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Introduction

The coating of drug products is a process that has been 
carried out for many years to improve the aesthetic, pro-
tective, and functional characteristics of pharmaceuti-
cals1. In addition to improving the appearance of a drug 
product, coatings have been used to protect the active 
ingredient from environmental factors, such as mois-
ture, light, and oxygen2. Taste masking of bitter drugs 
and concealing odorous compounds are additional ways 
coatings have been utilized in the pharmaceutical indus-
try3. Polymeric films can enhance the overall mechanical 
strength of a substrate4. Sustained, delayed, and pulsatile 
drug release profiles have also been achieved through 
the application of polymeric film coatings5–7.

The film coating process involves the application of a 
thin polymer film onto the surface of a solid dosage form. 
Polymers are generally dispersed or dissolved in a sol-
vent and then atomized into fine droplets that impinge 
onto the substrate surface during the coating process. 
Subsequent evaporation of the solvent causes polymer 
coalescence and film formation. High-viscosity solu-
tions require high atomization air pressures to ensure 
accurate and consistent droplet size distribution8. Most 
polymers used to achieve sustained and delayed drug 
release are formulated as aqueous-based dispersions9–11 
and thus viscosity is not significantly influenced by poly-
mer concentration. For water-soluble polymers prepared 
as aqueous solutions, such as hypromellose (HPMC), 
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however, viscosity limits the polymer concentrations that 
can be used in coating applications.

HPMC is a commonly used water-soluble polymer 
and is commercially available in several different grades 
that vary by the degree of methoxyl and hydroxypropoxyl 
substitution as well as by viscosity. Currently, the lowest 
viscosity HPMC polymers used in aqueous film coating 
are the 3 and 6 cP grades, with maximum recommended 
polymer concentrations of 15% and 10% w/w, respec-
tively12. Recently, The Dow Chemical Company (Midland, 
MI) developed two novel lower-molecular-weight (LMW) 
products, based on HPMC 2910 (E chemistry) and HPMC 
2906 (F chemistry), to allow higher polymer concentrations 
to be used for aqueous coating applications. In the current 
study, the viscosities of these novel LMW HPMC products 
were determined as a function of polymer concentration. 
Films were then cast and the mechanical and water vapor 
permeability properties were determined and compared 
with conventional HPMC films. The influence of plasticizer 
concentration in the polymeric film on mechanical strength 
and water vapor permeability was also investigated.

Materials and methods

Materials
Hypromellose 2906 (conventional METHOCEL™ F4 
Premium LV and the LMW METHOCEL™ Premium VLV) 
and hypromellose 2910 (conventional METHOCEL™ E3 
Premium LV and an investigational LMW polymer) were 
provided by The Dow Chemical Company. Polyethylene 
glycol 400 (PEG 400, Carbowax™ 400; The Dow Chemical 
Company) was used as the plasticizer for these HPMC 
materials.

Preparation of solutions
HPMC polymer solutions were prepared according to the 
manufacturer’s recommendations. Distilled water was 
heated to 80–90°C and the HPMC powder was dispersed 
using a standard variable speed propeller-type mixer. 
The solutions were removed from the heat and mixed 
for 1 h. The appropriate amount of plasticizer was added 
and mixing was continued for 10 min. Solutions were 
covered and stored in the refrigerator overnight to allow 
the polymer to fully hydrate. Solutions were brought to 
room temperature (22°C) prior to subsequent testing or 
processing.

Viscosity measurements
The polymer solutions were maintained at 25°C in 
a heated water bath. After placing the LV-2 spindle 
attachment into the solutions, the Brookfield LVDV-E 
viscometer (Middleboro, MA) was stabilized for 10 min 
prior to determining the viscosities of each solution (n = 4 
per formulation).

Mechanical properties
Polymer solutions were manually cast onto glass plates 
using a casting knife (Paul N. Gardner, Pompano Beach, 

FL) and dried for 24 to 48 h at 30°C and 50% relative 
humidity (RH) until clear films were formed. Films (n = 6) 
were cut into 101.6 mm × 12.7 mm strips and film thick-
ness was measured with a digital micrometer. The film 
strips were placed between the grips of a Chatillon uni-
versal tension/compression tester (model TCD-200 MS) 
with a DFGS digital force gauge (Largo, FL) to evaluate 
the mechanical properties of the cast films. Tests were 
conducted according to the ASTM D882-0213 with a gauge 
length of 50.8 mm and a cross-head speed of 5 mm/min. 
Force and deflection values were recorded for each sam-
ple and used to plot stress–strain curves. Tensile strength 
(σ) at break was calculated by dividing the maximum 
force (F) at break by the original cross-sectional area of 
the film (A

0
), as shown in Equation 1.

