
Skin Res Technol. 2019;25:725–734.	 		 	 | 	725wileyonlinelibrary.com/journal/srt

1  | INTRODUC TION

The majority of dermal drug delivery vehicles exhibit viscoelastic 
flow properties to facilitate practical application and thus patient 
compliance. A reasonably high viscosity is beneficial for manual ap‐
plication of a formulation to the skin. However, it is still not clari‐
fied how increasing the viscosity from fluid to semi‐solid will affect 
drug release and skin penetration. The scientific reports on the 

impact of rheological formulation properties on skin penetration are 
controversial.

On the one hand, a relation between the viscosity of a dermal 
system and its ability to deliver a drug into the skin has been docu‐
mented by numerous studies. Both direct and inverse correlations 
were reported. A negative impact of increased viscosity on drug re‐
lease and skin permeation in vitro was found by several groups.1‐3 It 
was hypothesised that drug diffusion was increasingly obstructed 
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Abstract
Background: The rheological properties of dermal drug delivery systems are of 
importance when designing new formulations. Viscosity not only affects features 
such as spreadability and skin feel, but may also affect the skin penetration of in‐
corporated actives. Data on the latter aspect are controversial. Our objective was to 
elucidate the relation between viscosity and drug delivery performance of different 
model hydrogels assuming that enhanced microviscosity might delay drug release 
and penetration.
Materials and Methods: Hydrogels covering a broad viscosity range were prepared 
by adding either HPMC or HEC as gelling agents in different concentrations. To in‐
vestigate the ability of the gels to deliver a model drug into the skin, sulphadiazine 
sodium was incorporated and its in vitro skin penetration was monitored using tape 
stripping/HPLC analysis and non‐invasive confocal Raman spectroscopy.
Results: The trends observed with the two different experimental setups were com‐
parable. Drug penetration depths decreased slightly with increasing viscosity, sug‐
gesting slower drug release due to the increasingly dense gel networks. However, the 
total penetrated drug amounts were independent of the exact formulation viscosity.
Conclusion: Drug penetration was largely unaffected by hydrogel viscosity. 
Moderately enhanced viscosity is advisable when designing cellulose ether hydrogels 
to allow for convenient application.
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through increasing concentrations of the gelling agent and the re‐
sulting increased viscosity of the system.4 Thus, gels with higher 
viscosity exhibited slower drug release rates. In contrast to these 
findings, a positive correlation between increased viscosity and skin 
penetration was reported by Batheja et al.5 The authors reported 
improved skin permeation due to enhanced contact with the skin; 
the latter can be achieved by adding gelling agents to dermal prepa‐
rations. High viscosity impedes the “run‐off” of the formulation; it 
thus remains on the application site for a longer time period, which 
prolongs the time available for diffusion of incorporated drugs.

On the other hand, various researchers reported no or only a sub‐
ordinate impact of formulation viscosity on the observed drug delivery 
performance.6,7 Previous work within our group investigated the role of 
strongly divergent viscosity of sucrose ester‐based emulsions of other‐
wise identical composition, but different droplet size.8 No correlation 
was found between viscosity and skin penetration in vitro or in vivo.

Considering these divergent results, it is apparent that the broad 
range of experimental setups might have contributed to the differ‐
ences in penetration/permeation behaviour. A variety of different 
formulations was used, and various different test conditions were 
employed. Moreover, most of the described data were obtained as 
a by‐product of studies dealing with different questions regarding 
formulation development or drug delivery. Only few studies system‐
atically investigate the role of formulation viscosity on skin pene‐
tration while using different experimental setups to confirm their 
findings.9,10

Based on our experiences, we hypothesise that increased vis‐
cosity does not affect skin penetration of model drugs from O/W 
emulsions.8 The penetration behaviour of drugs from monophasic 
drug delivery systems gelled by polymers, such as hydrogels, is the 
next logical step to obtain a complete picture on the role of viscosity 
in dermal drug delivery. Thus, the aim of the present study was to 
specifically investigate the effect of modified dynamic viscosity on 
skin penetration of a model drug from hydrogels based on different 
cellulose ether‐based gelling agents.

To this end, simple hydrogels covering a broad range of viscosity 
values were developed using two common gelling agents, hydroxyethyl 
cellulose (HEC) and hydroxypropyl methylcellulose (HPMC). In vitro 
skin penetration studies were performed using two different experi‐
mental setups, the basic tape stripping technique in combination with 
HPLC analysis and non‐invasive confocal Raman spectroscopy (CRS). 
The employed model drug was sulphadiazine sodium (SDZ), an anti‐
biotic drug suitable for analysis with both techniques. Two entirely 
different analytical techniques were used to obtain more information, 
specifically on the potential impact of the experimental setup on the 
results (eg infinite versus finite dose conditions).

