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Abstract
Purpose  The quality testing and approval procedure for most pharmaceutical products is a streamlined process with stand-
ardized procedures for the determination of critical quality attributes. However, the evaluation of semisolid dosage forms for 
topical drug delivery remains a challenging task. The work presented here highlights confocal Raman microscopy (CRM) 
as a valuable tool for the characterization of such products.
Methods  CRM, a laser-based method, combining chemically-selective analysis and high resolution imaging, is used for the 
evaluation of different commercially available topical acyclovir creams.
Results  We show that CRM enables the spatially resolved analysis of microstructural features of semisolid products and 
provides insights into drug distribution and polymorphic state as well as the composition and arrangement of excipients. 
Further, we explore how CRM can be used to monitor phase separation and to study skin penetration and the interaction 
with fresh and cryopreserved excised human skin tissue.
Conclusion  This study presents a comprehensive overview and illustration of how CRM can facilitate several types of key 
analyses of semisolid topical formulations and of their interaction with their biological target site, illustrating that CRM is 
a useful tool for research, development as well as for quality testing in the pharmaceutical industry.
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Abbreviations
API	� Active pharmaceutical ingredient
BA	� Bioavailability

BE	� Bioequivalence
CCD	� Charge-coupled device
CRM	� Confocal Raman microscopy
HPLC	� High performance liquid chromatography
IVPT	� In vitro Permeation testing
PBS	� Phosphate buffered saline
PK	� Pharmacokinetics
PG	� Propylene glycol
RLD	� Reference listed drug
TGA​	� Thermogravimetric analysis

Introduction

Semisolid dosage forms represent the majority of drug 
products administered to human skin. Such dosage forms 
generally contain a combination of different excipients 
forming a three-dimensional matrix that incorporates the 
active pharmaceutical ingredient (API or drug) as well 
as providing specific functions relevant to delivering the 
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drug to the site of action (e.g., modifying skin penetration, 
potentially by limiting skin penetration for local (topical) 
therapy or by enhancing penetration for systemic (trans-
dermal) therapy) (1, 2). The intermixing of excipients 
turns these semisolid dosage forms into a highly complex 
system with an intricate microstructure that is susceptible 
to mechanical or thermal strain and associated molecular 
changes (e.g. polymorphism) during manufacture, storage 
and/or dose administration, with concomitant changes in 
composition and/or microstructure. The development of a 
well-controlled semisolid drug product with reproducible 
performance characteristics may not only involve control-
ling the drug concentration, the product stability, and the 
drug release kinetics, but potentially also the control of 
dosage form characteristics that can otherwise represent 
critical failure modes for safety and/or efficacy.

These considerations are relevant to new (innovator) drug 
products as well as to generic products, which are expected 
to demonstrate that they are bioequivalent to a reference 
listed drug (RLD) product (i.e., the innovator, brand name 
product), or to the currently available reference product. A 
demonstration of bioequivalence (BE) between a test and 
reference product traditionally involves evidence that there 
is no significant difference in the rate and extent to which 
a drug will become available at the site of action. Pharma-
cokinetics (PK)-based evidence is often used to support such 
a demonstration of BE, although other types of evidence 
comparing the test and reference product can also support a 
demonstration of BE. The formulation of a generic product 
can be compared to that of the reference product using three 
concepts that describe the components, composition, and 
physicochemical or structural arrangement of matter in the 
dosage form. The qualitative (Q1) characteristics of a for-
mulation describe its components (ingredients), the quantita-
tive (Q2) characteristics of a formulation describe its com-
position (formula), and the physicochemical and structural 
(Q3) characteristics of a formulation describe the manner in 
which the underlying matter is arranged (3–5).

A demonstration that a proposed generic product is Q1 
and Q2 the same as the reference product, and that it also has 
similar Q3 characteristics, can mitigate the risk of multiple 
potential failure modes that can alter product performance, 
and can support a demonstration of bioequivalence for 
generic products. The Q3 characteristics of a product may 
be influenced not only by the components and composition 
of the formulation, but also by the manufacturing process, 
the storage conditions, dose dispensing, dose administration, 
or other processes (6). Thus, analytical techniques that can 
monitor Q3 characteristics are essential to the (comparative) 
evaluation of such products and should include analyses of 
the physical state of the active ingredient (crystallinity, poly-
morphism, etc.), the spatial distribution of the active ingredi-
ent of the dosage form, the physicochemical characteristics 

of the excipients, and the microstructural arrangement of the 
dosage form, as a whole.

To assess and/or compare the critical quality attributes 
of a generic and/or reference product, an array of physical 
and chemical characterization methods may be employed. 
State-of-the-art analytical tools for the characterization of 
semisolid topical formulations include Q1 and Q2 char-
acterization as well as tests for Q3 characteristics that can 
include various rheological analyses to evaluate the defor-
mation of the microstructure in response to stress, thermo-
gravimetric analysis (TGA) to monitor physical and chemi-
cal changes as a function of increasing temperature, and 
differential scanning calorimetry (DSC) for the assessment 
of temperature-dependent phase transition processes (7–9). 
A product’s microstructure can also be assessed by imaging 
techniques ranging from basic light microscopy to scanning 
electron microscopy, and this can provide information about 
the existence and size distribution of particle and/or glob-
ules, as well as about the overall physical structure of the 
formulation.