 = F

A0

� (1)

 Percent elongation (ε) was calculated by dividing the 
change in deflection (ΔL) by the initial gauge length (L

0
) 

and multiplying by 100 (Equation 2).

 = ×L

L0

100� (2)

 Young’s modulus was determined from the slope of the 
linear portion of the stress–strain curves.

Water vapor permeability
Films were prepared as previously described and cut 
to fit the permeability cups. The exposed surface area 
was ~38 cm2. Film thickness was measured with a 
digital micrometer at multiple sites (n = 4 perimeter, 
n = 4 middle) and the average thickness of each film 
was determined. The water vapor permeability tests 
were conducted according to the ASTM E96 M-0514 
water method (n = 3 films per formulation). A saturated 
sodium chloride solution was placed in the interior of 
the permeability cups to produce a 75% relative humid-
ity environment15. The films were secured onto the cups 
using three screw clamps and the cups were then placed 
in a temperature and humidity controlled environment 
(22°C with anhydrous calcium sulfate to create 0% RH). 
After an equilibration period of ~24 h, the weight of the 
permeability cups was recorded every 24 h for 5 days. 
The average cumulative weight change (G) of the per-
meability cups was plotted against time (t). The water 
vapor transmission rate (WVT) was determined by 
dividing the slope of the graph by the area (A) of film 
exposed, as shown in Equation 3.

WVT  = G/t

A
� (3)

 The water vapor permeability (P
erm

) was then calculated 
using Equation 4, where S is the saturated vapor pres-
sure, R

1
 and R

2
 are the relative humidities in the dish 

and dessicator, respectively, and d is the average film 
thickness.
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Statistical analysis
A one-way analysis of variance (ANOVA) and Holms-
Sidak multiple comparison test were performed using 
SigmaStat, version 3.0 for Windows (SPSS Inc., Chicago, 
IL) to determine statistical differences in the data. 
Statistical differences were determined by a P-value 
<0.05.

Results and discussion

HPMC polymers swell upon dissolution in water, pro-
ducing relatively viscous solutions that can be difficult 
to atomize for film coating processes16. Low polymer 
concentrations are typically employed in order to obtain 
solutions with viscosities sufficiently low enough for pro-
cessing12. Recently, there has been a great deal of inter-
est in developing polymers that can be mixed at higher 
concentrations without significantly increasing viscosity. 
Rogers and colleagues17 showed that shorter processing 
times and increased efficiency during coating could be 
achieved when formulations containing higher polymer 
concentrations of lower viscosity were employed. In 
addition, the reduced water content in these more con-
centrated solutions allows for lower processing tempera-
tures, reduced energy usage, and increased efficiency in 
novel continuous coating processing technologies18,19. 
The current study investigated two novel LMW HPMC 
products for potential film coating applications. Table 1 
shows the molecular weights of the conventional and 
LMW materials used in the current study.

The viscosities of unplasticized LMW and conven-
tional HPMC solutions were determined as a function 
of polymer concentration and these data are presented 
in Figure 1. The viscosity of the solutions increased with 
increasing polymer concentrations for all HPMC solu-
tions investigated. The LMW polymers demonstrated 
significantly lower viscosities than the corresponding 
conventional polymers at equivalent polymer concen-
trations (P < 0.05). These findings were attributed to the 
LMWs of the novel HPMC polymers. The shorter polymer 
chains decreased the number of entanglements that 
occur within the solution thereby reducing the resistance 
to flow or viscosity. The conventional F chemistry HPMC 
polymer demonstrated significantly higher viscosities 
than the E chemistry conventional material, most likely 

due to the more hydrophilic nature of the E polymer 
structure. In contrast, no statistically significant differ-
ences in viscosities were found between the novel E and 
F chemistry LMW polymer solutions at all polymer con-
centrations investigated.