2  | MATERIAL S AND METHODS

2.1 | Materials

Sulphadiazine sodium (SDZ) and potassium sorbate were ob‐
tained from Sigma‐Aldrich. Hydroxyethyl cellulose (HEC) and 

hydroxypropyl methylcellulose (HPMC) were purchased from 
Herba Chemosan Apotheker‐AG. Methanol and glacial acetic acid 
were procured from Carl Roth GmbH + Co. KG. All further chemi‐
cals used were analytical reagent grade; they were used without 
further purification.

Pig ears were obtained from a local abattoir (EU‐Schlachthof 
Gantner)	 and	 stored	 at	 −18°C	 up	 to	 a	 maximum	 of	 6	 months.	
Corneofix® adhesive tapes with a square area of 4.0 cm2 used to 
remove the layers of the stratum corneum (SC) during tape strip‐
ping experiments were obtained from Courage + Khazaka electronic 
GmbH.

2.2 | Formulations

The composition of the gel formulations was chosen in accordance 
with preliminary studies. The objective was to prepare stable hydro‐
gels with different semi‐synthetic gelling agents. A range of formu‐
lations were designed to cover a broad range of dynamic viscosity 
values while at the same time maintaining sufficient fluidity to allow 
for easy spreading on the skin.

Two cellulose ether derivatives were chosen as gelling agents, 
HEC and HPMC. The composition of the gel formulations is given 
in Table 1. In total, six gel formulations were selected for system‐
atic investigation, three of them containing HEC at concentrations 
from 2.5% to 7.5% (w/w) and the other three containing HPMC at 
concentrations from 1.0% to 3.0% (w/w). The incorporated model 
drug was SDZ; formulations investigated for their skin penetration 
potential by tape stripping were loaded with 1.0% (w/w) of the drug 
while formulations designated for penetration analysis by CRS were 
loaded with 10% (w/w) of the drug to ensure sufficient detection 
within the skin.11 In addition, aqueous drug solutions of the same 
drug concentrations were employed as control formulations without 
the use of gelling agents.

Hydrogels were prepared by slowly mixing the respective gelling 
agent	 into	 freshly	distilled	water	at	60°C	and	allowing	 the	system	
to swell for 30 minutes. The model drug SDZ and, where required, 
the preserving agent potassium sorbate were separately dissolved 
in distilled water at room temperature. The drug solution was then 
incorporated into the gel and the final formulation was transferred 
into	a	sealed	glass	container	and	stored	at	4°C.

2.3 | Hydrogel characterisation and 
stability monitoring

To obtain an overview of physicochemical properties and stability 
a range of representative preserved hydrogels with 10% (w/w) SDZ 
were analysed in triplicate (n = 3) for drug content, pH value and 
dynamic viscosity in regular intervals. The formulations were char‐
acterised immediately after preparation and monitored fortnightly 
until destabilisation for a maximum of 20 weeks. The hydrogels were 
also regularly checked macroscopically for the presence of struc‐
tures visible to the eye to detect physical instability phenomena or 
microbial contamination.
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2.3.1 | Drug content and pH value

The drug content of SDZ‐loaded hydrogels was determined after 
preparation by HPLC to confirm successful drug incorporation. To this 
end, 10 mg of hydrogel was dissolved in 2 mL of methanol and shaken 
for 2.5 hours at room temperature. Afterwards, the solution was cen‐
trifuged at 19 000 g and analysed by HPLC (see Section 2.5). For every 
formulation,	samples	were	taken	at	least	in	triplicate	(n	≥	3).	The	initial	
value measured after preparation was set as 100%. Long‐term stabil‐
ity was assessed by taking samples in regular intervals over 20 weeks.

The pH value of the formulations was analysed using a pH meter 
(Orion 420A; Bartelt) with an Orion ROSS micro pH electrode 
(8220BNWP).

2.3.2 | Rheological measurements

Rheological characterisation of the hydrogels was performed on a 
MCR Modular Compact Rheometer 302 (Anton Paar) with a ther‐
mostatic control system. The formulations were loaded into the 
device equipped with a cone‐and‐plate measuring system (diam‐
eter:	 25	mm;	 cone	 angle:	 2°).	 The	 temperature	was	maintained	 at	
32°C	±	0.2°C	 throughout	 all	measurements	 to	mimic	 skin	 surface	
temperature. Flow curves were recorded for all formulations. To de‐
scribe the flow behaviour of the hydrogels, the dynamic viscosity η 
(in Pa∙s) was measured under increasing shear stress. A controlled 
shear rate ranging from 1 to 100 s−1 was employed.

The rheological properties of the formulations were mea‐
sured after preparation and monitored fortnightly over a period of 
20 weeks to document potential changes over time. All measure‐
ments were carried out in triplicate.