Collectively, the tests that compare the quality and per-
formance characteristics of generic and reference topical 
products are meaningful because they inform us about the 
rate and extent to which the drug will become available at 
the site of action; a demonstration of comparable Q1, Q2 and 
Q3 characteristics for a prospective generic and reference 
product mitigates the risks that there could be any significant 
difference in the rate or extent to which the active ingredient 
would become available at the site of action, which is the 
essence of a demonstration of BE (10). The rate and extent 
to which the active ingredient becomes available in the skin 
(i.e., the cutaneous PK of the topically administered drug) 
can be assessed via in vitro permeation testing (IVPT) using 
excised skin mounted in Franz (vertical) diffusion cells or 
Bronaugh (flow-through) diffusion cells (11, 12). Substances 
penetrating into and through an excised skin sample (or a 
polymeric membrane) into an acceptor fluid can be sampled 
over time and analysed by high performance liquid chro-
matography (HPLC) for quantitative drug determination. 
However, information about the spatial distribution of the 
drug and/or excipients in the skin is practically unfeasible to 
obtain from IVPT studies and is technically challenging to 
characterize even by other destructive techniques that may 
tape strip, heat separate, or dermatome/section the skin 
(13–15). Skin imaging techniques are better suited to such 
evaluations. For example, fluorescence microscopy can be 
used to study the penetration of fluorescently labelled sub-
stances into the skin. However, the attachment of a fluores-
cent label to non-fluorescent molecules of interest may alter 
their penetration into and distribution inside the skin, and 
so fluorescence microscopy is not generally suitable for the 
comparative assessment of a prospective generic product and 
a commercially available reference product (16–19).
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Therefore, based upon the need to better understand and 
compare the Q3 characteristics of topical semisolid dosage 
forms, including the physical state and spatial distribution of 
the drug in the dosage form, as well as the relative amount 
and spatial distribution of the drug as it becomes available 
in the skin, Raman spectroscopy microscopy has emerged 
as an elegant, practical alternative to conventional imaging 
techniques that can provide critical information to support an 
assessment of the BE of generic and reference topical prod-
ucts. This laser-based method delivers chemically-selective 
information with minimal sample preparation effort and its 
utility has already been established in the fields of geology, 
crystallography and material sciences (20–22). Due to its 
accurate chemical selectivity, it is also becoming an increas-
ingly popular pharmaceutical technology for the analysis of 
polymorphism or to monitor the composition of solid dos-
age forms like tablets, as well as to support pharmaceutical 
product design (23, 24). Beyond the analysis of pharmaceu-
tical products alone, Raman spectroscopy has been increas-
ingly implemented on the evaluation of interaction processes 
between drug molecules and biological tissues. Studies on 
the penetration abilities of drug molecules as well as excipi-
ents so far show promising data on the ability of Raman 
spectroscopy for penetration analysis (25–27).

The combined application of Raman spectroscopy with 
confocal microscopy can provide a powerful tool with which 
to assess and compare critical quality and performance 
attributes for topical semisolid dosage forms because it com-
bines a chemically selective analysis with a high-resolution 
non-destructive imaging technique. In this study, we present 
a comprehensive investigation of different acyclovir creams 
using confocal Raman microscopy, including multiple ver-
sions of a reference product commercially available in the 
United States (US) the United Kingdom (UK) and Austria, 
as well as two ‘generic’ products. The acyclovir cream 
products were analysed with regard to their product com-
positions, assessing the microstructure of the creams, the 
polymorphic form of acyclovir in the creams, the spatial dis-
tribution of the API and other excipients in the creams, and 
the penetration behavior of the cream into excised human 
skin.

Materials and Methods

Materials

Micronized acyclovir (polymorphic form V, Fargon, Lot-No. 
1311341) was used as a reference material, as well as for 
the preparation and analysis of the different polymorphic 
forms of the API. Polymorphic forms I and II were pre-
pared according to Lutker et al. (28). In short, polymorphic 
form I was obtained by heating acyclovir form V to 180 °C 

(with 5 °C/min) and allowing to cool to room temperature. 
Polymorphic form II of acyclovir was obtained by mixing 
20.0 mg of acyclovir form V in 20 ml of methanol and heat-
ing the suspension to 68 °C to dissolve the API. Afterwards 
the methanol was evaporated quickly. The polymorphic iden-
tity was confirmed by comparing the Raman spectra of the 
prepared polymorphs to spectra published in literature (28). 
Other reference materials included propylene glycol (Carl 
Roth, Lot-No. 465235720) and dimethicone 350 (Caelo, 
Lot-No. 72881487).

Topical Products

Three innovator (reference) and two ‘generic’ acyclovir 
cream products containing 5% acyclovir (w/w) from differ-
ent manufacturers were evaluated. The innovators (reference 
products) were Zovirax® (acyclovir) cream, 5% products 
from US (GlaxoSmithKline, Lot-No. F3002, expiration date: 
06/2016), from the United Kingdom (UK, GlaxoSmithKline, 
Lot-No. C718233 and C711836, expiration date: 03/2018 
and 01/2017 for tube and pump products, respectively) 
and Austria (GlaxoSmithKline, Lot-No. C316, expiration 
date: 01/2018). The ‘generic’ products were Aciclostad® 
(STADA, Lot-No. 41863, expiration date: 05/2017) and 
Aciclovir 1A Pharma® (1A Pharma, Lot-No. EU6728, expi-
ration date: 10/2018) acyclovir cream, 5%, both commer-
cially available in Austria. While most of the products were 
packaged exclusively in tubes, the Zovirax® UK product was 
available in a tube as well as in a pump dispenser, and both 
packaging configurations of this product were studied. All 
analyses of the products were conducted before the respec-
tive expiration dates. Further information on the qualitative 
and quantitative composition of the products can be obtained 
via publicly available sources (29–32).