Linear regression from the log of viscosity versus 
polymer concentration plot (Figure 1, r2 ≥ 0.997) was 
used to calculate the polymer concentrations at which 
the conventional HPMC solutions exhibited viscosities 
equivalent to the LMW versions. These data, presented 
in Table 2, demonstrate that higher concentrations of the 
novel LMW polymers produce viscosities equivalent to 
lower concentrations of the conventional systems. The 
maximum desirable viscosity for a coating solution has 
been reported as 400 cP16. Analysis of Figure 1 shows con-
ventional HPMC solutions mixed at 20% w/w exhibit vis-
cosities that exceed these recommendations and thus are 
not used in normal coating operations. In contrast, the 
LMW HPMC polymers exhibited sufficiently low viscosi-
ties at higher polymer concentrations, which may allow 
increased productivity in coating processes.

The viscosities of the polymer solutions as a function 
of plasticizer concentration were also determined and 
these data are presented in Figure 2. Plasticizers reduce 
intermolecular attractions between polymer chains 
causing an increase in chain mobility. The incorpora-
tion of plasticizers into coating formulations is generally 
necessary to improve flexibility and decrease brittleness 
of the resulting polymeric films1. PEG, a water-soluble 
plasticizer with a solubility parameter (23.0 MPa1/2) simi-
lar to that of HPMC 2910 (27.8 MPa1/2) and HPMC 2906 
(28.2 MPa1/2), was used in this study. Selection of a plas-
ticizer that exhibits similar intermolecular forces to the 
polymer is necessary to ensure compatibility and thus a 
good-quality film20. In the current study, it was found that 
increasing the plasticizer concentration did not signifi-
cantly affect the viscosities of any of the HPMC polymer 
solutions investigated.

Table 1.  Weight average molecular weight (MW) of low-
molecular-weight (LMW) and conventional hypromellose 
(HPMC) polymers (values provided by The Dow Chemical 
Company, Midland, MI).
HPMC 2910 MW (kDa ± SD) HPMC 2906 MW (kDa ± SD)
d 20.5 ± 0.014 F4 LV 23.4 ± 0.072
E LMW 14.8 ± 0.014 F LMW 12.8 ± 0.156

Figure 1.  Viscosities of low-molecular-weight (LMW) and 
conventional hypromellose (HPMC) solutions as a function of 
polymer concentration. (•) E LMW; (▾) F LMW; (○) E3 LV; (▵) F4 
LV.
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The mechanical strength and water vapor perme-
ability of the HPMC polymer films were determined as 
a function of plasticizer concentration to gain a better 
understanding of the design space with these novel LMW 
HPMC polymers. The LMW films without plasticizer were 
brittle and cracked and therefore mechanical and water 
vapor studies could not be performed. The data from the 
LMW films were compared with conventional HPMC 
films prepared from solutions at equivalent viscosities. 
Water vapor permeability was found to be dependent 
on the concentration of the hydrophilic plasticizer in the 
films, irrespective of polymer type, as shown in Figure 3, 
with increased permeability noted with increased plasti-
cizer concentration. These results are in agreement with 
previous studies that demonstrated films with higher 
levels of hydrophilic plasticizers exhibited higher water 
vapor permeabilities21–24.

No significant differences in water vapor permeabil-
ity between the LMW and conventional films cast from 
solutions of equivalent viscosities at the 20% and 30% 
plasticizer concentrations were observed. However, at 
the 40% plasticizer concentration, the LMW HPMC films 
exhibited a statistically higher water vapor permeability 
compared with the films cast from the conventional poly-
mers. Similar results were seen when the water vapor 
permeability of the HPMC polymer films cast from solu-
tions at equivalent polymer concentrations (20% w/w) 
were compared (data not shown).

The mechanical properties of the HPMC films cast 
from solutions at equivalent viscosities were determined 
as a function of plasticizer concentration (Figures 4–6). 
As expected, tensile strength decreased with an increase 
in plasticizer concentration, irrespective of polymer type. 
These findings are in agreement with Aulton et al.25 and 
are attributed to the disruption in the intermolecular 
interactions between polymer chains. Heinamaki et al.26, 
Honary and Orafai27, Yuan et al.24, and Qussi and Suess28 
also reported similar findings. The LMW polymer films 
exhibited lower tensile strength than their respective 

