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Abstract
Solvent-cast films from three polymers, carboxymethylcellulose (CMC), sodium alginate (SA), and xanthan
gum, were prepared by drying the polymeric gels in air. Three methods, (a) passive hydration, (b) vortex
hydration with heating, and (c) cold hydration, were investigated to determine the most effective means of
preparing gels for each of the three polymers. Different drying conditions [relative humidity – RH (6–52%)
and temperature (3–45°C)] were investigated to determine the effect of drying rate on the films prepared
by drying the polymeric gels. The tensile properties of the CMC films were determined by stretching
dumbbell-shaped films to breaking point, using a Texture Analyser. Glycerol was used as a plasticizer, and
its effects on the drying rate, physical appearance, and tensile properties of the resulting films were inves-
tigated. Vortex hydration with heating was the method of choice for preparing gels of SA and CMC, and
cold hydration for xanthan gels. Drying rates increased with low glycerol content, high temperature, and
low relative humidity. The residual water content of the films increased with increasing glycerol content
and high relative humidity and decreased at higher temperatures. Generally, temperature affected the
drying rate to a greater extent than relative humidity. Glycerol significantly affected the toughness
(increased) and rigidity (decreased) of CMC films. CMC films prepared at 45°C and 6% RH produced suit-
able films at the fastest rate while films containing equal quantities of glycerol and CMC possessed an
ideal balance between flexibility and rigidity.
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Introduction

Films are widely used in pharmaceutical dosage forms and
as drug delivery systems. They are widely used as packag-
ing materials and as tablet coatings to protect drugs from
environmental factors such as light, moisture, and air1,2.
They also form gastro-resistant (enteric) film coatings that
are resistant to gastric acids and are used for targeted drug
delivery to the intestinal portion of the GI tract3,4.

Films prepared from bioadhesive polymers are also
used as formulations for delivering drugs5 to moist surfaces
such as wounds, vagina, nasal, and buccal cavities5–8. They
have particularly wide applications for wound surfaces,

for example, it has been proposed that films might be
used to deliver genetic- and protein-based macromole-
cules to wound sites9,10. In addition, bioadhesive poly-
meric films containing antibiotics may be used to treat
wound infections where they provide increased local con-
centrations of the antibiotics11,12.

The advantages of film dressings include ease of
application (due to flexibility) around joints and
other difficult areas13,14, and their transparency
enables examination of the wound bed without the
removal of the dressing. However, they also present
major disadvantages including difficulty in handling,
and wound exudate sometimes collects beneath the
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dressing encouraging skin maceration15. The require-
ments for wound management products with ideal
characteristics have necessitated the need for novel for-
mulations having improved physical and mechanical
properties and general performance16.

Films are prepared by various methods including
spray coating where the polymer solution is sprayed,
and solvent casting17 where solvent evaporates from a
solution or dispersion (gel) of polymer, leaving a con-
tinuous layer of polymeric film. There are two main
types of films: solvent- and water-based films. In the
past, most films were prepared in organic solvents, but
these have been largely replaced by aqueous-based
films18. Organic solvent-based films for pharmaceutical
use are considered undesirable because of the difficulty
in removing the solvents completely, stringent regula-
tions on exposure to these organic solvents19, and more
severe guidelines on discharge of organic solvents due
to increased environmental concerns20.

The preparation conditions such as temperature and
relative humidity critically influence the physical
and mechanical properties of films prepared from
polymers21–24. The mechanical properties of film dress-
ings, in addition to affecting handling25 and ease of
application26, also influence their clinical acceptability15.
A hard and brittle film, for example, could destroy deli-
cate newly formed tissue around a wound, leading to
prolonged wound-healing times and the associated
inconvenience to both patients and clinicians.