Confocal Raman Microscopy

All experiments were carried out using an Alpha300R+ 
confocal Raman microscope from WITec (WITec GmbH, 
Ulm, Germany) which was coupled to a laser with a wave-
length of 785 nm. The laser power was adjusted to 20–50 
mW depending on the experimental setup. Analysis of the 
semisolid products, themselves (not on the skin), was carried 
out with a lower laser power to minimize agitation of the 
system by thermal stress, whereas a higher intensity laser 
power was utilized for the penetration studies into human 
skin. Using a 50 × objective with a numerical aperture of 
0.8, and a pinhole of 100 µm. Raman spectra in a range of 
400–1780 cm−1 were recorded with a spectral resolution of 
4 cm−1, lateral resolution of 0.50 µm and axial resolution 
of 2.05 µm. For the analysis of the topical creams, a sample 
was evenly spread on a glass slide using a coverslip. Single 
spectra were recorded by choosing an acquisition time of 
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10 s (10 accumulations per spectrum). For the acquisition 
of two-dimensional image scans, bright field images of the 
formulations were recorded and Raman analysis of the same 
area was performed. Scans were recorded with a step size of 
0.5 µm and an acquisition time of 0.2 s per spectrum.

Raman Data Analysis

Processing of all recorded Raman spectra was performed 
using the ProjectFOUR software (WITec GmbH, Ulm, Ger-
many). Raman spectra were first treated with a cosmic ray 
removal and a background subtraction using a polynomial 
fit. To identify the main spectral contributions within the 
products, the distribution of starting materials and to assess 
homogeneity of the cream base, a hierarchical cluster analy-
sis (soft k-means algorithm) was applied, where single spec-
tra with similar features are grouped into clusters. To create 
images based on the spectral information, each cluster was 
assigned to a specific compound, for example the drug and 
different excipients were identified based upon their unique 
Raman spectra. Such clusters comprised an averaged basis 
spectrum that is characteristic for each compound. Subse-
quent basis analysis used these basis spectra to fit them to 
the scanned area, resulting in a color-coded image showing 
the distribution of the respective basis spectra in the scan 
region. By combining the images after the fitting, false-
colour images were created displaying each compound in 
a different color.

Human Skin Preparation for Penetration Studies

Full thickness human skin was obtained from Caucasian 
patients undergoing plastic surgery (Department of Plastic 
and Hand Surgery, Caritaskrankenhaus, Lebach, Germany). 
Skin donors gave their written consent and the utilization of 
the tissue in this study was approved by the medical asso-
ciation of Saarland, Germany (application number 204/08). 
After excision of the tissue, the stratum corneum was 
cleaned with purified water and adipose tissue was removed 
using a scalpel. The skin tissue was stored in polyethylene 
bags at -26 °C until further use. For the penetration studies, 
sections of 25 mm in diameter were punched out of the fro-
zen skin and were allowed to thaw between two filter papers 
soaked in phosphate-buffered saline (PBS) at room tempera-
ture. Afterward, skin samples were cleaned and dried with 
cotton swaps.

Assessment of the Skin Penetration of Semisolid Products

For the penetration studies, a small amount of a semisolid 
product (approximately 15–20 mg/cm2) was applied using 
circular motions for 30 s onto the clean surface of the skin 
using a finger covered with a rubber glove. The products 

were always dosed so that the complete surface of the skin 
sample was covered. After different time points (4 h and 
24 h), the remaining product was removed and the skin sur-
face was carefully cleaned with purified water using cotton 
swabs and wiped dry afterwards. Raman analysis of skin 
penetration was performed using the same Raman confo-
cal microscopy setup as described above. The penetration 
of product into the skin was investigated by recording line 
scans with a step size of 2 µm from the skin surface down-
ward (in the direction of the z-axis). Each Raman spectrum 
was treated with a cosmic ray removal procedure and back-
ground subtraction was performed, followed by a normaliza-
tion of the peak associated with the formulation (propylene 
glycol, 840 cm−1) based upon the peak associated with the 
skin (amide I, ~ 1644 cm−1) to account for depth-related 
attenuation of the Raman signal intensity. The normalized 
intensity of the peak associated with the formulation was 
then plotted against the penetration depth to create a pen-
etration profile.

Assessment of Skin Penetration after Cryosectioning

Human skin tissue was prepared using the same procedure 
described above for other penetration studies. After incuba-
tion of the skin surface with a saturated solution of acy-
clovir in PG for 24 h, the skin sample was snap-frozen in 
liquid nitrogen and afterwards cut in 20 µm thick sections 
using a cryotome (Rotation MEV, SLEE medical GmbH, 
Mainz, Germany). The skin section was transferred to a 
glass slide and dried before analysis. To account for z-shifts 
in focus during Raman measurements, a topographic map 
was acquired of the sample surface using white light inter-
ferometry prior to the acquisition of the Raman scans, using 
the CRM setup and image acquisition parameters described 
above.