2.4 | Tape stripping experiments

In vitro tape stripping experiments were performed on full‐thickness 
porcine ear skin to investigate the penetration of SDZ into the SC. 
Porcine skin was chosen as model system since it represents an ac‐
knowledged substitute for human skin.12,13 It closely resembles human 
skin although specific differences such as higher permeability of por‐
cine SC compared to human SC have to be taken into consideration.14

On the day of the experiment, pig ears were defrosted and 
the skin was carefully freed from hair with scissors. Intact, repre‐
sentative skin areas were selected. The transepidermal water loss 
(TEWL) of the skin was measured with the closed‐chamber device 
AquaFlux® (Biox Ltd., London, UK). This probe measures the water 
evaporating from the skin in g m−2 h−1; for in vitro experiments, it can 
be employed to confirm the integrity of the skin barrier function.15 
The formulations containing 1.0% (w/w) SDZ were applied homo‐
geneously onto marked skin areas at a concentration of 5 mg cm−2 
with a saturated vinyl glove finger and were massaged into the skin 
for 60 seconds.

After 1 hour of incubation at room temperature, the samples 
were blotted dry with a soft tissue to remove potential residues of 
the applied formulations. Sequentially, thirty Corneofix® adhesive 
tape strips were placed on the marked area and removed in a contin‐
uous movement, as uniformly as possible. Tape strips were pressed 
onto the skin with a rolling movement of the thumb applying a con‐
stant force of 49 N (5 kg). The outline of the first strip was traced 
with a permanent marker to ensure analysis of the exact same skin 
area.

The corneocyte content of porcine SC removed with the indi‐
vidual adhesive films was quantified using the infrared densitometer 
SquameScan®	 850A	 (Heiland	 Electronic	 GmbH)	 as	 previously	 de‐
scribed.16 SC thickness was calculated by removing tape strips until 
the measured pseudo‐absorption was below the detection limit of 
the densitometer.17 The total SC thickness results from the sum of 
the calculated amounts of SC on all tapes. A mean SC thickness of 
porcine	ear	skin	of	14.12	±	3.11	μm was determined in 24 individual 
experiments (n = 24).

After protein quantification by IR densitometry the tape strips 
were transferred into Eppendorf tubes and extracted with 2 mL of 
methanol. Subsequently, the samples were analysed for their SDZ 
content by HPLC. For each formulation, at least eight individual tape 
stripping	experiments	were	performed	(n	≥	8).

2.5 | HPLC analysis

SDZ quantification was performed by HPLC (PerkinElmer Inc.), using 
a	 Nucleosil	 100‐5	 C18	 column	 (EC	 250/4,	 Macherey‐Nagel)	 and	 a	

TA B L E  1   Composition of the investigated hydrogels in % (w/w) and abbreviations. Depending on whether the formulations were used for 
the CRS measurements or tape stripping experiments, the amount of incorporated sulphadiazine sodium varied

Excipients

Formulation composition (% w/w)

HEC 2.5% HEC 5.0% HEC 7.5% HPMC 1.0% HPMC 2.0% HPMC 3.0%

HEC 2.5 5.0 7.5 ‐ ‐ ‐

HPMC ‐ ‐ ‐ 1.0 2.0 3.0

SDZ 1.0 or 10

Potassium sorbatea 0.1

Distilled water to 100

Abbreviations: HEC, hydroxyethyl cellulose; HPMC, hydroxypropyl methylcellulose; SDZ, sulphadiazine sodium.
aAdded only to formulations intended for the stability study. 
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pre‐column (EC 4/3, Macherey‐Nagel). The column‐oven tempera‐
ture	was	set	to	30°C	and	the	 injection	volume	was	10	μL. The mo‐
bile phase consisted of distilled water, methanol and glacial acetic 
acid (750/249/1, v/v/v) isocratically eluted at 1.0 mL min−1. SDZ was 
detected by UV absorption at a wavelength of 270 nm and for data 
analysis TotalChrom Navigator 6.3.2 software (PerkinElmer Inc.) was 
used. Calibration curves from standard solutions of SDZ in methanol 
ranging	from	0.058	to	120.0	μg mL−1 for quantification were linear with 
a coefficient of determination of R2 = 1. Samples containing a higher 
content of SDZ were diluted. The limit of detection was 0.006 μg mL−1 
and	the	limit	of	quantification	was	found	to	be	0.248	μg mL−1.