This article discusses investigations into the influence
of preparation methods on the formation of gels from
three hydrophilic polymers, namely, carboxymethylcellu-
lose (CMC), sodium alginate (SA), and xanthan gum (XG)
using water as solvent. CMC and SA were chosen due to
their good bioadhesive and film-forming properties as
well as being known constituents of hydrocolloid and alg-
inate dressings. Xanthan is known for its useful rheologi-
cal properties27 and has recently been investigated as a
drug delivery system for the preparation of freeze-dried
wafers for wound healing28. Recently, the mucoadhesive
properties of xanthan have been investigated for use as
topical mucosal drug delivery systems for wounds29, buc-
cal mucosa30, and as buccal mucoadhesive tablets31. It
has also been used in combination with other polymers
to achieve specific controlled release profiles from matrix
systems32,33. Three methods (passive hydration, vortex
hydration with heat, and cold hydration) were investi-
gated to identify the most suitable method of preparing
the polymer gels used to make the films.

The second aspect of the work involved the influence
of drying rate on suitable formulations (films) prepared
by the best gel preparation method. The drying rates of
the polymer gels were determined at different drying
conditions (temperature and relative humidity). Suit-
able films obtained from drying the gels were character-

ized by measuring their tensile (mechanical) properties
by stretching dumbbell-shaped films to break point.
The results from the tensile characterization were used
to identify formulations (films) for drug incorporation
and subsequent drug delivery studies.

Materials and methods

Materials

Xanthan gum (Xanthural 180) was obtained as a gift
from Pfizer Ltd. (Sandwich, Kent, UK), sodium CMC
(Blanose 7H4XF, high viscosity grade) from Hercules
(Hopewell, VA, USA), sodium alginate (Protanal LF 10/
60) (SA-G), and Protanal LF 10/60LS (SA-M) with higher
guluronic and mannuronic acid, respectively, were
obtained as gifts from FMC Biopolymer (Drammen,
Norway). Protanal LF 10/60 produces stronger gels due
to its higher amounts of guluronic acid side chains
(average guluronic/mannuronic ratio of 70:30) while
Protanal LF 10/60 LS exhibits more flexible mechanical
properties because of higher mannuronic acid content
(average guluronic/mannuronic ratio of 40:60).
Glycerol, calcium chloride, lithium chloride, and dried
silica gel were purchased from Sigma (Gillingham, UK).
Magnesium nitrate, potassium hydroxide, and
potassium acetate were purchased from BDH (VWR,
Poole, UK); ammonium nitrate was purchased from
M&B Laboratory Chemicals (Dagenham, UK) and mag-
nesium chloride from Aldrich (Poole, Dorset, UK).

Preparation of gels and films

Prior to the preparation of films, experiments were
performed to produce 1–5% (wt/wt) aqueous gels for all
three polymers to determine concentrations suitable for
further experiments based on (a) ease of pouring, (b)
release of air bubbles entrapped during stirring, and (c)
clear uniform solutions with no lumps of undissolved
polymer. Three different methods for preparing the
polymer gels (solutions) were investigated and are
described below:

1. Passive hydration: Gels were prepared by dispersing
the polymer in distilled water at room temperature,
left overnight to hydrate and dissolve, and stirred
until a clear and uniform solution was obtained. By
not applying heat, the risk of polymer decomposi-
tion was reduced.

2. Vortex hydration with heat: The second method
involved dispersing the dry polymer into the vortex
of vigorously stirred distilled water heated to 95°C.
Stirring was continued until a uniform solution was
obtained, covered and left to stand for about
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10 minutes. This was the method of choice for sub-
sequent experiments involving CMC and SA. Two of
the films formulated were prepared containing glyc-
erol as a plasticizer. In these, the glycerol was first
dissolved in hot distilled water at a concentration of
5% and 10% (wt/wt). The glycerol solutions were
then used in the preparation of the gels as above.

3. Cold hydration: This method was used to prepare
XG gels as the use of the above methods produced
gels that retained entrapped air bubbles. XG gels
were obtained by initially cooling distilled water to
about 4°C, then dispersing polymer evenly over the
surface. The vessel was covered and left at 4°C for
24 hours. The swollen, hydrated gel was stirred gen-
tly until a homogenous dispersion was obtained.