Human Skin Preparation for In Vitro Skin Permeation 
of Acyclovir

Full thickness human skin samples were obtained from 
patients (female, 26–48 years old) undergoing abdomino-
plasty at hospitals in Brisbane (Queensland, Austraila) and 
were refrigerated immediately after surgery. Utilization of 
the tissue was approved by the Metro South and Univer-
sity of Queensland Human Research Ethics Committees 
(Approval number: 2008001342) and was carried out in 
compliance with guidelines of the National Health and 
Medical Research Council of Australia and FDA RIHSC. 
Skin samples were further processed by removal of subcu-
taneous fatty tissue and immersion of full thickness skin 
in 60 °C water for 60 s, afterwards the epidermal layer 
was teased off the dermis as described previously (33). 
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Epidermal sheets were air dried and placed in a zip-lock 
bag for storage at –20 °C until IVPT experiments were 
performed.

In Vitro Permeation Test (IVPT) Studies

IVPT studies across human epidermis were carried out 
in Pyrex glass Franz-type diffusion cells (diffusion area 
of 1.33 cm2; receptor volume of approx. 3.5 ml). Sheets 
of epidermal tissue were placed between the receptor and 
donor compartments for equilibration. The receptor solu-
tion which consisted of PBS pH 7.4 and 0.01% sodium 
azide, was stirred with a magnetic stirrer bar. The skin 
surface temperature was maintained at approximately 
32 °C by immersing the receptor compartment in a water 
bath at 37 ± 0.5 °C. Integrity of the test membrane was 
assured by measuring the resistance across the epider-
mis with a digital multi-meter as described before (34). 
Membranes with an electrical resistance lower than 20 kΩ 
were rejected from the study. Approximately 15 mg/cm2 
of pre-weighted amounts of test formulations (acyclovir 
creams (5%)) were applied to the membranes by spreading 
evenly with a syringe plunger which was weighed before 
and after the procedure. Samples of 200 μl samples were 
withdrawn at various times over a 48-h period from the 
receptor phase and replaced with equal amounts of fresh 
pre-warmed receptor medium. API concentrations in the 
samples were determined via HPLC.

Every test formulation was characterized in IVPT 
studies by a total of 3 replicates from 6 skin donors. The 
cumulative amount of API permeated through the epider-
mis (μg/cm2) over time (h) was determined and the flux 

through the epidermis was calculated and expressed as 
μg/cm2/h.

Results and Discussion

We studied six different cream products containing acyclo-
vir at the same concentration of 5% (w/w). First, individual 
Raman spectra were acquired for each cream to identify the 
components in the creams, with a special focus on acyclovir. 
As differences in the polymorphic form of a drug in a dosage 
from can have a significant effect on its therapeutic perfor-
mance attributes, like its bioavailability (BA) (35), different 
polymorphic forms of acyclovir were prepared and analyzed 
as references. Polymorphic form V is the commercially 
available form that is routinely incorporated into semisolid 
products for the treatment of herpes labialis. Due to their 
slightly different molecular structure, each polymorph has 
a characteristic Raman spectrum which allows for a reliable 
differentiation between these forms.

Figure 1 shows a representative Raman spectrum of an 
acyclovir cream, 5% (Zovirax® UK Pump) in (a) and a com-
parison of the individual Raman spectra of different poly-
morphic forms of the API, acyclovir, in (b). The Raman 
spectrum of the acyclovir formulation (a) depicts an array 
of peaks that are attributed to specific molecular bonds of 
the chemicals in the cream system. Based on the position 
and shape of the peaks, the ingredients that contribute to 
the characteristic Raman spectrum of the formulation can 
be determined. Highlighted in Fig. 1 are peaks associated 
with the putative penetration enhancer propylene glycol 
(PG, at 840 cm−1) and the API (acyclovir, at 650 cm−1). 
The region around 650 cm−1 proved to be highly significant 

Fig. 1   Representative averaged Raman spectrum of an acyclovir cream, 5% product (Zovirax® UK Pump, (a) and of polymorphic forms I, II 
and V of acyclovir as well as of an acyclovir crystal within a commercial cream product (Zovirax® UK Pump, (b). The highlighted region marks 
Raman peaks associated with the putative penetration enhancer propylene glycol (840 cm−1) and peaks significant for the distinction of the dif-
ferent polymorphs of acyclovir (650 cm−1), respectively.
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for the differentiation of the polymorphic forms of acyclovir 
(Fig. 1(b)). Polymorph V shows a distinct peak pattern in 
this region which can be detected for all analysed acyclovir 
crystals in the commercial creams. Thus, Raman microscopy 
could successfully be used to investigate the polymorphic 
form of acyclovir in the formulation.

As the Raman signal intensity can be linearly correlated 
with the concentration of the analyte, the technique further 
allows for the acquisition of quantitative data (36). As an 
example, the Raman peak associated with PG, which is 
likely added to the formulations as a putative penetration 
enhancer, was analysed by Raman microscopy. Comparing 
averaged Raman spectra from the base of one of the refer-
ence products (Zovirax® UK tube) with one of the test prod-
ucts evaluated (Aciclostad®), the difference in PG content 
becomes obvious. The highlighted area in Fig. 2 marks two 
characteristic peaks that are associated with PG. While the 
peak at 840 cm−1 in the ‘generic’ product reaches an inten-
sity of approximately 100,000 CCD counts, the intensity 

of PG in the reference product is about 3.5 times as high. 
Such Raman data can be used for the relative quantification 
of specific compounds in comparable formulations, and if 
calibrated to a reference standard, it is possible to quan-
tify specific compounds using this technique. Quantifica-
tion of PG in both products was independently carried out 
in another study using thermogravimetric analysis (TGA) 
which confirmed a similar ratio of PG in these formulations, 
with approximately 13% of PG in the ‘generic’ product and 
42% of PG in the reference product. These findings concur 
with publicly available information on PG content for refer-
ence products (40% PG) and Aciclovir 1A Pharma® (15% 
PG) (28–31). No information on PG content in Aciclostad 
could be obtained from publicly available sources. These 
results suggest that Raman microscopy could be used not 
only to identify the excipients in a formulation, but also to 
provide quantitative assessments of the amounts of individ-
ual substances, given an accurate calibration of the setup and 
a consistent measurement procedure.

