
Chapter 4
TEC Plasticization of Topical
Polymeric Films

The degree of homogeneity and the mechanical properties of topical polymeric films
for drug delivery are vital to their efficacy. The dispersal of plasticizer and the sol-
ubility of the drug within the films (the homogeneity of their distribution) affect
their function; phase separations have been shown to trigger drug crystallization
[1] and the efficacy (bioavailability) and stability of the drug are dependent on its
crystallinity [2]. Inhomogeneities may also provide weak points in the films where
fracture is more likely [3]. If the mechanical properties of the film are similar to
those of skin, it will flex with the skin and remain in intimate contact for a prolonged
period of time. The incorporation of plasticizers into polymer films increases their
flexibility [4] and permits the mechanical properties to be matched to those of skin.
In this way, film breakage is avoided and the area across which drug transport occurs
remains constant.

AFM and Raman chemical mapping have previously been used to determine the
drug/polymer miscibility in polymeric films [1, 5]. The occurrence of drug crystal-
lization was detected by the appearance of aggregates and worm-like structures in
AFM images. AFM nanoindentation has been used to determine the form of drug
particles, e.g., crystalline, and to what degree, or amorphous [6–8]. Raman mapping
has been used as a complementarymethod toAFMallowing direct detection, through
peak shifts, of the degree of crystallinity [7].

This chapter describes the use of theAFM to acquire images of polymer filmswith
and without a commonly used plasticizer, triethyl citrate (TEC), and betamethasone
valerate (BMV), a model drug most commonly used for inflammatory skin condi-
tions. Films of all compositions appear homogeneous with no obvious occurrence of
phase separation or drug crystallinity. This supports the use of TEC as an effective
plasticizer as it distributes evenly within the polymer network forming the film. The
lack of crystallization in all films confirms that the presence of the plasticizer is not
affecting the state of the drug.

AFM nanoindentation, to determine the material nature of the samples and their
elastic moduli, was carried out. The samples showed viscous-elastic-plastic behav-
iour and elastic moduli were extracted using both the Hertzian model and an adapted

© Springer International Publishing Switzerland 2016
H. Garvie-Cook, Novel (Trans)dermal Drug Delivery Strategies,
Springer Theses, DOI 10.1007/978-3-319-28901-4_4

47
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Oyen & Cook model, as described in Sect. 3.1.3.4. The calculated elastic moduli
were found to decrease with increasing plasticizer content.

Raman spectroscopy of the constituents of the polymeric films (polymers, the
plasticizer and the drug substance) revealed characteristic spectral peaks by which
they could be identified. These peaks were used to determine the distribution of these
components from themeasured Raman chemical maps of films containing plasticizer
and the drug. This information was on a larger scale (with a lower resolution) than
that obtained using AFM but was complementary, showing the homogeneity of the
plasticizer and drug distribution within the films.

4.1 AFM Imaging

Images of polymeric FFS, cast on cleaned glass slides, were acquired inAFM tapping
mode. Both Eudragit and Klucel films, incorporating 0, 20 and 40% TEC, were
prepared and the images of these films are shown in Fig. 4.1.

(a) (d)

(b) (e)

(c) (f)

Fig. 4.1 3D AFM images of polymeric films with 0, 20 and 40% TEC plasticizer, cast onto
glass microscope slides, at scan sizes of 4× 4 µm2: a–c Eudragit films with 0, 20 and 40% TEC,
respectively, and d–f Klucel films with 0, 20 and 40% TEC, respectively

http://dx.doi.org/10.1007/978-3-319-28901-4_3


4.1 AFM Imaging 49

(a)

(b)

Fig. 4.2 a Histograms of AFM image feature height frequency, and b the change in height along
one line of AFM images of films incorporating 0, 20 and 40% TEC plasticizer. Height profiles in
(b) are offset to facilitate comparison

Histograms of the heights of features in AFM images (Fig. 4.2a) represent the
range of features observed. These histograms were produced by determining the
number of features over certain threshold heights.Height profiles along one line of the
image are also shown (Fig. 4.2b) to further support the information in the histograms.
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Fig. 4.3 RMS roughness (+ standard deviation) of Eudragit and Klucel films, with 0, 20 and 40%
TEC, determined from three AFM tapping mode images of each film

Root mean square (RMS) average roughness provides another description of the
features observed in AFM images. It is the average of height deviations from a mean
image data plane.