The films were prepared by pouring 5 g (or 10 g for
XG) of the gels prepared by the methods above into
either 25-mL beakers to produce samples suitable for
measuring the drying rates or into flat trays for tensile
testing. The solutions were dried in sealed desiccators
at relative humidities 3–52% and temperatures 25°C,
37°C, and 45°C. The relative humidities were achieved
using saturated salt solutions (Table 1). Prior to drying,
the desiccators containing saturated salt solutions were
equilibrated for up to 7 days. To maintain constant
humidity, the salts were added in excess so that they
were visible at the bottom of the solutions. This pro-
vided assurance that the salt solutions remained satu-
rated throughout the experiments.

Drying profiles

The drying profiles of the films were obtained by weigh-
ing the gels (contained in 25 mL glass beakers) every
24 hours to constant weight and the percentage water

loss was plotted against time. The drying rates of the
films were measured as a function of temperature, rela-
tive humidity, and glycerol content. The films produced
were subjectively examined for their general physical
appearance with the aid of digital photography.

Tensile testing of CMC films (ASTM)

The films used for investigating the tensile properties
were prepared by casting hot polymeric gels (as prepared
above) in large trays and drying at 6% RH at 45°C. The
proportions of CMC and glycerol by weight were 2:1, 1:1,
and 2:3. The films were cut around a standard template
(dumbbell) as defined by the ASTM test criteria for thin
films. The tensile properties of the films were evaluated
by stretching the dumbbell-shaped sections to break
using a Texture Analyser (TA.XTi2, Stable Microsystems,
Surrey, UK). The time to break(s) (TB), percent strain at
break (SB), linear elastic region (mm), elastic modulus
(mPa), and work (J) in breaking the films (WB)34 were
compared at stretching speeds 0.1–4 mm/s.

Results

Gel preparation and physical appearance of films

Working polymeric gel concentrations (easily handled)
obtained were 1% and 2% (wt/wt) for CMC, 1–5% (wt/wt)
for both grades of SA, and 1% (wt/wt) for XG. The pas-
sive and cold hydration methods for preparing solu-
tions were unsuccessful with CMC and SA. The vortex
method was, however, successful, and was the method
of choice for preparing CMC and SA films. The cold
hydration method was only successful in preparing 1%
(wt/wt) XG gel.

All the polymers (except unplasticized SA-G) pro-
duced clear transparent films. Unplasticized films
appeared brittle and often difficult to remove from the
mould without breaking. Unplasticized XG film was so
thin and difficult to remove from the containers in
which they were cast even when initial weight of solu-
tion was doubled from 5 to 10 g. SA-G appeared to pro-
duce the strongest films with the unplasticized films
showing stress fractures and were not transparent
(Figure 1A). Drying their gels at a lower temperature
and higher relative humidity (slower rate of drying) pro-
duced films that were hard and opaque but with no
cracks (Figure 1B). SA-M films on the other hand
appeared strong and tough but more flexible with no
cracks (Figure 1C). CMC and XG both yielded clear
transparent films with or without glycerol but the
unplasticized films were hard, brittle, and deformed
while films containing an equal proportion of glycerol
and polymer were flexible and tough (Figure 2).

Table 1. Drying conditions for production of films at different
relative humidities (RH) and temperatures. 

Temperature
Relative 

humidity (%)
Salt solution 
(desiccant)

25°C 3 Dried silica gel

9 Potassium hydroxide

15 Lithium chloride

22 Potassium acetate

52 Magnesium nitrate

37°C 3 Dried silica gel

10 Lithium chloride

20 Potassium acetate

50 Magnesium nitrate

45°C 3 Dried silica gel

6 Lithium chloride

10 Potassium hydroxide

31 Magnesium chloride

47 Ammonium nitrate
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Drying of unplasticized CMC and ALG films

The drying profiles of the gels used to prepare the films
were generally similar, showing a sigmoidal curve
when percentage water loss was plotted against time.
The rate of drying of unplasticized films of CMC pre-
pared from drying 5 g of a 2% (wt/wt) solution of CMC

in distilled water is shown in Figure 3. Drying profiles
and rates of films prepared at different relative humidi-
ties and temperatures showing the effect of glycerol,
and drying conditions are shown in Figures 4–6 and
Table 2. The drying rates generally increased with
increasing temperature, decreasing relative humidity,
and at lower glycerol content. At temperatures of 25°C
and 37°C, there was a decrease in drying rate with
increasing relative humidity. Higher temperatures also
resulted in lower residual water content of the films
(Table 2).