Optical microscopy can provide insights into the micro-
structural composition of the formulation and can give infor-
mation about the shape and size of solid or liquid objects like 
crystals and globules, if present. However, optical micros-
copy alone cannot provide information about the chemical 
composition of the formulation that is being investigated. 
In this context, confocal Raman microscopy has the advan-
tage that the sample can be investigated optically, and at the 
same time, a specific position within the imaged sample can 
be analysed regarding its chemical composition without the 
need for extensive sample preparation or destruction.

Figure 3 depicts an example of the combination of optical 
and Raman microscopy carried out on a reference product 
(Zovirax® Austria) and a ‘generic’ formulation (Aciclovir 
1A Pharma®), both containing 5% acyclovir. Bright field 
microscopy analysis of the reference product (Fig. 3(a)) and 
the ‘generic’ product (Fig. 3(b)) shows crystals dispersed 
in a cream base, with large crystals in Fig. 3a and numer-
ous small crystals in Fig. 3b. By using Raman microscopy 
for the investigation of the same sample area, additional 
information on the chemical properties is gathered. Apply-
ing multivariate data analysis for the interpretation of the 
acquired Raman data set, regions with similar spectral fea-
tures are grouped together to form a “cluster” in order to 
create false colored images for a better visualization of the 
sample. After thorough analysis of the spectral dataset of the 
sample shown in Fig. 3, two clusters are revealed; one for 
the cream base, colored in black, and one for the drug crys-
tals, colored in yellow. In this way, a false colored image is 
created that shows the API (acyclovir, yellow) embedded in 
the cream base (black), which can be seen on the right-hand 
side in Fig. 3(a) and (b). By applying Raman microscopy in 
addition to light microscopy on the same area the difference 
in shape (crystal habit) of the drug crystals becomes more 

Fig. 2   Comparison of Raman spectra from the cream base of a ref-
erence product (Zovirax® UK tube) and a ‘generic’ (Aciclostad®) 
acyclovir cream, 5% (a). The enlarged section shows specific Raman 
peaks associated with propylene glycol in the highlighted region (b).
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apparent, showing sharp-edged rectangular crystals in the 
reference product, compared to crystals with relatively more 
irregular and rounded edges in the ‘generic’ formulation.

The (averaged) Raman spectra corresponding to the acy-
clovir crystals and the cream base of the reference product 
imaged in Fig. 3a are shown in Fig. 3(c). By comparing 
these spectra with reference spectra for each of the individ-
ual ingredients of the formulation, it is possible to determine 
the individual contribution of the ingredients to the spectra 
for the cream base (i.e., the formulation vehicle).

During the acquisition of a Raman scan in the x–y or x–z 
direction, information from large areas of a sample can be 
obtained and used for chemical analysis. These area scans 
are used to investigate the microstructure of the system and 
to evaluate the homogeneity of the formulation base (vehi-
cle). By choosing a high number of pixels for the area of 

the sample that is being investigated, Raman spectroscopy 
can reach a resolution of up to 200 nm, depending on the 
technical setup. Comparing all the individual Raman spectra 
that are acquired within the area of the scan, a semisolid 
system can be investigated for its compositional homogene-
ity in a way that requires neither extensive sample prepara-
tion procedures nor destruction of the sample. Further, this 
experimental setup allows for the monitoring of composi-
tional changes following the application of mechanical and 
thermal stress.

The assessment of potential failure modes is a critical 
aspect of the analysis of pharmaceutical product quality, and 
the acquisition of a three dimensional Raman scan therefore 
represents an interesting approach by which to study experi-
mentally simulated product use conditions that can reveal 
failure modes for product performance; for example, the 
temperature of the product can be experimentally increased 
or decreased, and/or mechanical stress can be applied to the 
product while observing any changes under the microscope. 
The effect of mechanical stress on an acyclovir cream, 5% 
formulation (Zovirax® UK pump) was investigated by using 
a pump (as the container closure system) for dispensing the 
product. To evaluate the influence of the mechanical stresses 
of pumping the cream through a nozzle, the same cream was 
evaluated prior to pumping (cut open from inside the pump 
canister) as well as after the application of the mechanical 
stress and shear forces of being pumped out.