Table 2.  Polymer concentrations of low-molecular-weight (LMW) and conventional hypromellose (HPMC) polymer solutions at 
comparable viscosities (unplasticized), as calculated from data in Figure 1.
Polymer type Polymer concentration Viscosity (cP ± SD) Polymer type Polymer concentration Viscosity (cP + SD)
E LMW 10% 32 ± 1 E3 LV 7.2% 34 ± 1

15% 84 ± 3 10.2% 77 ± 7
20% 249 ± 26 14.4% 251 ± 8

F LMW 10% 34.7 ± 0.4 F4 LV 6.2% 34 ± 1
15% 105 ± 10 9.9% 110 ± 3
20% 261 ± 34 13.1% 290 ± 11

Figure 2.  Viscosities of 20% low-molecular-weight (LMW) and LV 
hypromellose (HPMC) solutions as a function of plasticizer (PEG 
400) concentration. (•) E LMW; (▾) F LMW; (○) E3 LV; (▿) F4 LV.

Figure 3.  Effect of plasticizer concentration on the water vapor 
permeability of low-molecular-weight (LMW) and conventional 
hypromellose (HPMC) films cast from solutions at equivalent 
viscosities. (A) (•) 20% E LMW (○) 14.4% E3 LV; (B) (•) 20% F LMW 
(○) 13.1% F4 LV.
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conventional HPMC comparators. These results may be 
attributed to the decreased number of intermolecular 
bonds within the shorter polymer chains of the LMW 
polymer films and are in agreement with Rowe and Forse29 
who suggested that higher-molecular-weight polymers 
produce films with higher tensile strengths. Interestingly, 
the F LMW films exhibited higher tensile strengths than 
the conventional E chemistry HPMC polymer films, sug-
gesting that these novel F chemistry polymers may have 
potential coating applications.

As expected, the percent elongation of the conven-
tional HPMC films increased with increasing plasticizer 
concentration, as shown in Figure 5, indicating enhanced 
flexibility of the polymeric films. These results are again 
in agreement with Aulton et  al.25, Heinamaki et  al.26, 
Yuan et al.24, and Qussi and Suess24 who also found that 
higher plasticizer concentrations produced more flex-
ible films. The LMW HPMC polymer films, however, 

exhibited significantly lower elongation values than the 
conventional films at each plasticizer level investigated 
(P < 0.05). Moreover, increasing plasticizer concentra-
tions in the LMW films did not significantly increase per-
cent elongation. These data suggest that the LMW films 
are not as ductile as the conventional HPMC polymers, 
which again may be attributed to the shorter polymer 
chain length.

Young’s modulus, also referred to as elastic modulus, 
is defined as the ratio of applied stress and corresponding 
strain and is a measure of film stiffness. As with tensile 
strength, Young’s modulus decreased as the concentra-
tion of plasticizer was increased (Figure 6). These data 
are in agreement with Aulton et al.25, Heinamaki et al.26, 
and Qussi and Suess28. Plasticizers disrupt intermolecu-
lar bonding between the polymer chains, resulting in a 
more flexible film. The E and F chemistry LMW polymers 
exhibited lower Young’s modulus than the conventional 
polymer comparators, again likely due to the shorter 
polymer chains. In addition, both F chemistry films 
exhibited a higher Young’s modulus than the conven-
tional HPMC E chemistry polymer films, indicating that 
the structure of the F chemistry polymers produce more 
rigid films, regardless of polymer molecular weight. These 
findings may be related to the limited ability of the hydro-
philic PEG to disrupt the intermolecular bonding of the 
F chemistry polymers which are slightly less hydrophilic 
than the E chemistry materials due to the lower propor-
tion of hydroxypropoxyl side groups.

Mechanical properties of free films are often used to 
predict the performance of coatings applied to solid sub-
strates. Defects, such as film cracking, edge splitting, and 
peeling result from internal stresses that develop dur-
ing the coating process29. These internal stresses occur 
due to shrinkage of the film during solvent evaporation 
and differences in the thermal expansion between the 
polymer film and substrate. Changes in volume caused 
by substrate swelling during storage can also contribute 

Figure 4.  Tensile strength of low-molecular-weight (LMW) and 
conventional hypromellose (HPMC) films cast from solutions at 
equivalent viscosities. (•) 20% E LMW; (▾) 20% F LMW; (○) 14.4% 
E3 LV; (▿) 13.1% F4 LV.