Tensile properties

Generally, unplasticized films and films containing
lowest amounts of glycerol (CMC : GLY, 2:1) were hard,
brittle, and broke easily during removal. On the other
hand, films containing the highest glycerol content
(CMC : GLY, 2:3) were elastic, sticky, and very difficult
to handle, making them unsuitable for application and
difficult to test. These observations were reflected in
the results obtained from the tensile testing.
The variations in % strain (SB) and elastic moduli with
increasing glycerol content and stretching speed are
illustrated in Figures 7 and 8. The SB (ratio of the elon-
gation to the gauge length per unit of original length
expressed as a percentage) did not vary appreciably at
different stretching speeds. A summary of the effect of
increasing glycerol content on the tensile properties of
CMC films is shown in Table 3. Generally, time to break
(TB), percent strain at break (SB), and work done to
break the films (WB) increased while tensile strength
and elastic modulus decreased as the glycerol content
increased. The WB increased with higher glycerol con-
tent to a maximum value and then decreased again
(CMC : GLY, 2:3) but remained higher than the unplas-
ticized films.

Figure 1. Unplasticized SA films produced by drying 5% (wt/wt)
solutions of SA-G at (A) 45°C at 6% RH; (B) 37°C at 20% RH; and (C)
5% SA-M solutions at 45°C at 6% RH.

(A) 6% RH, 45ºC

(C) 6% RH, 45ºC

(B) 20% RH, 37°C

Figure 2. CMC films prepared from (A) 2% (wt/wt) solution (6% RH,
45°C). (B) 2% (wt/wt) solution containing equal proportions of CMC
and GLY (6% RH, 45°C).

(A) (B)

Figure 3. Effect of relative humidity on drying profiles (water con-
tent as a function of time) of 5 g CMC solutions (2%, wt/wt) for pre-
paring films at 25°C and 37°C.
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Figure 4.  (A–D) Effect of glycerol on drying profiles of 5 g CMC solutions (%, wt/wt) during film preparation at different relative humidities
(6-20%) and temperatures (25–45°C).
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Figure 5. (A–D) Drying profiles of 5 g ALG-G solutions (%, wt/wt) during film preparation at different relative humidities (6–20%) and
temperatures (25–45°C) showing the effects of glycerol.
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Discussion

This study concerned the development and characteriza-
tion of films as drug delivery system to moist surfaces. To
achieve ideal results, the preparation method and
mechanical properties should be optimized. Polymeric
gels for preparing the various formulations were required
to be easily poured from the container. In addition, they

must not retain air bubbles entrapped during stirring
without the use of a vacuum pump for degassing. Differ-
ent concentrations, 1–2% (wt/wt) for CMC, 1–5% (wt/wt)
SA, and 1% (wt/wt) XG solutions satisfied the above crite-
ria. Films produced by drying 2% (wt/wt) CMC and 5%
(wt/wt) ALG gels were selected because they were easier
to remove from the containers than those prepared from
lower concentrations (1–4%, wt/wt).

Figure 6. (A and B) Effect of glycerol on drying profiles of 10 g XAN solutions (%, wt/wt) during film preparation at different relative humidities
(6% and 20%) and temperatures (37°C and 45°C).
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Table 2. Effects of temperature (25°C and 37°C) and relative humidity (3–52%) on the drying rates, total drying times, and final moisture
contents (gravimetric method) of 2% CMC solutions and 5% ALG solutions dried to afford films.