Samples of a commercially available acyclovir cream, 
5% product (Zovirax® UK pump) were investigated by 
light microscopy and with corresponding Raman scans 
after pumping (a) and before pumping (b). The results are 
depicted in Fig. 4. Thorough data analysis shows the disin-
tegration of the sample after being dispensed from the pump 
(Fig. 4(a)), indicated by the appearance of blue, round drop-
lets embedded inside the cream base. However, as seen in 
Fig. 4b, with the cream sample that was obtained from inside 
the pump canister (which was not exposed to the mechani-
cal stress of pumping), no spectral differences were evident 
in the cream base, and the base appeared to be homogene-
ous. Analysis of the Raman spectra of the (blue) globules 
observed in Fig. 4(a) revealed that the droplets consisted of 
dimethicone, a silicone which is incorporated into topical 
formulations to enhance viscosity and spreadability (37). 
Despite the benefits of dimethicone for the application of 
a topical formulation upon the skin, if dimethicone phase 
separates from the cream base and coats the skin surface, it 
could form a barrier between the formulation and the skin 
that could adversely affect the penetration of the API into 
the skin. This scenario illustrates how the physicochemical 
and structural arrangement of matter in a semisolid dosage 
form can influence its therapeutic performance in critical 
ways, and how the spatially-resolved and chemically-selec-
tive information provided by Raman microscopy provides 

Fig. 3   Differentiation of reference (Zovirax® Austria, (a) and 
‘generic’ (Aciclovir 1A Pharma®, (b) acyclovir cream, 5% products 
in bright field (left) and false color Raman (right) images after cluster 
analysis. Averaged Raman spectra of the clusters shown in (c) depict 
the cream base (black) and drug crystals (acyclovir, yellow). Scale 
bar: 10 µm.
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a powerful approach by which to evaluate such potential 
failure modes for a drug product under experimentally simu-
lated conditions of product use.

The presentation of the false color images seen in 
Fig. 4(a) and (b) allows for a three-dimensional visualisation 
of the system when acquiring x–y image scans in multiple 

z-levels. Corresponding 3D animations to the screen shots 
in Fig. 4 can be viewed in the electronic supplementary data.

Additionally, the influence of thermal stress on a ref-
erence (Zovirax® Austria) and a ‘generic’ (Aciclostad) 
acyclovir cream, 5% product was assessed with confocal 
Raman microscopy. Figure 5 compares bright field images 
and corresponding Raman scans of these two products after 
equilibration to 32 °C (in vivo human skin temperature) for 
30 min. The bright field microscopic images show drying-
related changes in the optical appearance of the creams, but 
the Raman scans show no apparent changes in chemical 
composition compared to unstressed samples. In both the 
reference (a) and the ‘generic’ (b) product, the drug crys-
tals (yellow) are clearly visible in the cream base (black) 
and show similar morphological properties to those seen 
in the unstressed products. Following the thermal stress, 
no disintegration of the cream base could be observed in 
either the reference, or the ‘generic’ product. Furthermore, 
no differences in Raman spectra between the API before and 
after application of thermal stress could be observed, which 
demonstrates the likely stability of these products during 
product use.

Thus far, we have discussed the utility of Raman spec-
troscopy and microscopy to characterize potentially criti-
cal quality attributes of topical semisolid drug products, 
focusing on characterizing the dosage form itself. However, 
Raman microscopy also has the potential to characterize 
and compare the performance of prospective generic topical 
products compared to their reference product, by character-
izing the topical BA and BE of drugs as they penetrate into 
the skin from a topical product. The cutaneous PK (BA and 
BE) of topical formulations has conventionally been charac-
terized by an in vitro permeation test (IVPT) using excised 
human skin mounted in diffusion cells, where the rate and 
extent to which an API permeates into and through the skin 
is determined (38, 39). Confocal Raman microscopy (CRM) 
can also be utilized to evaluate the cutaneous PK (BA and 
BE) of topical formulations by monitoring the penetration 
of compounds into the uppermost (epidermal) layers of the 
skin. Some advantages of using CRM to characterize epider-
mal PK are that it can simultaneously monitor the penetra-
tion of the API as well as formulation excipients, at multiple 
depths within the epidermis, and do so in a non-destructive, 
non-invasive manner.

After the application of a topical formulation or product 
upon excised human skin, different acquisition modes can 
be applied to the sample in order to investigate the inter-
action of the formulation components with the tissues at 
the skin surface, and in deeper skin layers. Using stacked 
virtual cross sections of the skin in the x–z direction, and 
after various data analysis steps as well as the creation of a 
false color images, CRM can enable the visualization of the 
presence of the API as well as other formulation components 

Fig. 4   Influence of mechanical stress on product integrity. An acy-
clovir cream, 5% product (Zovirax® UK pump) was dispensed from 
a pump container (a, scale bar: 10 µm) or obtained by cutting open 
the pump container and extracting the cream product, applying mini-
mal mechanical stress (b, scale bar: 8 µm). Transmitted light images 
(top) and false color Raman images (below), as well as screen shots 
of 3D reconstructions are depicted, acyclovir (yellow) and dimethi-
cone (blue) can be seen inside the cream base (black). Corresponding 
Raman spectra of each false color component are shown in (c).
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at different depths in the skin. Alternatively, the acquisition 
of single line scans (acquisition of individual spectra along 
the z-axis from the skin surface downwards) can provide a 
faster, semi-quantitative analysis of the penetration of the 
API as well as other formulation components to different 
depths in the skin, which could then be characterized at suc-
cessive points in time to monitor how the amount of API (for 
example) changes over time, thereby characterizing the rate 
and extent to which the API (or other formulation compo-
nents) becomes available at a particular depth in the skin. 
Such cutaneous PK profiles could be characterized at each 
of multiple depths in the epidermis and compared between 
topical products to evaluate relative BA and BE.