Eudragit filmswithout TEC (Fig. 4.1a) show small structural features,with heights
just below 4nm (Fig. 4.2). The heights of these features decrease with increasing
TEC content and the films were smoother when 20 and 40% TEC (Fig. 4.1b, c) were
incorporated. The RMS roughness (Rq ) of three films of each composition, cast in
the same way, decreased from 0.55 ± 0.12nm, in films without TEC, to 0.23 ± 0.04
and 0.29 ± 0.04nm in films with 20 and 40% TEC, respectively. The changes in
RMS roughness with increasing plasticizer content are shown in Fig. 4.3.

Klucel films without TEC show larger structural features than those observed in
the equivalent Eudragit film, with heights of approximately 20nm (Fig. 4.2). The
root mean squared roughness of this film is 5.4 ± 1.1nm. As the content of TEC
increases, the heights of the structural features increase to approximately 45nm in
films incorporating 40% TEC (Fig. 4.2a), but the RMS roughness did not change:
6.5 ± 1.9 and 5.8 ± 3.5nm for films incorporating 20 and 40% TEC, respectively
(Fig. 4.3).

Polymeric films form from the FFS as the solvent evaporates from the solution.
Ethanolic solutions of both Eudragit andKlucel are clear and are therefore believed to
be polymeric solutions, rather than dispersions. In solution, polymer chains are highly
mobile but come into close contact as the solvent evaporates, eventually forming a
film as shown below. The rate of film formation and the structure of the formed film
depend on the rate of solvent evaporation and the presence (or not) of a plasticizer.
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As the solvent evaporates, the mobile polymer chains move closer together until
they form rigid polymer-polymer contacts. An effective plasticizer increases the
flexibility of the film by decreasing the number of polymer-polymer contacts and
therefore the rigidity of the formed structure [3, 9–11]. Ideally, the drug is either
dissolved in the polymer or in an amorphous state within the polymeric network
[12, 13].

There are no signs of phase separation or drug crystallization in the AFM images
of any film, indicating that, when present, TEC and BMV were distributed evenly
throughout the film. TEC has therefore effectively plasticized the formed films. The
observed homogeneity of the films is an important quality as inhomogeneous polymer
coatings can cause more rapid drug release from parts of the film [10]; equally, the
formation of drug crystals decreases the eventual bioavailability of the drug [1].

The roughness of Eudragit films (with andwithout drug) decreaseswith increasing
plasticizer content. The presence of plasticizer in the polymer network provides “gap-
fillers”, which result in a smoother film [5]. The same decrease in roughness with
plasticizer content was not observed for Klucel films which did not contain the drug
substance. This may be due to the larger molecular weight of the Klucel (95,000
g mol−1), relative to the plasticizer (276 g mol−1), and compared to Eudragit (32,000
g mol−1), resulting in a lower change in roughness.

4.2 AFM Nanoindentation

4.2.1 Deformation Behaviour

Nanoindentation of films of different composition was carried out using AFM probe
tips. The raw data from the indentation procedure (deflection in volts as a function of
displacement of the AFMcantilever from its original vertical position) was converted
to the deformation of the sample according to the applied load using the procedure
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(a)

(b)

Fig. 4.4 Load as a function of deformation during indentation of films with and without plasticizer
(TEC): a Eudragit with 0, 20 and 40% TEC, and b Klucel with 0, 20 and 40% TEC. Blue and red
lines are data collected as the load was increased and decreased, respectively. 2D AFM images of
(i–ii) Eudragit with 0 and 20% TEC, and (iii–iv) Klucel with 0 and 20% TEC were taken after
indentation. Scale bar represents 0.5 µm. Indents are less obvious in (iv) due to the more viscous
nature, and the greater roughness of the sample, as compared to (ii)

described in Sect. 3.1.3. Examples of the resulting data from samples incorporating
0, 20 and 40% TEC (Fig. 4.4) clearly reveal the impact of plasticizer incorporation.
The greatest load is required to deform (and the steepest loading curve is obtained
for) Eudragit films without TEC (Fig. 4.4a). As TEC content increases, the load

http://dx.doi.org/10.1007/978-3-319-28901-4_3
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required to deform the sample by a given amount decreases, showing the softer
nature of films. Similar behaviour, with increasing TEC content, was observed for
Klucel films (Fig. 4.4b).

The variation of deformation with load on the polymeric films reveals the inden-
tation behaviour of the samples. This allows a model to be selected that accounts for
the deformation behaviour of the samples and allows determination of their elastic
moduli [14]. Large hysteresis, and a residual deformation when the load has been
removed, were observed (Fig. 4.4), implying that some plastic deformation occurred
during indentation. This residual deformation can be observed in AFM images of
the films taken after indentation (Fig. 4.4i–iv).