Formulation RH (%)
Temperature 

(°C)
Drying rate 

(% water loss/cm2/h)
Drying 

time (hours)

Final moisture
content of 

dried film (%)

CMC 3 25 0.07 200 15.25

9 25 0.03 450 17.01

22 25 0.02 696 20.63

52 25 0.01 930 25.92

3 37 0.12 120 11.50

10 37 0.09 150 13.41

20 37 0.05 240 17.69

50 37 0.03 456 22.17

ALG-G 3 25 0.07 200 3.10

9 25 0.03 456 4.21

22 25 0.02 710 8.42

52 25 0.01 984 14.67

3 37 0.10 144 4.94

10 37 0.10 144 15.25

20 37 0.06 220 6.71

50 37 0.03 485 11.03

ALG-M 3 25 0.06 216 4.90

9 25 0.03 438 5.66

22 25 0.02 650 11.03

52 25 0.01 944 14.38

3 37 0.09 144 9.42

10 37 0.09 144 15.54

20 37 0.06 222 10.07

50 37 0.03 460 7.41



992 J.S. Boateng et al.

The passive hydration method for preparing gels did
not achieve the desired results for CMC and SA. This was
due to the difficulty in removing air bubbles generated
during stirring. The cold hydration method was also
unsuitable for both polymers because of incomplete dis-
solution (hydration) at the low temperature (4°C). The
cold hydration method was, however, the method of
choice for preparing XG gels because the gels produced
using heat and stirring resulted in entrapped air bubbles
that can only be removed under reduced pressure. As a
result of these observations, vortex hydration with heat
was the method of choice for preparing all the gels with
the exception of XG. The vigorous stirring in the vortex of

the water quickly dispersed the powder, preventing for-
mation of lumps and resulted in easy dissolution of poly-
mer in the hot water. At the concentrations used, the hot
solutions were less viscous and therefore readily
released entrapped air bubbles, resulting in clear, trans-
parent solutions that were easily poured into moulds
before the gels set at lower temperature.

As water evaporated from the gels during film forma-
tion, there was an increase in viscosity due to a higher
concentration of polymer. At the same time, there was a
reduction in weight while the gel collapsed in the con-
tainer with a resultant decrease in thickness. This corre-
sponds to the initial linear portion of the drying curve
where there was rapid loss of water resulting in the for-
mation of a thick semisolid mass. The exponential por-
tion of the drying curve represents a slower loss of water
that culminated in a fully formed solid film. At this
point, most of the water had evaporated with the film
finally losing residual amounts of water through its sur-
face. The flat portion of the curve and the change in
weight approaching zero reflect this. The various stages
in the drying process and the shape of the drying curve
have been discussed by different authors for other poly-
meric solutions35,36.

The results obtained by drying the gels under differ-
ent conditions indicated that the drying rate and the
residual water content were a function of temperature,
relative humidity, and concentration of glycerol in the
films. Drying rates increased while water content of the
films decreased at high temperature and low RH. Tem-
perature appeared to have a greater influence on drying
rate than relative humidity as shown by the faster drying
times for films prepared at 20% RH at 37°C than those at
the lower relative humidity of 9–15% and lower tempera-
ture of 25°C (Figure 4). This was also observed in Figure 3
where films prepared at high temperature (37°C) and
high relative humidity (20% and 50%) still dried faster
than those prepared at low temperature (25°C) and low
relative humidity (9% and 10% RH). Similar observations
have been made for whey protein isolates films plasti-
cized with glycerol37 and chitosan films38. These authors
also observed that films dried at higher temperatures
showed stiffer, stronger, and less extendable properties
(because of lower water content) than films dried at
lower temperatures, confirming the observation made
for an unplasticized film prepared at higher temperature
being more brittle and exhibiting cracks.

Figure 7. Percent strain at break of CMC films stretched at speeds
of 0.1–4.0 mm/s showing the effects of glycerol content extent of
stretching.
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Table 3. Effect of glycerol content on tensile properties of CMC films at stretching speed of 0.5 mm/s (n = 2).

Film 
CMC : GLY

Time to break 
(seconds) ( ±SD)

% Strain at break
( ±SD)

Tensile strength (N) 
( ±SD)

Elastic modulus (mPa)
( ±SD)

Work to break (J)
( ±SD)

2:1 4.8 (1.6) 2.2 (0.7) 48.0 (4.9) 27.1 (0.5) 0.1 (0.08)

1:1 97.1 (2.4) 44.0 (1.1) 26.4 (3.9) 1.2 (0.2) 1.2 (0.20)