Figure 6.  Young’s modulus of low-molecular-weight (LMW) and 
conventional hypromellose (HPMC) films cast from solutions at 
equivalent viscosities. (•) 20% E LMW; (▾) 20% F LMW; (○) 14.4% 
E3 LV; (▿) 13.1% F4 LV.

Figure 5.  Percent elongation of low-molecular-weight (LMW) and 
conventional hypromellose (HPMC) films cast from solutions at 
equivalent viscosities. (•) 20% E LMW; (▾) 20% F LMW; (○) 14.4% 
E3 LV; (▿) 13.1% F4 LV.
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to internal stress30. The total internal stress (P) within a 
polymer film can be calculated by using Equation 5,

P
E

v
T

V

V
=

−
−

−








 + +

3 1 1( ) ( )

 


 

s r

r
cubic� (5)

 where E is the Young’s modulus of the film, v is the 
Poisson’s ratio of the polymer, φ

s
 is the volume fraction 

of the solvent at the solidification point, φ
r
 is the vol-

ume fraction of the solvent remaining in the dry film at 
ambient conditions, Δα

(cubic)
 is the difference between 

the thermal expansion coefficient of the coating and the 
tablet substrate, ΔT is the difference between the glass 
transition temperature of the polymer film coating and 
the ambient temperature during manufacturing and 
storage, ΔV is the volumetric change of the tablet core, 
and V is the original volume of the tablet core30,31. Thus, 
the total internal stress within a film is directly propor-
tional to the Young’s modulus and factors that affect film 
ductility will influence the internal stress within the poly-
mer film. Internal stresses have also been shown to affect 
film–tablet adhesion32.

According to Rowe31, film cracking or edge splitting 
occurs when internal stresses within the film become 
equivalent to or greater than its tensile strength. Thus, the 
tendency of a film to crack may be predicted by the ratio 
of tensile strength to Young’s modulus (σ/E), with higher 
values indicative of fewer such defects. The σ/E ratios of 
the four HPMC polymers used in this study are plotted as 
a function of plasticizer concentration in Figure 7. The E 
LMW films exhibited an increase in σ/E with increasing 
plasticizer concentration, indicating a decreased crack-
ing tendency that was attributed to a reduction in internal 
stresses. At the highest plasticizer level (40% w/w), the 
σ/E ratio of the E LMW polymer films was not statistically 
different from the other materials investigated, suggest-
ing that the E LMW polymers must be sufficiently plas-
ticized for coating applications. Interestingly, plasticizer 
concentration did not significantly affect the σ/E ratio 

for both F chemistry polymers and the conventional E 
chemistry material.

Previously, Rowe and Forse29 used commercially 
available HPMC products (METHOCEL™ E3 up to E15) 
to investigate the influence of polymer molecular weight 
on the incidence of cracking and edge splitting. In that 
study, decreased defects in film coated tablets were 
observed with higher-molecular-weight polymers up 
to a nominal value. Rowe suggested that the molecular 
weight at which the incidence of such defects becomes 
negligible is the same as that at which there is no further 
increase in tensile strength. Rowe and Forse29, however, 
did not evaluate the effects of plasticizer in that study. 
Plasticizers lower the internal stresses in polymeric films 
that are attributed to cracking and edge splitting31 and 
have been shown to significantly influence the tensile 
strength of free films24,25,27. Thus, it is not surprising that 
the σ/E ratios of the E chemistry LMW films increased 
with increasing plasticizer concentration.

Conclusions

In the current study, the solutions of the LMW polymers 
exhibited significantly lower viscosities than the conven-
tional HPMC materials at equivalent polymer concentra-
tions. Mechanical testing indicated that the conventional 
HPMC polymer films were stronger and more ductile 
than the LMW films prepared from solutions at equiva-
lent viscosities. Plasticization of the LMW HPMC was 
necessary to form films. Increasing concentrations of the 
plasticizer PEG 400 resulted in decreased tensile strength 
and Young’s modulus and an increase in percent elon-
gation, irrespective of polymer type. In addition, water 
vapor permeability increased as the plasticizer concen-
tration was increased. Overall, the F chemistry LMW 
polymers exhibited similar σ/E ratios to the conventional 
HPMC polymers, suggesting that these materials may 
have potential applications in film coating.
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