4.2.1.1 Viscosity

Viscous behaviour can be assessed using the unloading data obtained during indenta-
tion. For Eudragit filmswith 20 and 40%TEC, the hysteresis between the loading and
unloading data remains large until the load is entirely lifted and a residual deformation
is left (Fig. 4.4a). In Klucel films with 20 and 40% TEC, this hysteresis is lower and
the depth of the residual deformation left after the load is lifted is smaller (Fig. 4.4b).
This difference shows the greater reversibility (i.e., the more elastic nature) of Klucel
films containing TEC than the corresponding Eudragit films.

Viscous deformation was investigated by varying approach rate and surface delay.
The approach rate is the speed at which the AFM probe is brought down towards
and pushed into the sample. The probe is then retracted from the sample at the same
speed. Approach rates of 4 and 16nm s−1 were used for the indentation of all films
investigated. Example indentation loops acquired at these different approach rates
are shown in Fig. 4.5.

Less deformation, during loading and unloading, was observed for indents carried
out at approach rate of 16nm s−1 than those using 4nm s−1. Using Fig. 4.5 as an
illustrative example, at a loadof 30nN, the deformationduring loadingof theEudragit
filmwithout plasticizerwas lower (1.6nmcompared to 2.2nm) at the higher approach
rate. This is also reflected in the behaviour of Klucel films with 40% TEC; the
deformations during loading were 76 and 121nm for approach rates of 16 and 4
nm s−1, respectively. When approaching at a higher rate, the sample provides a
greater resistance to deformation as there is less time for viscous relaxation to occur
[15]. The deformation at a given load is therefore lower.

There was less hysteresis between the approach and retract curves when a higher
approach rate was used. In Fig. 4.5, the difference in deformation between the
approach and retract curves at a load of 30 nN was 2 and 5nm at approach rates
of 16 and 4nm s−1, respectively for Eudragit films without plasticizer. For Klucel
films with 40% TEC, the hysteresis between the approach and retract curves at a
load of 30 nN was 44 and 51nm at approach rates of 16 and 4nm s−1, respectively.
Again, this difference is due to the time allowed for more viscous relaxation to occur
at a slower approach rate.
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Fig. 4.5 Load as a function of deformation during indentation of a Eudragit filmwithout plasticizer,
and a Klucel film incorporating 40% TEC, at approach rates of 4nm s−1 (solid lines) and 16
nm s−1 (dashed lines)

Another indication of viscous deformation is the appearance of a “nose” in the
initial unloading data of the samples. Even during unloading, the deformation of
the sample may still increase (the “nose” in the data) if the sample shows viscous
behaviour. In this case, the rate that the sample creeps under the applied load (due to
its viscosity) is greater than the unloading rate. An example of this initial increase in
deformation during unloading can be seen in Fig. 4.4a: the viscous nature of Eudragit
films with 40% TEC is sufficient that the probe continues to sink into the sample
even after the load has begun to be lifted. The gradient of the initial unloading portion
can therefore be used to assess the viscosity of the sample.

The gradient of the “nose” was calculated for the data shown in Fig. 4.4. The
values for the initial unloading portions (the first 25% of the data) for Eudragit films
containing 0, 20 and 40%TECwere 36, 66 and –15 nN/nm, respectively. As the plas-
ticizer content of the films increases, the probe sinks into the sample at a greater rate
during unloading. This causes the gradient to increase and then to become negative.
Eudragit films with 40% TEC therefore show a greater viscous nature than samples
without plasticizer. The gradients of the initial unloading portions of Klucel films
were also calculated. The values were 38, 15 and 2 nN/nm for films incorporating
0, 20 and 40% TEC, respectively. In this case, the gradient becomes shallower, i.e.,
less unloading is required for a given decrease in deformation, as expected from the
softer nature of samples containing TEC, and an obvious “nose” is not observed.
Eudragit films therefore show more viscous deformation than Klucel films when
TEC is incorporated. The molecular weight of Eudragit is lower than that of Klucel
(32,000 compared to 95,000g mol−1) and the degree of its polymer chain entangle-
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Fig. 4.6 Load as a function of deformation during indentation of a Eudragit filmwithout plasticizer
(solid lines), and a Klucel film incorporating 40% TEC (dashed lines). A delay of 10s at maximum
load and an approach rate of 16nm s−1 were used in these measurements

ment is less. This results in greater chain mobility and the more viscous deformation
observed in Eudragit films is emphasized when TEC is incorporated [13].