2:3 175.0 (0.7) 80.0 (13.9) 7.9 (0.7) 0.6 (0.02) 0.6 (0.02)
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Higher glycerol content on the other hand slowed
down the drying and resulted in higher levels of residual
water in the films at a given temperature/relative
humidity as shown in Figures 4–6. For example, the dry-
ing rates for CMC films prepared at 6% RH at 45°C
decreased from 0.07 (% water loss/cm2/h) for unplasti-
cized film to 0.03 (% water loss/cm2/h) for a film con-
taining 10% glycerol. The ability of glycerol to retain
water is exploited in topical (pharmaceutical and cos-
metic) formulations where its humectant properties
keep skin moist. The water content of starch films
increased with increasing glycerol concentration at
constant humidity39. Furthermore, combination of
glycerol and water can produce a synergistic plasticiz-
ing effect with its associated effects on the mechanical
properties, i.e., to depress the glass transition tempera-
ture. Increased rates of water loss caused increased
stresses within the film as they formed. The presence of
glycerol then alleviates these stresses compared with
the unplasticized states.

Unplasticized XG films were difficult to remove from
their containers unlike CMC and SA films. One of the
requirements for pharmaceutical films is that they must
be free from any substrates related to the moulds and
therefore films should be easily removed from their cast-
ing containers40. As a result, the development of XG
films was discontinued. CMC and SA have already been
identified as good film formers41 and were easier to
handle than XG.

All the polymers (except unplasticized SA-G) pro-
duced clear transparent films. Among the wound-
healing dressings, this property of films constitutes one
of its major advantages as it allows inspection of
wounds without removing the dressing15. Unplasticized
SA-G produced the strongest films that were hard and
split at high drying rates. This is because the high gulu-
ronic acid could not dissipate stresses generated during
the evaporation of water from the films and the subse-
quent reduction in the volume between the polymer
chains. The films of this alginate grade were also not
transparent due to crystallization of guluronic acid seg-
ments as water evaporated from the film (Figure 1A).
Drying the solution at a lower temperature and higher
relative humidity (slower rate of drying), however, pro-
duced films that were hard but opaque, with no cracks
(Figure 1B). This is because, at lower drying rates,
smaller stresses were generated during solvent evapo-
ration and the film was able to accommodate these
stresses. Glycerol also improved the elegance of the
films, producing transparent films that would otherwise
have been opaque because of recrystallized guluronic
acid. Unplasticized SA-M films on the other hand were
strong and tough, but more flexible due to higher man-
nuronic acid content (Figure 1C). No cracks were pro-
duced because the more flexible mannuronic acid side

chains were able to dissipate stresses generated during
drying of the films even at the high rates of drying,
apparent at higher temperatures.

Characterization of the mechanical properties of
films required them to be easy to handle and yield
smooth edges when cut, without any serrations that
could act as lines of weakness. Determination of the
tensile properties of the different CMC films prepared
showed differences in behavior based primarily on the
amounts of glycerol present. Highly plasticized films
were very elastic stretching to more than 100% their
original lengths before breaking while moderately plas-
ticized ones were tough but broke with less elongation.
At low glycerol levels, the films snapped with little
stretching due to their brittle nature. Increasing the
speed of testing resulted in a decreased time to break
point for films while higher glycerol content resulted in
an increase in TB of the films. Generally, there was
about a 40-fold increase in time to break point with
increasing glycerol content at each corresponding
stretching speed. This indicated that glycerol reduced
brittleness of the films by making them more flexible
and able to extend over longer periods before breaking.

Figure 7 shows a gradual decrease in SB at speeds of
0.1 mm/s through to 2 mm/s after which it remained
constant. For films containing CMC : GLY ratio of 2:1,
the values decreased from 3.77% to 1.82% at stretching
speeds of 0.1 and 1 mm/s, respectively. This increased to
2.91% at stretching speed of 2 mm/s. Similarly, the SB for
films prepared from equal proportions of CMC and glyc-
erol decreased initially from 51.27% to 32.95% at speeds
of 0.1 and 2 mm/s, respectively, and remained constant
at speeds above 2 mm/s. This could be explained in
terms of the creep properties (time-dependent irrevers-
ible deformation under constant load) of the polymer42.
At low stretching speeds, the films had enough time to
respond to the deformation force and attempt to resist
this force. The films therefore stretched to relatively
longer distances before breaking. At higher stretching
speeds, deformation forces were applied to the films at a
faster rate and therefore appeared to stretch over shorter
distance before breaking.