Figure 6 illustrates the methods of acquisition as well as 
representative data for the penetration of the excipient PG 
(monitored by its Raman signal) from an acyclovir cream, 
5% product into excised human skin. Figure 6(a) schemati-
cally depicts the acquisition of an image scan with CRM in 
the x–z direction, resembling a cross section of the skin tis-
sue, performed virtually without destruction of the sample. 
Following several steps of spectral analysis, a false colour 
image is created where the skin is shown in pink, and the 
areas where the signal of PG can be detected are depicted 
in blue (black indicates the area above the skin sample). 
The acquisition of a virtual cross section, resulting in an 

image as depicted in Fig. 6(a), gives an illustrative overview 
of the substance penetrating into the skin tissue. However, 
the acquisition of such images can be very time consuming, 
requiring up to several hours, depending on the image size 
and resolution. This poses a technical challenge that limits 
how frequently one can acquire repeated (successive) scans 
to monitor the penetration kinetics at different points in time. 
For the semi-quantitative analysis of penetration via CRM it 
is therefore advisable to opt for the acquisition of a series of 
single spectra, starting at the skin surface and going down-
ward (positions are indicated by the red dots in Fig. 6(a). 
The PG-related peak of each single spectrum, which is high-
lighted in blue across the cascaded spectra of Fig. 6(b), is 
normalised to a skin-derived peak to compensate for depth-
dependent signal attenuation. By plotting the normalised 
intensity of PG against the penetration depth, a profile can 
be generated illustrating the relative amount of PG at differ-
ent depths in the skin at a selected point in time, as depicted 
in Fig. 6(c). The selection of the skin-associated peak for 
the signal normalization procedure is a crucial step in the 
process and should be selected taking into consideration the 
spectral features of the compound whose penetration into 
the skin is being monitored, as well as the suitability of the 
skin-associated peak, itself, for the analysis. This approach 
has been extensively discussed by Franzen et al. (40).

Fig. 5   Influence of thermal 
stress on product integrity. A 
reference acyclovir cream, 5% 
product (Zovirax® Austria, (a) 
and a ‘generic’ formulation 
(Aciclostad, (b) were exposed 
to a temperature of 32 °C for 
30 min. Bright field images 
(left) and false color Raman 
scans (right) are depicted; 
after cluster and basis analysis, 
acyclovir (yellow) can be seen 
to be embedded in the cream 
base (black).
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To illustrate the utility of CRM to compare the cuta-
neous PK of topically penetrating compounds between 
different formulations or products, the penetration of 
six commercial acyclovir topical products was assessed 
by measuring the intensity of a PG-associated peak, as 
described above. Two time points (4 h and 24 h) were 
investigated by CRM and the resulting penetration 
profiles for all the acyclovir products are compared in 
Fig. 7(a). At 4 h following the application of the topi-
cal products upon the skin, the PG depth-profiles of the 
six acyclovir products show no significant differences 
between each other. However, by 24 h after dose applica-
tion, most of the products exhibit a greater intensity for 
the PG peak to a greater depth, indicating that a larger 
amount of PG has penetrated into the skin, and that it 
has also penetrated deeper. This illustrates the ability 
of CRM to monitor changes in the amount of a topi-
cally penetrating compound over time, and to acquire this 
information at each of multiple depths in the uppermost 
layers of the skin. While one acyclovir cream, 5% prod-
uct (Zovirax® US), shown in the red, exhibits higher PG 
intensities than the other products in the outermost skin 
layer (to a depth of approximately 10 µm), and while the 
various reference products tend to exhibit greater pen-
etration of PG than the ‘generic’ products, the results 
illustrate more generally how the penetration kinetics of 
a given compound in a topical product can be compared 
and differentiated among products. Also, while only two 
time points were evaluated in this study (4 h and 24 h), 
these results demonstrate that it is feasible to utilize 
CRM to monitor changes in the penetration kinetics at 
a selected depth in the upper epidermis as a function 
of time, which can thereby produce cutaneous PK pro-
files that can be compared between topical products. As 

a further demonstration of the utility of CRM for this 
purpose, the cutaneous PK results characterized by CRM 
at 4 h and 24 h were compared to cutaneous PK results 
for the same topical products evaluated in an IVPT study 
performed in an independent laboratory (Fig.  7(b)). 
While the CRM results monitored the penetration of 
PG instead of acyclovir (because the Raman signal of 
the dissolved acyclovir in the skin was too weak to uti-
lize), the cutaneous PK results for the different products 
measured by CRM correlated well with the cutaneous 
PK of acyclovir from the same set of products measured 
in the IVPT study. Vertical blue bands at 4 h and 24 h in 
Fig. 7(b) highlight the cumulative amount of acyclovir 
that permeated through the skin from each of the topical 
products in the IVPT study. In a manner precisely cor-
responding with the CRM results, at 4 h following the 
application of the topical products upon the skin, the 
IVPT profiles of the six acyclovir products show no sig-
nificant differences among each other. However, by 24 h 
after dose application, the IVPT results show that most 
of the products exhibit a greater amount of acyclovir 
penetration into the skin, consistent with the penetration 
kinetics characterized by CRM. Also, consistent with the 
CRM results, the IVPT results indicate that the reference 
products generally exhibit greater penetration than the 
generics. The IVPT results also show that one acyclo-
vir cream, 5% product (Zovirax® US), shown in the red, 
exhibits substantially greater penetration than the other 
products, confirming the results obtained from CRM.