Delays of 0 and 10s were used to assess the creep of the probe during indentation.
During this delay, the cantilever is held at its maximum vertical displacement, at
which point the probe tip imposes the greatest load on the sample. In purely elastic-
plastic samples, deformation would not change during this delay. When a surface
delay of 10s was used during the indentation of Eudragit films without plasticizer
and Klucel films with 40% TEC, both of which show viscous behaviour, an increase
in the deformation of the sample at the maximum load is observed (Fig. 4.6). During
the delay, the probe sinks further into the sample, even though the cantilever is being
held at a fixed position. The deflection of the cantilever, and therefore the measured
load, decreases during the delay as the deformation caused by the samples’ viscosity
increases. In the case of Eudragit films without plasticizer, the load decreases to 87%
of its original value before the hold period. The load decreases more, to 61% of its
original value, for Klucel films with 40% TEC. This is consistent with the more
viscous nature of the sample containing TEC plasticizer. An increase in the viscous
behaviour of polymeric films with increasing plasticizer content has previously been
observed in hydroxypropylmethylcellulose films plasticized with glycerol and poly-
ethylene glycol [3]. This was attributed to the reduction in rigid polymer-polymer
contacts when plasticizer is incorporated.
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Fig. 4.7 Fits of the Hertzian and Oyen & Cook models (upper and lower solid lines, respectively)
to the experimentally measured load as a function of deformation (crosses) during indentation of a
Eudragit film incorporating 20% TEC

4.2.2 Extraction of Elastic Modulus

4.2.2.1 Comparison of Hertzian and Oyen and Cook Models

The elastic moduli of polymeric films of different compositions were determined
using themethods described in Sect. 3.1.3.4. BothHertzian andOyen&Cookmodels
were fitted to experimental indentation data, and examples are shown in Fig. 4.7.

The Hertzian model describes the behaviour of purely elastic media. As shown in
Sect. 4.2.1, the polymeric films under investigation are not purely elastic. However,
for very small deformations, theHertzianmodel is often considered to be a reasonable
approximation for samples which are not purely elastic.

Loading data within the initial 5–20% of experimental points was fitted to extract
the elastic modulus using the Hertzian model. The deformation here was assumed
to be essentially elastic. It is noted that the range chosen excludes the initial loading
data when the indentation process is most prone to noise [16]. This also resulted in
the most consistent results with sufficient data points for all samples to provide a
reasonable fit. The Hertzian model explains well the first 5–20% of data but then
diverges predicting a lower deformation at a given load than is seen experimentally.
This is expected as only the elastic deformation of the sample is modelled while, at
greater loads, plastic deformation and viscous deformation become more apparent.
The experimental deformation of the sample at a given load is therefore higher than
that predicted by the purely elastic Hertzian model.

The Oyen & Cook model, which takes into account the viscous-elastic-plastic
behaviour of the sample, was fitted to the central 75% of experimental data. Elastic

http://dx.doi.org/10.1007/978-3-319-28901-4_3
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(a)

(b)

Fig. 4.8 Examples of Oyen & Cook and Hertzian model-calculated elastic moduli for (a) Eudragit
without plasticiser, and (b) Klucel incorporating 40% TEC, determined under four different inden-
tation conditions: approach rate of 16nm s−1 and 0s delay, 16nm s−1 and 10 s, 4nm s−1 and 0 s,
4nm s−1 and 10 s. Averages of Oyen&Cook andHertzianmoduli for each indentation condition are
shown as pink and green lines, respectively. Areas shaded in grey represent the standard deviations
of these averages

moduli values calculated using the Oyen & Cook model were consistently higher
than those obtained from the Hertzian model (the comparison between the results for
two different films is shown in Fig. 4.8). It follows that the data range fitted by the
Hertzian model included some non-linear plastic and viscous deformation and the
model therefore predicted a greater elastic deformation than was actually occurring
(and hence resulted in a lower elastic modulus). This was verified by varying the data
range over which the elastic modulus was determined (an example of this is shown
in Table4.1). The narrower the range of data points fitted (i.e., those closest to the
start of the indent), the higher the derived elastic modulus. The deformation at these
initial points is more likely to be purely elastic and the elastic modulus extracted is
higher, and in agreement with the Oyen & Cook prediction. As the fitted data range
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Table 4.1 Elastic modulus of
a Eudragit film without
plasticizer determined from
fits of one indentation loop to
the Hertzian model using
different data ranges

Fitted range (% of loading
data)

Hertzian elastic modulus
(GPa)

1–16 1.04

3–18 0.972

5–18 0.941

5–20 0.927

5–30 0.887

5–40 0.823

increases and includes more points from the later stages of the indent, the Hertzian
elastic modulus decreases. Here, the viscous and plastic contributions to deformation
are greater and it is likely, therefore, that theHertzianmodel underestimates the elastic
modulus of the sample.