Glycerol increased the SB by many magnitudes
(about 39-fold) at each stretching speed. For example,
percent strain at break increased from 3.77 (for CMC :
GLY, 2:1) to 96.00% of its original length (for CMC : GLY,
2:3) at a stretching speed of 0.1 mm/s. Glycerol served
to increase the flexibility of the films therefore making
them able to stretch over long distances. It should be
noted, however, that films (CMC : GLY, 2:3) containing
higher proportions of glycerol than CMC had the ten-
dency to exhibit ‘necking.’ Necking occurs when the
film elongation increases by several magnitudes above
the original length and a corresponding decrease in sur-
face area but with no corresponding increase in tensile
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strength. Necking in films during tensile stretching is an
indication of plastic yield, explained by the plastic flow of
macromolecules43. This resulted in high values of
‘percent strain at break,’ but the results may be mislead-
ing especially when the values exceed 100%. This made
the films prepared from CMC : GLY (2:3) not very useful
for application and further development. Films pre-
pared from equal proportions of polymer and glycerol
were stretched to about 50% of their original length,
which is ideal because film dimensions did not change
significantly before breaking.

The tensile strength (maximum force per unit area
applied to a point at which the film specimen breaks) of
the CMC films decreased considerably with increasing
glycerol content at all stretching speeds. For example, at
a stretching speed of 0.5 mm/s, tensile strengths for the
three formulations (CMC : GLY, 2:1; CMC : GLY, 1:1; and
CMC : GLY, 2:3) stretched were 47.90, 26.38, and 5.66 N/
mm2, respectively (Table 3). Glycerol as a plasticizer
increased the free volume between the polymer chains
by reducing the interactions between the chains,
thereby making the polymer more flexible, and the poly-
mer chains easily slide past one another to yield lower
values of tensile strength with reduced brittleness. The
variations in elastic modulus with stretching speed and
the effect of glycerol content of the films on elastic mod-
ulus are shown in Figure 8. The elastic modulus is a
measure of film stiffness and rigidity, and for materials
that obey Hooke’s law, the elastic modulus is calculated
from the slope of the initial linear portion (region of lin-
ear elastic deformation) of a stress–strain curve. The
results showed that the elastic modulus was not
significantly affected by the stretching speed. However,
glycerol content had significant effects on the elastic
modulus for the films investigated. Films with low glyc-
erol content were harder, stronger, and stretched over
shorter distances before breaking and therefore yielded
high tensile strength (stress) and low percent strain val-
ues. This resulted in higher elastic moduli than films
containing higher quantities of glycerol that had high
percent strain values because of their increased elastic-
ity and flexibility but lower tensile strength values.

Glycerol had a peculiar effect on the work done to
break the film (WB) of the films (toughness of the films).
There was an initial increase in the WB with increasing
glycerol content followed by a sharp decrease with further
increase in glycerol content. The WB values for CMC : GLY
(2:1, 1:1, and 2:3) at a speed of 0.5 mm/s were, respec-
tively, 0.1, 1.2, and 0.6 J (Table 3). This observation could
be explained from the two parameters (stress and elon-
gation) that comprise the WB. Increasing the glycerol
content largely affected the elongation of the film and
therefore yielded higher values of WB. However, as the
glycerol content was further increased, the film
stretched over long distances with no corresponding

increase in tensile stress because the film behaved more
as a ‘fluid’ than a solid due to increased chain mobility,
resulting in a decrease in toughness.

Plasticizers such as glycerol are added to polymeric
films to reduce brittleness, improve flow, impart flexibil-
ity, and increase toughness. The mechanism of action of
a plasticizer generally involves interposing its mole-
cules between the polymer chains. The plasticizer mol-
ecules also interact with the functional groups of the
polymer chains. Plasticizer and polymer are held
together by intermolecular secondary valence forces
leading to formation of molecular aggregates. This
results in a reduction in the interaction and the inter-
molecular forces between the polymer chains (reduces
cohesion) and an increase in spaces between polymer
chains. The overall effects include increased polymer
chain mobility and flexibility and a reduction in the
glass transition temperature. The lowering of glass tran-
sition temperature leads to the conversion of a rigid
glassy polymer into the rubbery state. The increase in
mobility is termed relaxation and dissipates stresses
generated as solvent evaporates from the polymer
solution.