2.6 | Confocal Raman spectroscopy (CRS)

The SDZ penetration into the skin was also investigated in CRS stud‐
ies on porcine ear skin. For incubation, Franz‐type diffusion cells 
(PermeGear) were used. Representative skin areas were chosen; full‐
thickness skin was removed from the cartilage with a scalpel, carefully 
freed from hair with scissors and attached between the donor and 
receptor compartment of the diffusion cells having a diffusion area 
of 0.95 cm2. The receptor compartment was filled with 2 mL of phos‐
phate‐buffered saline pH 7.4 (PBS). To ensure infinite dose conditions, 
0.5 mL of the formulations containing 10% (w/w) SDZ were applied 
to each skin sample. Subsequently, the donor chamber was occluded 
with Parafilm® to prevent evaporation. The cells were placed in a tem‐
perature‐controlled	water	bath	at	the	skin	temperature	of	32	±	0.2°C,	
and the receptor medium was stirred with magnetic bars.

After 16 hours of incubation time the skin samples were with‐
drawn from the diffusion cells, wiped with soft tissue soaked in PBS to 
remove any formulation residues and blotted dry with soft tissue. CRS 
experiments were carried out using a confocal Raman microspectrom‐
eter (gen2 Skin Composition Analyzer, River Diagnostics) with two in‐
corporated	lasers,	operating	at	wavelengths	of	785	nm	for	analysis	of	
the skin fingerprint region (400‐2000 cm−1) and 671 nm for analysis 
of the high wavenumber region (2000‐4000 cm−1). Rapid and simple 
analysis of the skin can be performed with a spatial depth resolution of 
5 μm. Data were collected by a CCD detector. For the measurements, 
the tissue was gently placed in contact with the fused silica window of 
the measurement stage of the spectrometer. To ensure an adequate 
contact and minimise sample damage, minimal pressure was applied.

Fingerprint spectra were recorded from 0 up to a depth of 40 μm 
in 2 μm increments with an exposure time of 5 seconds per step. For 
high wavenumber spectra, the acquisition time was 2 seconds per 
single spectrum. Four profiles were collected at random positions 
on each skin sample and averaged for further evaluation. At least six 
individual	experiments	for	each	formulation	were	performed	(n	≥	6).

Additionally, a Raman reference spectrum of the substance to be 
analysed, SDZ, was generated by dissolving the drug in distilled water 
and recording a spectrum of the solution in the fingerprint region using 
an exposure time of 5 seconds per frame. In addition, distilled water 
used as solvent was measured under the same conditions. For spectral 
analysis, a difference spectrum was created by subtracting the water 
spectrum, to remove the Raman intensity bands originating from it.

2.7 | CRS data analysis

All spectra collected were analysed using SkinTools® software 
version 2.0, developed by River Diagnostics. The relative concen‐
tration of SDZ was calculated as described by Caspers et al.18 A 
non‐restricted multiple least‐squares fitting algorithm based on the 
endogenous skin components was used. This fit model was comple‐
mented by adding the previously generated difference reference 
spectrum of SDZ to the substance library. Each experimental skin 
spectrum was fitted to the reference spectra; thus, relative con‐
centration profiles of the added component SDZ were obtained. In 
order to compensate for varying signal intensities, caused by the 
decrease in Raman signal with deeper probing into the tissue, all fit 
coefficients were normalised on the keratin signal. Keratin is the 
dominant protein of the epidermis and its concentration is assumed 
to stay relatively constant throughout the SC. A baseline correc‐
tion was performed for all measurements to ensure consistent data 
evaluation. The lowest obtained value was considered background 
signal and thus subtracted from each individual data point.

The total penetration depth of SDZ was defined as the SC depth 
in which the relative concentration of SDZ reached 10% of the ob‐
served maximum value, given in per cent of total SC thickness as 
calculated from water concentration profiles on the same area. Each 
experiment was analysed separately and the calculated penetration 
depth was averaged for one formulation.

The thickness of the SC was determined through water con‐
centration profiles.19,20 Water profiles were generated by calcu‐
lating the water content from the water to protein ratio.18 It has 
been reported that the water content across the SC gradually in‐
creases from the outside to the viable skin zones21 and stays ap‐
proximately constant in the viable tissue. By dividing water profile 
curves into two sections and applying straight lines along the two 
different reaches, the SC thickness was calculated from the point 
of intersection of both lines.

2.8 | Statistical analysis

Statistical analysis was performed using Microsoft Excel 2010 
(Microsoft Corporation) and GraphPad Prism 3.00 (GraphPad 
Software). Statistical differences were determined using one‐way anal‐
ysis of variance (ANOVA) followed by the post hoc Tukey test or using 
Student's t test. In case of repeated measurements, paired t tests were 
carried out. A P value of <0.05 was considered to indicate statistical 
significance.

3  | RESULTS

3.1 | Drug content and pH

An initial characterisation of the prepared hydrogels confirmed their 
suitability for the subsequent skin penetration studies. All gels ex‐
hibited homogeneous transparent appearance with no visible aggre‐
gates.	 The	 initially	 determined	 SDZ	 content	 ranged	 between	88%	
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and 103% and remained in the same range for the whole observation 
period (data not shown).