The effect of approach rate and the impact of a delay on the fitted Hertzian
and Oyen & Cook elastic moduli were determined (Fig. 4.8) for each indentation
condition (i.e., 16nm s−1 and 0s delay, 16nm s−1 and 10s delay, etc.). The elastic
moduli calculated with the Oyen & Cook model were not significantly different
over all the indentation conditions used. This model successfully accounts therefore
for the viscous and elastic deformations, observed in Fig. 4.4, that occur during
unloading. The values of elastic moduli determined from the Hertzian model also
showed no obvious dependence on approach rate and surface delay suggesting that
the contributions of viscous and plastic deformation are insignificant in the range of
experimental conditions examined.

The variation of the Hertzian and Oyen & Cook model-calculated elastic moduli
as a function of themaximum (peak) load used during indentation is shown in Fig. 4.9

Fig. 4.9 Examples of Oyen & Cook and Hertzian elastic moduli for Eudragit without plasticizer
and Eudragit with 20% TEC as a function of the peak load imposed during indentation
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Fig. 4.10 Oyen&Cook and Hertzian model-calculated elastic moduli of Eudragit and Klucel films
without and with 20 and 40% plasticizer. The data shown are the means and standard deviations
determined from three different samples of each film and a minimum of eight indents per sample.
The elastic modulus of skin [17], determined under similar indentation conditions, is shown as a
horizontal line for comparison, with the standard deviation shown in grey

for Eudragit films with and without 20% TEC. The Hertzian elastic moduli did not
varywith peak load for either film, behaviour characteristic of an ideal elasticmaterial
[7]. Elastic modulus calculated using the Oyen & Cook model appeared to decrease
somewhat at higher loads, where the viscous deformation of the sample will become
more prevalent. This suggests that the model may not have completely accounted for
the viscous behaviour of the films.

Finally, all elastic moduli calculated for all films investigated were unchanged
when the drug substance (1.2% w/w) was incorporated (data not shown).

4.2.2.2 Variation with Plasticizer Content

Elastic moduli of Eudragit and Klucel films, calculated using Hertzian and Oyen
& Cook models, as a function of TEC content, decreased with increasing plasti-
cizer content, as expected (Fig. 4.10) [4]. Although the absolute, calculated values
of the two models differed, the large decrease in modulus with the incorporation of
plasticizer is patently clear.

Similar behaviour has been observed in other films incorporating plasticizer: a
decrease in elastic modulus in hydroxypropylcellulose hot-melt extruded films when
plasticized using polyethylene glycol [18], an increase in flexibility and elasticity
when polyvinyl alcohol films incorporated glycerine as a plasticizer [19], and a
reduction in the tensile strength of Eudragit® L 100-55 films plasticized with TEC
[20]. The elastic modulus of human skin, approximately 0.3 GPa [17], is lower than
the moduli of unplasticized Eudragit and Klucel films. A plasticizer content of 20%
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TEC must be introduced into the films to bring their elastic moduli down to that of
skin and to ensure intimate and prolonged contact between the skin and the topically
applied film. Plasticizer within the film decreases polymer-polymer contact, and the
mobility of the polymer chains is therefore increased (and the films have a lower
elastic modulus [4]). With increasing plasticizer, the effect is magnified.

The effects of plasticizer on drug release from polymer films have previously
been reported for tablet coatings [10], and strongly depended on the plasticizer used
(hydrophilic or lipophilic). Drug release from films of the same composition as those
studied here increased with with increasing TEC content [21], presumably due to
enhanced difusivity within the polymer network [13].

4.3 Raman Micro-Spectroscopy

4.3.1 Constituent Spectra

Raman spectra of the constituents of polymeric FFSwere initially acquired (Fig. 4.11)
to determine characteristic peaks by which they could be identified in spectroscopic
maps of the formed films. Characteristic peaks for BMV and TEC were identified at
1659 and 1734cm−1, respectively. The peak for BMVwas distinct from any polymer
or plasticizer peak and could therefore be used to map the drug within films of both
polymers. The 1742cm−1 peak for TEC could be clearly distinguished in the Klucel

Fig. 4.11 Raman spectra of the constituents of polymeric films: Eudragit, Klucel, TEC and BMV.
Spectra are normalised according to the maximum intensity within the two ranges shown. Arrows
indicate the positions of characteristic peaks for each of the constituents
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films but overlappedwith aRaman signal from the polymer in Eudragit films. In these
films, therefore, the peak intensity at 857cm−1 was used to map the distribution of
TEC. Peaks which were characteristic of the polymers Eudragit and Klucel were
identified at 813 and 1358cm−1, respectively.