It will be useful to observe the decrease in glass tran-
sition temperature of CMC films with increasing glycerol
concentration. Though that was not achieved, this may
be reflected in the increased flexibility of the films with
glycerol and the corresponding decrease in tensile
strength and elastic modulus as well as increase in the
work done to break the films for the tensile measure-
ments. These properties are known to be related to the
glass transition temperature of most polymers. Changes
in the local movement of polymer chains at the glass
transition temperature (Tg) may lead to large changes in
physical properties including mechanical modulus44.
Such changes are exploited in determination of the glass
transition temperature using various techniques45–47.
For example, dynamic mechanical/thermal analysis
(DMA/DMTA) measures the effect of a sinusoidally
varying stress on dynamic moduli48.

It has been observed that the efficiency of a plasti-
cizer is related to its chemical structure and the interac-
tion between its functional groups and those of the
polymer49,50. Bodmeier and Paeratakul51 investigated
factors influencing plasticizer uptake such as polymer
type and concentration. It has also been reported that
film adhesion increased when the concentration of
plasticizer in dried Eudragit™ acrylic films was greater
than 25%52. Aulton and coworkers53 demonstrated that
plasticizers increased the ease of Hydroxypropylmeth-
ylcellulose (HPMC) film deformation, with a decrease
in tensile strength and a reduction in the modulus of
elasticity.

Careful selection of the type and amount of
plasticizer ensures a uniform and reproducible film54.
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A plasticizer will need to be miscible with the polymer
in order to be compatible, and most plasticizers usually
resemble closely the polymer it will plasticize. For
example, water-soluble cellulose ethers such as HPMC
and CMC with a high hydroxyl ratio are best plasticized
by hydroxyl-containing compounds such as glycerol.
Use of plasticizers that are physicochemically associ-
ated with the polymer reduces the possibility of plasti-
cizer loss through leaching and evaporation.

The mechanical properties of the films have several
important implications. For example, film dressings are
required to be durable, stress resistant, soft, flexible, pli-
able, and elastic to be able to cope with the stresses
exerted by different parts of the body having varying
contours, especially around the joints such as knees
and elbows13. Mechanical properties also affect the lag
time of swelling for controlled release dosage forms55.
A film coating for tablets is expected to have sufficient
tensile strength to avoid damage during manufacturing
processing, storage, and transportation. A low elastic
modulus has also been found to be advantageous in
preventing initiation and propagation of cracks which
can lead to rapid release of drugs from slow release
formulations56.

Conclusions

Solvent-cast films from three hydrophilic polymers (XG,
SA, and CMC) have been produced using different
methods. The drying profiles of the polymeric gels dur-
ing film formation were investigated and the tensile
properties of CMC films characterized by means of a
Texture Analyser. The vortex hydration was the method
of choice for SA and CMC, and cold hydration for xan-
than. Drying rates were affected by glycerol content,
temperature, and relative humidity. Low glycerol con-
tent, high temperature, and low relative humidity
increased drying rates, while the converse was true at
high glycerol contents. In addition, the residual water
content of the films increased with increasing glycerol
content and high relative humidity and decreased at
higher temperatures. Temperature was observed to
affect the rate of drying to a greater extent than relative
humidity. The results indicate that drying of CMC gels at
45°C and 6% RH produced reproducible films at the fast-
est rate.

From the mechanical characterization, glycerol was
required to reduce brittleness and impart flexibility to
the CMC films. Increasing glycerol content increased
the time to break point, percent strain at break, and the
work done to break to a maximum value. However,
increasing glycerol content resulted in a decreased ten-
sile strength and the elastic moduli for all the CMC
films. Films produced from an equal proportion of CMC

and glycerol possessed an ideal balance between rigid-
ity and toughness and are recommended for future
drug delivery studies.
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