The formulation parameters were collected over a maximum 
period of 20 weeks. In case of hydrogels prepared with HPMC, mi‐
crobial contamination was visually observed after 12 weeks. Thus, 
stability monitoring was terminated and in the following, stability 
data only up to week 10 is given for the HPMC formulations. The 
hydrogels prepared with HEC remained macroscopically stable over 
the whole observation period of 20 weeks.

The pH value was determined in regular intervals to detect de‐
stabilisation of the formulations induced by potential chemical deg‐
radation. The pH values of the fresh formulations were found to be 
in a narrow range for both gelling agents, around 9.4 for HEC gels 
and	9.8	for	HPMC	gels.	The	behaviour	during	storage	varied	signifi‐
cantly depending on the gelling agent. All HEC formulations showed 
a statistically significant increase in pH over time, leading to values 
around 10 after 20 weeks. In contrast, the pH values of the HPMC‐
based formulations showed a tendency to decrease; statistical sig‐
nificance between initial values and final values was observed only 
in case of HPMC 3.0% gels (P = 0.01, data not shown).

3.2 | Rheological properties

Via flow curves, viscosity changes between shear rates of 1 and 
100 s−1 were measured. All gel formulations showed pseudoplastic 
behaviour, that is decreasing viscosity with increasing shear rate.

The stability study revealed changes of the dynamic viscosity 
during the initial storage phase of 2 weeks. Thereafter, viscosity 
values remained largely constant for all formulations over the en‐
tire observation period. Figure 1 shows the change in the dynamic 
viscosity of the two exemplary formulations HEC 5% and HPMC 2% 
over time compared at a shear rate of 10 s−1. The dynamic viscosity 
of	HEC	5%	decreased	from	12.53	±	1.57	Pa·s	directly	after	prepa‐
ration	to	9.49	±	0.36	Pa·s	in	week	2;	thereafter,	it	remained	almost	
constant	reaching	a	value	of	8.67	±	0.15	Pa·s	in	week	20.	For	HPMC	
2%,	the	dynamic	viscosity	initially	decreased	from	6.64	±	1.08	Pa·s	
to	 4.09	 ±	 0.39	 Pa·s,	 continuing	 with	 values	 between	 4.20	 and	
4.62 Pa∙s.

To determine the exact time frame in which these initial changes 
take place a selection of hydrogels was freshly prepared and their 
dynamic viscosity was measured daily; the initial change took place 
within	48	hours	after	preparation	(data	not	shown).	This	short	tran‐
sition phase represents the time in which an equilibrium state of the 
final gel formulation is reached after production. From then on, no 
significant changes in dynamic viscosity were observed during the 
whole observation period. Thus, the data obtained after 2 weeks are 
treated as initial values for the following considerations.

Figure 2 shows the dynamic viscosity of fresh and stored for‐
mulations compared at a shear rate of 10 s−1. Overall, the hydrogels 
revealed no statistically significant changes in the viscosity when 
comparing the initial (week 2) and final (week 10 or 20) measure‐
ment, with P values between 0.06 and 0.42, indicating a satisfying 
stability. Only in case of HPMC 3%, a significant increase in viscosity 

was observed after 10 weeks (P = 0.02) which may be a sign for 
changes in the inner structure of the formulation.

An overview of the dynamic viscosity for all six gel formula‐
tions is given in Table 2. As can be seen, the initial values at a 
shear rate of 10 s−1 ranged from 0.63 to 40.4 Pa∙s for the HEC gels 
and 0.23 to 16.3 Pa∙s for the HPMC gels, hence covering a wide 
viscosity range.

3.3 | Tape stripping experiments

In order to compare the penetration ability of SDZ from the differ‐
ent hydrogels and the non‐gelled control formulation, the total drug 
amount recovered in the skin was calculated (Figure 3). The quantified 
amounts of SDZ were set into relation to the total amount applied. 
About 5 mg cm−2 of the formulations were applied to the skin samples; 
this means an initial quantity of SDZ of 50 μg cm−2 for the formulations 
due to their loading capacity of 1% (w/w).

The recovered amount was found highly comparable for all gel 
formulations, independent of type and concentration of the gelling 
agent used. After the application time of one hour, the summarised 
mean	 SDZ	 amount	 detected	 in	 the	 SC	 ranged	 from	 58	 ±	 5%	 to	
64	±	4%.	Only	the	SDZ	amount	penetrated	from	the	control	formu‐
lation was significantly lower than from the HEC or HPMC hydrogels 
(42	±	8%,	P < 0.001).