Raman chemical mapping was performed at a high spatial resolution to provide
comparison with AFM images. The Raman signal obtained during mapping origi-
nated from an area of approximately 1× 1µm2.Maps were acquired of Eudragit and
Klucel films, incorporating 20% TEC and 1.2% BMV, respectively. Spectra from
the maps were processed by subtracting the background. The software used assumed
the same background, as defined in one spectrum, for every pixel of the map.

The position of the characteristic peaks of TEC shifted when the plasticizer was
incorporated into Eudragit and Klucel films, as opposed to in its powder form. Over
the mapped area of Eudragit and Klucel films with 20% TEC and 1.2% BMV, the
TEC peak positions were 858.3 ± 0.1cm−1 and 1729.5 ± 0.2cm−1, respectively.
In both cases, therefore, the position of the peak decreased, suggesting that the
environment in which the scattering TEC molecules were contained was altered. As
no inhomogeneities were observed in either AFM images or Raman concentration
maps (see Sect. 4.3.2), it is likely therefore that TECwas dispersedwithin the network
provided by the film-forming polymers.

A similar effect was observed when the drug was incorporated into polymeric
films; the characteristic peak of BMV shifted to 1669.0 and 1666.9cm−1 in Eudragit
and Klucel films (without TEC), respectively. This is further discussed in Sect. 4.3.3.

4.3.2 Mapping Concentration

The focus of the Raman microscope objective, and therefore its ability to collect
the scattered radiation, is affected by changes in the height of the film across the
mapped area. If the sample becomes out of focus, a lower intensity and background
will be collected. Maps of the intensities of characteristic peaks of the polymer,
plasticizer and drug within Eudragit films with 20% TEC and 1.2% BMV were
similar, suggesting that changes in the topography of the film, rather than changes
in the film’s chemical distribution, explained the distribution observed.

To account for changes in sample height, spectra acquired along a line of each
map were analysed. The intensities of characteristic peaks of polymer, plasticizer
and drug were determined for each of these spectra then normalised according to
each component’s maximum intensity in the line of spectra analysed (Fig. 4.12a).
The intensities of all characteristic peaks decreased to a minimum at a distance of
approximately 9 µm along the line and then increased progressively to a maximum
value observed at approximately 26 µm.

Prior to the analysis of peak intensities, background was subtracted from the
individual spectrawhich formed themap.TheWire software,whichwas initially used
to subtract background, assumed the same background spectrum over the mapped
area. The variation in background intensities due to sample focus were therefore not
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(a)

(b)

Fig. 4.12 a Raman peak intensities of Eudragit, TEC and BMV along a row of 26 spectra of
a Eudragit film incorporating 20% TEC and 1.2% BMV. Intensities were normalised according
to their maximum along this row. b Peak intensities of TEC and BMV were then divided by
the intensities of the polymer peak. The maximum intensities of these divided signals were then
defined as 1. Errors were calculated using the standard deviation of TEC and BMV peak intensities
after repeating manual background subtraction five times on one spectrum. Intensities are offset to
facilitate comparison

accounted for. After the deduction of background, spectra from areas of the film
which were more in focus had higher intensities, thought to explain the variation in
intensity observed in Fig. 4.12a.

The polymer was assumed to be distributed evenly throughout the film and the
intensities of the spectra along the line investigated were therefore divided by the
polymer signal, to account for the change in background (Fig. 4.12b). To estimate an
error on the intensity of characteristic peaks, the background signal of a spectrum of
each filmwas defined, without using the automatic function in theWire software, and
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(a)

(b)

Fig. 4.13 a Raman peak intensities of Klucel, TEC and BMV along a row of 21 spectra of a Klucel
film incorporating 20% TEC and 1.2% BMV. b Peak intensities of TEC and BMV were then
divided by the intensities of the polymer peak. The maximum intensities of these divided signals
were then defined as 1. Errors were calculated using the standard deviation of TEC and BMV peak
intensities after repeating background subtraction five times on one spectrum. Intensities are offset
to facilitate comparison

subtracted. Intensities of characteristic peaks were then deteremined and this process
was repeated five times. The standard deviations of the determined intensities were
used to calculate percentage errors. The concentrations of plasticizer and drug over
the row of spectra from Eudragit with 20% TEC and 1.2% BMV were effectively
constant (Fig. 4.12b) and TEC and BMV were therefore distributed evenly.

