulations are stable at these temperatures, also 50 °C or even 60 °C may be considered. However,

formulations that show major physical changes, such as phase separation or precipitation, should not be included

in the analysis as the chemical degradation behavior may be influenced by these physical changes. In exploratory

accelerated studies of semi-solid formulations, typically, hermetic packaging materials (e.g., glass vials with screw

caps) are used so that controlled humidity is not relevant for the study.

If the reaction constants generated from the stability studies follow the Arrhenius equation, data from 12 week

accelerated stability studies often allow a preliminary shelf-life prediction. If a deviation from the Arrhenius equation

is observed, a root cause analysis needs to be performed to evaluate if, for example, physical changes in the

formulation or a deviation from the assumed reaction kinetic occurred (e.g., incorrect reaction order or subsequent

reaction).

If an API is chemically very stable in a formulation and no relevant degradation occurs even at higher

temperatures, it will also not be possible to establish Arrhenius calculations. In such a case, however, it will be

possible to still assume that achieving a commercial shelf life will be feasible.
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The approach to the development of analytical methods should follow a structured and strategic approach already

in the early stages of development. Although not a formal requirement in exploratory development, the concept of

defining an analytical target profile (ATP) is recommended. According to USP-NF 〈1220〉 “Analytical Procedure life

Cycle” , an “ATP is a prospective description of the desired performance of an analytical procedure that is used

to measure a quality attribute, and it defines the required quality of the reportable value produced by the procedure,

aligned with the quality target product profile (QTPP).” The benefits of establishing a preliminary ATP already in the

early stages of development are that an explicit reflection on the design goals for a new analytical procedure takes

place. The efforts of establishing certain performance attributes of analytical methods can be weighed against the

risks of making incorrect decisions when skipping such efforts. Furthermore, an ATP is a useful tool for alignment

between product development and other stakeholders or sponsors. In USP-NF 〈1220〉, the ATP is part of the

analytical procedure life cycle, which is defined in three stages. Many of the elements of stage 1 are already the

best investigated in exploratory development, such as “understanding gained through knowledge gathering,

systematic procedure development experiments, and risk assessments and associated lab experiments.” It may be

difficult, risky, and require more resources if these elements are investigated only retrospectively. An advantage of

the ATP is that the performance criteria of an analytical method are defined rather than a concrete analytical

procedure. As a consequence, changes in the concrete procedure of such a method during its life cycle can be

approved by the authorities much more easily.

The strategies for stability testing and optimization are highly API and formulation dependent. Apart from the

guiding principles outlined above, it is essential not just to follow a general protocol but to work with the generated

data and to anticipate potential issues based on the properties of API, formulation, excipients and primary

packaging. Compatibility with single excipients may not be predictive of the compatibility at the level of the

formulation as dilution or distribution between phases or into the oil-water interface may influence stability.

Furthermore, APIs may not react directly with excipients but only with degradation products of excipients or with

impurities of excipients, which may be present in higher or lower concentrations, dependent on the batch or age

and storage conditions of the excipients. Furthermore, depending on both the properties of the API and the

formulation, APIs may migrate into or through the primary packaging or undergo degradation processes catalyzed

by certain components of the packaging material.

3. In Vitro Performance Testing

The classical method for investigating formulation performance is the Franz diffusion cells method established in

1975 . Originally, they were performed as in vitro permeation studies by using skin as a membrane, an

experiment established as in vitro permeation testing (IVPT). Alternatively, also filter membranes that only provide

a separation of the formulation from the acceptor compartment without providing a relevant barrier for diffusion can

be used in an experiment called in vitro release testing (IVRT). Except for the similarities in testing instrumentation,

the two methods are not practically comparable as the differences in goals, purposes, and techniques far outweigh

the similarities, as summarized in Table 1. Whenever the release of the API from the matrix is a rate-limiting or

critical formulation attribute, IVRT may be a suitable tool for performance characterization. In most cases, however,
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it is rather a quality control tool. The primary readout parameter for IVPT studies is the flux, which is an important

parameter for the initial assessment of systemic exposure, which is relevant for safety assessment or transdermal

drug delivery. It may also be used as a surrogate for penetration into the skin.

Table 1. Differences between in vitro release testing (IVRT) and in vitro permeation testing (IVPT).

The skin membrane used in the IVPT experiment can also be extracted, and the concentration in different skin

layers can be determined. To separate the skin layers, either slicing by a microtome  or heat separation of the

epidermis and dermis can be used . IVPT and IVRT are described in regulatory guidelines and are important

tools for the bioequivalence assessment of topical generic drugs. Comprehensive studies of their use in this

context have been published . In early development, especially for compound and formulation selection,

alternative models can be used. The “Hamburg model of skin penetration”  allows the determination of

cutaneous biodistribution in viable pig ear skin. For a diverse set of compounds and formulations, it has shown

excellent correlation to viable human skin. As the skin remains metabolically viable throughout the experiment, it

also offers the advantage that the metabolism of APIs in the skin can be monitored. Apart from the fact that the

viability of the skin was not considered, a similar model has been described by Quartier et al. . Dermal open-flow

microperfusion and dermal microdialysis, which are more frequently performed as in vivo investigations, have also

been demonstrated as potential tools for ex vivo studies on the pharmacokinetics of topically applied drugs .

Although the site of action for most topically applied drugs is in the epidermis or dermis, also stratum corneum

sampling by tape stripping may be used as a surrogate model . In recent years, also spectroscopic

techniques, mainly by confocal Raman microscopy, have been used for in vitro skin penetration assessment with

promising results .

Parameter IVRT IVPT

Investigated process Release Permeation

Membrane used Synthetic filter membrane (human) skin

Donor chamber exposure Occluded Often unoccluded

Dosing Infinite dose Often (semi)finite dose

Readout parameters Flux profile (Jmax, etc.) Release rate (slope)

Receptor cell media Non-physiological media acceptable Physiological media preferred

Typcial detection range µg/mL range ng/mL range

Contact of product with acceptor Product-media interface Product stays “dry“

Variability in membrane Relatively consistent in quality Donor variability

in vitro/in vivo correlation Not designed to correlate with in vivo IVIV correlation expected

Overall purpose Assessment of quality Assessment of performance/safety
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Overall, studying drug release, penetration, or permeation by in vitro models is an important part of the early

development of topical semi-solid dosage forms. It is important to understand the potential and limitations of the

respective models with regard to the purpose of the investigations. Aspects like the site of action within the skin,

detectability, potential metabolism of the API, infinite or finite dosing, and transformation of the vehicle need to be

considered.
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