F I G U R E  1   Changes in rheological properties of exemplary 
formulations over time: Dynamic viscosity of (A) HEC 5% and 
(B) HPMC 2%, compared at a shear rate of 10 s−1	at	32°C.	
Measurements were performed every 2 wk; the depicted values are 
means	±	SD	of	three	individual	measurements	for	each	formulation	
(n = 3) [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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To visualise the characteristics of the observed skin penetra‐
tion behaviour into the SC, two representative penetration profiles 
of SDZ from a hydrogel (HEC 2.5%) and the control are given in 
Figure 4. The distribution of the model drug at different SC depths 
can be seen.22 For both formulations, a large portion of the drug 
was located at the skin surface; a considerable difference in the re‐
covered drug amount between the hydrogels and the control was 
evident for the first tape strip. No such difference regarding drug 
amount was observed for the following tapes.

In Figure 5, the penetration depths of SDZ from the gel forma‐
tions and the control formulation into porcine skin are compared. 
The highest penetration depth for SDZ was achieved from HPMC 
1.0%	with	78%	±	17%	SC,	while	from	HEC	7.5%	it	only	penetrated	
the	SC	to	an	extent	of	47%	±	14%.	The	findings	observed	after	tape	
stripping and HPLC analysis revealed interesting general trends. 
When looking at either group of formulations, separated by gelling 

agent, an order from high to low total penetration depths with in‐
creasing gelling agent concentration can be observed. The attained 
penetration depth seemed indirectly proportional to the gelling 
agent concentration of the formulation.

3.4 | CRS penetration studies

The suitability of the CRS method for analysis of SDZ was con‐
firmed (Figure 6). The SDZ reference spectrum showed character‐
istic bands which were detectable in spectra of SDZ‐treated skin. 
The two prominent bands at 1120 and 1600 cm−1 could be assigned 
to the SO2 symmetric stretching of the sulphonamide group and a 
ring stretching mode, respectively.23 Since penetration analysis was 
influenced by background signal of the skin and the intensity values 
did not approach zero in some cases, the background was subtracted 
to correct the baseline.

In Figure 7, the calculated relative SDZ concentrations are 
plotted against the respective measurement depth to visualise the 
observed drug penetration behaviour from the different hydrogels 
against the control. For both HEC‐based hydrogels (Figure 7A) and 
HPMC‐based hydrogels (Figure 7B), a highly similar penetration be‐
haviour was observed for SDZ irrespective of the type or concentra‐
tion of the gelling agent (P > 0.05 at any skin depth). All penetration 
profiles showed an initially high substance concentration at the skin 
surface followed by a continuous decrease with skin depth until a 
baseline is reached.

The total SDZ penetration depth observed by CRS analysis, 
that is the detection limit as described in Section 2.7, was found 
to	 be	 between	 96%	 ±	 19%	 of	 the	 total	 SC	 (for	 HEC	 7.5%)	 and	
113%	±	16%	(for	HPMC	1.0%).	Figure	8	shows	the	calculated	pene‐
tration depth of SDZ from all gel formulations and the control for‐
mulation as determined by CRS. The differences in the observed 
penetration depths between formulations did not reach statistical 
significance (P > 0.05). The overall trends reflected the findings 

F I G U R E  2   Effect of storage on emulsion viscosity: Comparison 
of the dynamic viscosity at a shear rate of 10 s−1	at	32°C.	Values	
were determined on fresh emulsions (“initial value”, week 2) and at 
the end of the stability study (“final value”, corresponding to week 
10 for HPMC gels and week 20 for HEC gels, respectively). The 
depicted	values	are	means	±	SD	of	three	individual	measurements	
for each formulation (n = 3) [Colour figure can be viewed at 
wileyonlinelibrary.com]

TA B L E  2   Dynamic viscosity (η) of the hydrogels determined at 
different times of measurement during the stability study. “Initial” 
corresponds to the value measured 2 wk after preparation and 
“Final” corresponds to the last measured value 10 wk (for HPMC 
hydrogels) and 20 wk (for HEC hydrogels) after preparation. The 
depicted	values	are	means	±	SD	of	three	individual	measurements	
for each formulation (n = 3)

Formulation

η [Pa∙s]

Initial Final

HEC 2.5% 0.63	±	0.10 0.69	±	0.01

HEC 5.0% 9.49	±	0.36 8.67	±	0.15

HEC 7.5% 40.4	±	3.11 38.1	±	0.57

HPMC 1.0% 0.23	±	0.02 0.34	±	0.04

HPMC 2.0% 4.09	±	0.39 4.62	±	0.18

HPMC 3.0% 16.3	±	1.05 18.6	±	0.51

F I G U R E  3   Concentration of sulphadiazine sodium recovered 
from the stratum corneum after tape stripping, displayed in % of 
applied	dose.	Data	are	presented	as	means	±	SD	of	at	least	eight	
experiments	(n	≥	8).	Significant	differences	were	assessed	by	one‐
way analysis of variance (ANOVA) followed by the post hoc Tukey 
test and are indicated by ***P < 0.001 [Colour figure can be viewed 
at wileyonlinelibrary.com]
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observed in the tape stripping experiments, that is lower pene‐
tration depth with increasing gelling agent concentration for both 
HEC and HPMC.