The same analysis was applied to maps of Klucel with 20% TEC and 1.2%BMV.
In this case, the intensity of all characteristic peaks decreased in the same manner
with increasing distance along the line of spectra, suggesting that the sample was
became progressively out of focus (Fig. 4.13a). The polymerwas again assumed to be
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evenly distributed and the intensities of plasticizer and drug peaks were normalised
according to its signal. The error was calculated in the same way as described above.
The intensities of plasticizer and drug along the row of spectra analysed were, again,
effectively constant (Fig. 4.13b). In both Eudragit and Klucel films incorporating
TEC and BMV, plasticizer and drug were therefore distributed evenly, supporting
the homogeneity observed in AFM images (Fig. 4.1).

4.3.3 Mapping the Physical State of the Drug

BMV was assessed spectroscopically in three physical forms and its characteristic
peak (at spectral shifts of approximately 1650–1670cm−1) was determined. The
three forms were crystalline (as provided by the supplier), as an amorphous film,
formed by depositing a drop of an ethanolic solution onto a clean glass slide [22],
and in solution (0.4% w/w in ethanol), and the spectra acquired are in Fig. 4.14. The
peak shifted from 1659 and 1663cm−1 for crystalline and amorphous solid forms,
respectively, to 1666cm−1 for the dissolved compound.

The physical state of BMV across the films was then determined by mapping
the frequency of its characteristic peak. In Eudragit films, the peak was observed at

Fig. 4.14 Raman spectra of crystalline, amorphous and dissolved BMV. Spectra have been nor-
malised to a maximum value of 1 within the range shown. Gaussian functions (solid lines) were
fitted to spectral data points and used to determine the peak position
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1667.8–1667.9cm−1; that is, a range much smaller than the difference, for example,
between amorphous and dissolved drug, suggesting that BMV was dissolved and
equally soluble throughout the mapped area of the film. The corresponding range
of the peak position in a Klucel film incorporating 20% TEC and 1.2% BMV was
1665.9–1666.0cm−1, implying that BMVwas dissolved but consistently less soluble
across the mapped area. The positions of the BMV peaks were lower than those
observed in Eudragit andKlucel filmswithout TEC, suggesting that the incorporation
of TEC has slightly reduced the solubility of the drug within the polymer film.

4.4 Film Formation on Skin

Section4.2 describes the deformation behaviour and elastic moduli of topical films
which were cast on glass slides and dried for 24 h at 30 ◦C. To determine whether
the observed properties would vary when in situ on the surface of skin, AFM mea-
surements of Eudragit films incorporating 0, 20 and 40% TEC, prepared in three
different ways, were carried out. The effects of the conditions of deposition and the
substrate, i.e., glass or skin, were determined.

To examine the impact of changing the preparation method, films were cast onto
either glass slides or excised porcine skin and dried for 6 hours at either room tem-
perature or 30 ◦C. Example AFM indentation loops for these samples are in Fig. 4.15.
The probe used for indentation had a smaller radius than those used before: 7nm
as compared to 21–80 nm. When a smaller probe is used, more plastic deformation
occurs at a smaller load, making direct comparison of Fig. 4.15 with Fig. 4.4 less than
straightforward. In general, however, the shapes of all of the load-deformation plots
in these experiments were similar. For example, indentation of a Eudragit film incor-
porating 20% TEC revealed similar viscous and plastic characteristics regardless of
the preparation method used. Deposition and substrate parameters do not, therefore,
appear to change the deformation behaviour of the films.

Variation in the films’ mechanical properties, when prepared differently, can be
quantified via their elastic moduli. As a sharper probe was used, more viscous and
plastic deformation was observed, resulting in large hysteresis and residual defor-
mation in all indentations. Elastic moduli were calculated by fitting the Hertzian
model to small deformations; i.e., to the first 5–20% of data acquired during loading
(Fig. 4.16). Increasing the plasticizer content of the films resulted in a decrease in
elastic modulus, as previously observed (Fig. 4.10). The preparation method had the
most significant effect on the elastic moduli of Eudragit films with 40% TEC, with
those prepared at room temperature (on both glass and skin) having lower values
than those prepared at 30 ◦C.