Although the non-invasive character of CRM is nota-
ble because of its potential to be developed for eventual 
clinical use with human subjects, the method is also 
highly compatible with destructive tissue preparation 
techniques to achieve a more comprehensive analysis 

Fig. 6   (a) Schematic representation of the acquisition of a virtual cross section using a confocal Raman microscope, visualizing skin that was 
previously incubated with an acyclovir cream, 5% product (Zovirax® US) for 24 h. Following cluster and basis analysis, the resulting image 
(shown on the right side of (a)) indicates the area above the skin sample in black, the PG in the skin in blue, and the skin, itself, in pink; the red 
dots in the image mark the depths at which single spectra were acquired in in the z-direction, with the corresponding red dots and individual 
spectra shown in (b). The intensity of the Raman peak associated with PG (highlighted in the blue band across the spectra of (b)) is plotted as a 
function of penetration depth in (c), producing a profile of the relative amount of PG that is present at different depths in the skin 24 h following 
the topical administration of an acyclovir cream, 5% product (Zovirax® US).
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of a sample. The freeze drying of biological tissues and 
their analysis by CRM has the added benefit of preserv-
ing the original state of the tissue while simultaneously 
intensifying Raman scattering by eliminating water 
from the sample (41). Freezing the sample also prevents 
further penetration of a semisolid formulation into the 
tissue, which could potentially confound the results in 
CRM studies with long acquisition times. While CRM 
can analyze an entire, intact freeze-dried skin sample, 
and thereby prevent any tissue damage, technical chal-
lenges related to increasing signal attenuation as a func-
tion of acquisition depth limit acquisition of suitable 
data deeper within the skin tissue. To address this issue, 
fresh tissue can be frozen in liquid nitrogen and cryosec-
tioned; the individual cryosections can subsequently be 
analysed by CRM, circumventing some of the limitations 
of signal attenuation as a function of acquisition depth. 
When working with very thin cryosections (~ 20 µm), 
the acquisition of a topographic map of the (often rough) 
sample surface with white light reflectance is a nec-
essary step to facilitate Raman measurements directly 

on the surface of the skin section, thereby ensuring 
good signal intensity. Figure 8 depicts an example of 
the combination of bright field microscopy, white light 
interferometry, and Raman microscopy carried out on a 
cryosection of skin that was previously incubated with a 
saturated solution of acyclovir in PG for 24 h.

The combination of white light reflectance measurements 
and confocal Raman microscopy allows for the mapping of the 
sample surface (Fig. 8(a)) and ensures better signal intensity 
by recording every Raman spectrum that is acquired in the 
scan area directly on the sample surface. Filter images, which 
show intensity distributions for a selected peak in the form of 
false color images, can be used to visualize the distribution of 
a chemical compound in the analyzed sample (Fig. 8(b)). By 
creating an overlay of the two filter images of PG (pink) and 
acyclovir (yellow) with the bright field microscopic image, 
penetration into the skin tissue can be visualized in a man-
ner that preserves the context relative to the anatomical struc-
tures of the skin, and which can thereby provide even further 
insights into not only how compounds penetrate into the skin, 
but also how they distribute in skin tissues (Fig. 8(c)).

Fig. 7   (a) Assessment of the 
penetration of PG into the 
epidermis of excised human 
skin from six acyclovir cream 
by CRM, 5% products, and (b) 
corresponding assessment by an 
IVPT study of the permeation 
of acyclovir across the epider-
mis of excised human skin from 
the same set of six acyclovir 
cream, 5% products as were 
characterized in (a).
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Conclusion

This work illustrates the power and utility of Raman spec-
troscopy and microscopy as valuable techniques for the 
chemically-selective physicochemical and structural charac-
terization of semisolid dosage forms. The chemically-selec-
tive nature of the method allowed for an in-depth investiga-
tion of different acyclovir creams, 5% products, comparing a 
set of reference products with each other and with ‘generic’ 
counterparts. Raman spectroscopy and microscopy tech-
niques were able to characterize differences in the phys-
icochemical and structural attributes of the products. The 
significance of this work is that differences in potentially 
critical physicochemical and structural quality attributes 
between reference and prospective generic products can 
be associated with potential failure modes for BE, and the 
results described here demonstrate that Raman spectroscopy 
and microscopy can provide detailed information about the 
components of a formulation, the arrangement of matter and 
structural features in the dosage form, the polymorphs of a 
substance that may be present in a topical product, and other 
attributes that can be used to directly compare the physico-
chemical and structural similarity of a prospective generic 
product to its reference product, thereby potentially miti-
gating the risk of specific failure modes for BE. In addition 
to characterizing and comparing product quality attributes, 
CRM was also demonstrated to be a useful tool for evalu-
ating and comparing product performance, by character-
izing the penetration kinetics of compounds from topical 
semisolid products into the upper layers of human skin. The 
correlation of cutaneous PK results characterized by CRM 
with corresponding IVPT results for the same products high-
lights the usefulness of CRM as a method for profiling the 

penetration and distribution of topically applied compounds 
into the skin. In addition, this work illustrated that CRM 
can simultaneously, and non-invasively, monitor the penetra-
tion and/or distribution of topical formulations into the skin, 
thereby providing a more comprehensive approach by which 
to compare topical products and to study the mechanisms of 
topical drug delivery. Although CRM has been implemented 
for the analysis of interactions of topical formulations with 
the human skin tissue in several studies, the here presented 
work not only evaluated the penetration and permeation 
abilities of commercial formulations but further describes a 
systematic evaluation of the topical products by CRM. The 
here presented study thereby provides a novel and promis-
ing approach by which to develop and evaluate prospective 
generic topical dermatological drug products.
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