4  | DISCUSSION

In the current work, gel formulations that cover a broad viscosity 
range were prepared to characterise their skin penetration behav‐
iour. The developed formulations were thickened by adding two 
common pharmaceutical gelling agents, namely the cellulose ethers 
HEC and HPMC, in varying quantities. A selection of drug‐loaded 
hydrogels with SDZ, suitable for the envisioned comparative studies, 
could be produced. Their dynamic viscosity, studied at a shear rate 
of 10 s−1, ranged from about 0.2 to roughly 40 Pa∙s. Additionally, a 
non‐gelled control solution of the drug SDZ was investigated.

The physicochemical stability of the formulations was monitored in 
regular intervals. While the HPMC hydrogels showed signs of microbial 
contamination at week 12, the HEC hydrogels remained macroscop‐
ically stable. Changes in pH and viscosity seen in some formulations 
with progressing storage time indicate changes in their inner structure. 
Interestingly, for all hydrogels, an initial change in the dynamic viscos‐
ity took place in the first days after preparation. Presumably, this is 
owed to the time required for the formation of the final gel structure.

F I G U R E  4   Representative skin 
penetration profiles of sulphadiazine 
sodium from (A) hydrogel HEC 2.5% and 
(B) a non‐gelled control. Each horizontal 
bar represents the amount of recovered 
drug on the respective strip; the distance 
between the lines corresponds to the 
respective amount of removed stratum 
corneum [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  5   Penetration depths of sulphadiazine sodium from 
different gel formulations and a non‐gelled control into porcine 
stratum corneum observed after tape stripping. Data are presented 
as	means	±	SD	of	at	least	eight	experiments	(n	≥	8)	[Colour	figure	
can be viewed at wileyonlinelibrary.com]
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Incorporation of the model drug SDZ, which is both quantifiable 
by HPLC and Raman active, made it possible to investigate its pene‐
tration into the skin applying two commonly used methods with dif‐
ferent experimental setups. The initial SDZ content was determined, 
verifying satisfactory incorporation. Regular evaluation of the SDZ 
content confirmed the chemical stability of the incorporated drug.

Tape stripping in combination with HPLC analysis allows for the 
quantitative analysis of the drug's skin penetration and the determina‐
tion of its penetration depth. In each experiment, 30 tape strips were 
removed from the skin and analysed. The full quantity of SDZ collected 
from the skin was related to the total applied drug amount. Highly sim‐
ilar penetrated SDZ concentrations were observed in case of all gelled 
formulations, independent of their gelling agent concentration. This 
suggests that the specific viscosity of the investigated hydrogels had 
a subordinate effect on the skin penetration of incorporated SDZ. In 
contrast, significantly lower SDZ amounts were recovered from the 
skin in case of the fluid control. This is primarily due to large differ‐
ences in SDZ concentration on the first adhesive tape taken from the 
skin, as is apparent when plotting the distribution of the model drug 
as function of the tape number. One explanation for this difference 
might be that even after thorough removal of the excess formulation, 
a certain portion remains on the skin surface. In case of the hydrogels, 
which are stickier than the fluid control solution, the amount of res‐
idue remaining on the skin surface is likely to be increased. A similar 
observation with an increased drug concentration on the first tape 
strip for the more viscous formulation was made in a previous study.8 
In other words, diligent cleaning of the skin removes more drug in case 
of an aqueous drug solution which is subsequently not available for 
penetration and thus analysis.

F I G U R E  6   Representative Raman 
spectra of sulphadiazine solution after 
subtraction of the solvent spectrum (top), 
porcine skin treated with sulphadiazine 
sodium‐containing formulation (middle) 
and untreated control skin (bottom) in 
the	400–1800	cm−1 spectral interval. 
Characteristic substance peaks visible in 
the treated skin spectrum are marked with 
asterisks (*) [Colour figure can be viewed 
at wileyonlinelibrary.com]

F I G U R E  7   CRS concentration depth profiles of sulphadiazine 
sodium (SDZ) expressed in arbitrary units. (A) Penetration of SDZ 
from HEC gel formulations and (B) from HPMC gel formulations 
compared to the non‐gelled control. Profiles were calculated using 
a multivariate fitting procedure. Each curve represents mean 
values	±	SD	of	at	least	six	experiments	(n	≥	6)	[Colour	figure	can	be	
viewed at wileyonlinelibrary.com]
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In contrast to the very similar drug amounts observed in the tape 
stripping studies, the penetration depths observed for SDZ showed 
a different trend. Here, the gelling agent concentration seemed to 
have an influence on the total penetration depth of SDZ. Both for the 
hydrogels with HEC and HPMC, penetration depths were reduced as 
the viscosity of the gels increased. The diffusion of the model drug 
out of the formulation and into the skin might have been hindered by 
the high viscosity of the systems and thus resulted in a limited total 
penetration depth.24 In conclusion, drug distribution within the skin 
appeared to be affected by the viscosity of the vehicle.