Elastic moduli of Eudragit films without plasticizer, and with 20%TEC, prepared
on glass slides at both 30 ◦C and room temperature, were higher than those which
had been dried for 24h at 30 ◦C. This difference is likely due to the smaller probe
radius used for indentation. Nonetheless, the elastic moduli of the films were still
observed to significantly decrease with increasing TEC.
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Fig. 4.15 Examples of load
as a function of deformation
during indentation of
Eudragit films a without
plasticizer, b with 20% TEC,
and c with 40% TEC. Films
were dried for 6 h on glass at
30 ◦C (solid lines), on glass
at room temperature (thick
dashed lines), and on skin at
room temperature
(dash-dot-dashed lines).
Blue and red lines represent
the data collected as the load
was increased and decreased,
respectively, as indicated by
the arrows (color online)

(a)

(b)

(c)

Under the same load, the deformation of Eudragit filmswithout plasticizer on skin
was greater than that on glass, suggesting a softer sample (Fig. 4.15a). The elastic
modulus of this sample, using the Hertzian model, was therefore lower (0.40 ± 0.14
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(a)

(b)

Fig. 4.16 Hertzian elasticmoduli of Eudragit films (n = 8,± standard deviation), without plasticizer
and with 20 and 40% TEC, prepared by different methods: a dried for 6h on glass, at 30 ◦C and at
room temperature, and on skin, at room temperature; b method 1 dried for 24h on glass at 30 ◦C,
method 2 dried for 6h on glass at 30 ◦C, method 3 dried for 6h on glass at room temperature, and
method 4 dried for 6h on porcine skin at room temperature

GPa) than seen before (Fig. 4.16b), implying that the film had been softened in some
way by its interaction with the skin.

The elastic moduli of Eudragit films with either 20 or 40% TEC, prepared on
glass and on skin at room temperature, were not significantly different. It follows
that the effect of TEC on the elastic modulus of the film is greater than the effect of
skin on that which has no plasticizer incorporated.

The temperature of film formation affects the rate at which solvent evaporates
from the FFS. Ethanol evaporation from these films occurs more quickly, of course,
at higher temperatures. It has previously been observed that Klucel LF films require
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longer times to form from ethanolic solutions when formed at 25 ◦C than at 30 ◦C
(1.5 times longer) [23]. For the same drying time, a greater amount of ethanol will
therefore be left in a film when formed at room temperature than at 30 ◦C. Solvent,
like plasticizer, can reduce polymer-polymer contacts as the film forms, and more
solvent molecules will therefore have a greater plasticizing effect and lower the
elastic modulus, exactly as is seen for films containing 40% TEC prepared at room
temperature (relative to those formed at 30 ◦C) [3].

All indentations were performed on the surface of the film exposed to air. The
properties of the bulk film and those at its interface with the skin may be different.
While the former may be deduced from examination of the fracture surface [1, 5],
assessment of film properties at its interface with the skin offers practical challenges
that are difficult to overcome with AFM because the skin surface topography (its
furrows and wrinkles) has a dimension much greater than the height range (≤5.5
µm) of the instrument.

4.5 Summary and Conclusions

AFM imaging has been used to determine the change in topography of polymeric
films, cast on glass slides and dried for 24h at 30 ◦C,with increasing plasticizer (TEC)
content. RMS roughness decreased with increasing plasticizer content for Eudragit
films. A similar change in roughness was not observed for Klucel films with the same
plasticiser content. The difference may be explained by the higher molecular weight
of Klucel relative to that of Eudragit. AFM images revealed homogeneous films with
no obvious phase separation or crystallization.

AFM indentation experiments characterised the viscous, elastic, plastic behaviour
of the polymeric films. Viscosity was evaluated by varying the rate at which the probe
indented the films and by the use of a delay at maximum load.

Elastic moduli of polymeric films were extracted from indentation loops using
the Hertzian model, at small deformations, and an adapted Oyen & Cook model.
Hertzian model-calculated elastic moduli were consistently lower than those based
on the Oyen & Cook model. The range of elastic moduli determined under different
indentation conditions, using both models, was less than the effect of plasticizer
incorporation. Elastic moduli of polymeric films decreased with increasing TEC
content, with the incorporation of 20% plasticizer reducing this parameter to that of
skin (and allowing, thereby, the likely potential for such films to flex when in situ on
the surface of the skin without breaking).

Chemicalmapping byRamanmicro-spectroscopy of films incorporating TEC and
BMV showed relatively uniform distributions of plasticizer and drug over the exam-
ined area, implying that no phase separation or crystallization occurred. Mapping
the peak frequency of the signal from BMV, revealed that the drug was dissolved in
the polymeric films and that it was more soluble in Eudragit than in Klucel.

The impact of film preparation method (glass versus skin substrate, room tem-
perature versus 30 ◦C, and 6 versus 24h drying time) was explored using Eudragit
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films. In the absence of plasticizer, films formed on skin had lower elastic moduli
than those prepared on glass, suggesting a possible plasticizing effect from moisture
in the tissue. However, this was not observed when 20 or 40%TECwas incorporated
because the effect of the plasticizer overwhelmed that provoked by skin moisture.
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