Next, CRS penetration studies were performed. The Raman 
spectrum of pure SDZ exhibits characteristic bands that differ from 
the typical skin spectrum; these substance bands that are visible 
in the spectrum of treated skin enabled the tracking of SDZ inside 
the skin. CRS skin studies showed highly comparable penetration 
profiles for all investigated formulations, including the non‐gelled 
control. The relative amount of substance detected in the skin did 
not differ significantly in case of the different hydrogel formulations 
and the control, independent of the skin depth. This finding indicates 
that the general skin penetration behaviour of the model drug is un‐
affected by the concentration of gelling agent and thus the viscosity 
of the system, confirming the findings of the tape stripping studies.

Again, in contrast to the relative observed drug amounts, the SDZ 
penetration depth determined with CRS appeared to be dependent on 
the gelling agent concentration and thus viscosity of the formulations. 
Interestingly, reduced penetration depths with increasing concentra‐
tions were observed for both gelling agents using CRS. This is in agree‐
ment with the trends of the tape stripping results.

In regard to the observed penetration depths obtained with 
the two different experimental setups, namely tape stripping and 
CRS, different values were obtained. In case of tape stripping, pen‐
etration	depths	between	47%	and	78%	of	total	SC	thickness	were	
observed. In case of CRS, these values ranged between 90% and 

113% of SC thickness. The noticeably higher penetration depths 
with CRS might be the consequence of the prolonged incubation 
time of 16 hours.

In summary, a direct comparison of the results obtained with 
the two techniques revealed different absolute drug penetration 
depths. However, similar trends could be observed despite the var‐
ied experimental setup. It is crucial to consider factors such as the 
applied amount of formulation, incubation time and handling of the 
skin samples when discussing the results. For the tape stripping 
experiments, a commonly used approach with finite dose applica‐
tion and short incubation time was chosen. This setup resembles in 
vivo conditions where usually only a limited amount of formulation 
is applied and briefly allowed to absorb. In contrast, CRS studies 
were performed according to a previously described protocol by 
Lunter.25 Overnight incubation under infinite dose conditions was 
chosen to ensure sufficient detection of the model drug by CRS. 
These differences in the experimental setup were reflected in the 
divergent findings regarding the determined skin penetration depth. 
In this context, the incubation time clearly is an important aspect to 
consider. Due to the prolonged residence time of the formulation 
on the skin, the time for the diffusion of the incorporated drug to‐
wards the skin surface and into the skin is prolonged too, allowing 
the drug to penetrate deeper into the skin. However, regardless of 
the incubation time applied, the order from high to low total pene‐
tration depths with increasing gelling agent concentration could still 
be observed.

Taken together, the viscosity of hydrogel formulations seems to 
play a subordinate role for the skin penetration of an incorporated 
model drug. The findings suggest a minor impairment of the drug's 
ability to diffuse out of the formulation into the skin with increasing 
viscosity, but the differences did not reach statistical significance. 
Thus, no clinically relevant effect of modified viscosity on the skin 
penetration of hydrophilic actives is expected when using the in‐
vestigated gelling agent concentrations. Apart from that, a certain 
viscosity is considered to be beneficial in order to prevent the “run‐
off” of the formulation and thus enhance its residence time on the 
skin.5 Thus, moderate viscosity is advisable when designing new 
formulations.

5  | CONCLUSION

The skin penetration of a model drug from different hydrogels was 
independent of the exact dynamic viscosity of the formulations. We 
conclude that moderately enhanced hydrogel viscosity is advisable 
to allow for convenient dermal application while maintaining satisfy‐
ing skin penetration.
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F I G U R E  8   Maximum penetration depths of sulphadiazine 
sodium from different gel formulations and a non‐gelled control 
into porcine stratum corneum determined by CRS. Taking into 
account the maximum Raman intensity of each substance at the 
skin surface, the detection limit was set at a threshold of 10% of 
maximum values to determine penetration endpoints. Data are 
presented	as	means	±	SD	of	at	least	six	experiments	(n	≥	6)	[Colour	
figure can be viewed at wileyonlinelibrary.com]
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