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A B S T R A C T

Hydroxypropyl methylcellulose (HPMC) is commonly used to enable controlled release (CR) of an active pharmaceutical ingredient (API) from a hydrophilic matrix 
tablet. In the previous study, twenty commercial batches of HPMC 2208 (METHOCEL™ K4M) were investigated, and their functionality-related characteristics (FRCs) 
were rank ordered by their impacts on performance. HP substitution and 2% viscosity most impacted controlled release of paracetamol from the matrix tablet model 
formulation. Additionally, powder dissolution temperature (PDT) was introduced as a new characterization technique to predict CR performance.

In this second part of the study, the design space was expanded via nine pilot plant HPMC prototype materials covering a broader range of HP content than that 
typically produced in the commercial manufacturing facility. The impact of controlled variation of HP content on rheological as well as controlled release perfor
mance from a paracetamol matrix tablet model formulation is subject of the current paper.

Increasing HP content increased API release significantly in the latter phase of controlled release (22 h). Furthermore, a three-way correlation between para
cetamol release at 22 h, the broader HP substitution range, and PDT was confirmed. Based on learnings from this broader dataset, PDT has potential as an effective 
research tool to predict controlled release imparted by HPMC.

1. Introduction

Quality-by-Design (QbD) initiatives have prompted formulators to 
proactively characterize and account for active pharmaceutical ingre
dient (API), excipient and manufacturing process variabilities impacting 
dosage form quality and performance [1–4]. Functionality-related 
characteristics (FRCs) are attributes impacting one or more functions 
of an excipient [5]. In other words, FRCs are excipient attributes, which 
could affect manufacturability and performance of the final preparation 
[6].

Hydroxypropyl methylcellulose (HPMC), or hypromellose, is 
commonly utilized as a functional excipient to impart controlled release 
from a hydrophilic matrix tablet. Hypromellose FRCs are particle 
morphology, powder flowability, molecular weight (typically character
ized as viscosity of a 2% aqueous solution at 20 ◦C) and methoxyl (Me) and 
hydroxypropoxyl (HP) substitution [5]. In our previous study [7], 20 
commercial batches of HPMC 2208 (METHOCEL™ K4M) were investigated 
in a paracetamol matrix tablet model formulation, and hypromellose FRCs 
were rank-ordered regarding impact on controlled release performance. HP 
substitution and 2% viscosity impacted controlled release of paracetamol, 
with HP substitution in particular being a key FRC impacting performance 

for the 20 commercial HPMC 2208 (METHOCEL™ K4M) batches 
investigated. HP substitution of these commercial HPMC 2208 (METHO
CEL™ K4M) batches ranged from 7.9 to 9.1%, which represents a narrow 
portion of the compendial range for HPMC 2208 (4.0–12.0%). Huetter
mann & Feldmann [8] demonstrated significant impact of three HP sub
stitution levels for each molecular weight grade of HPMC 2208 
(METHOCEL™ K100 & K4M) on controlled release performance from a 
gliclazide matrix tablet model formulation, but they attained controlled 
release only over a 12 h duration.

In the current study the impact of HP substitution on HPMC hydro
philicity and controlled release performance from a paracetamol matrix 
tablet model formulation could be further highlighted via nine HPMC 
prototypes produced at pilot plant scale, exhibiting variation of HP 
substitution over a broader range from 6 to 11.4%, yet remaining within 
a narrow range of 2% viscosity. This was a broader substitution range 
that what is typically produced in the commercial manufacturing facil
ity. Additionally, pilot plant HPMC 2208 prototypes were formulated 
into a second matrix tablet model formulation containing gliclazide, as 
practically insoluble API, and controlled release performance modula
tion was demonstrated over 24 h duration. The breadth of controlled 
release performance that was attainable across these two matrix tablet 
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model formulations demonstrated the strong impact HP substitution had 
on release performance of the two API’s.

Controlled release performance from a hydrophilic matrix tablet is 
mainly driven by formation of a swollen HPMC hydrogel layer around 
the matrix tablet. This matrix tablet hydrogel must readily form at body 
temperature, i.e. 37 ◦C, in order to impart controlled release perfor
mance. The discrepancy between the well-known sol - gel transition of 
hydrated MC and HPMC in solution with increasing temperature and 
hydrogel formation from dry state for subsequent CR performance was 
published by Knarr & Rogers [9], and powder dissolution temperature 
(PDT) was introduced as a method to differentiate between the various 
MC and HPMC chemistries, according to the ability to hydrate in water 
as a function of temperature. Incorporating the pilot plant prototypes 
amplified the impact that HP substitution has on PDT beyond what was 
already observed in part 1 [7]. I.e., PDT significantly increased with 
increasing HP content using these pilot plant prototypes, covering a 
range of 42–58 ◦C, whereas weaker impact on precipitation and gelation 
temperatures from the HPMC aqueous solutions were observed. 
Including pilot plant HPMC 2208 prototypes in both the paracetamol 
and gliclazide matrix tablet model formulations affirmed the strong 
correlations between HP substitution, PDT, and controlled release 
performance.

2. Experimental

2.1. Materials

Paracetamol was obtained from Spectrum Chemical Mfg. Corp., USA; 
gliclazide was obtained from LGM Pharma, USA; and lactose (Flow-Lac 
100) was obtained from Meggle Pharma GmbH, Germany. Talc and 
magnesium stearate were obtained from AppliChem GmbH, Germany 
and Spectrum Chemical. Building upon the twenty commercial hypro
mellose 2208 (METHOCEL™ K4M) materials from part 1 [7], samples 
from one additional commercial METHOCEL™ K4M batch and nine 
pilot plant prototype HPMC 2208 materials were investigated. All in
gredients were of highest purity available.

2.2. Statistical software

Statistical analysis software was JMP 18 from SAS (Cary, NC, USA).

2.3. Standard characterization of HPMC

%Me and %HP substitution were determined using Zeisel method
ology (ASTM D2363-79 (2019)). 2% viscosity was determined according 
to USP 43-NF 38 [10]. Salt was determined according to ASTM 
D2363-79. Particle properties were characterized using a RapidVue 
image analyzer (Beckman Coulter, Brea, CA, USA).

2.4. Monomer analysis

A 25-mg aliquot of each HPMC sample was dissolved in 2.5 mL of dry 
analytical grade DMSO (Merck, Darmstadt, Germany), stored over 0.3 
nm molecular sieve beads at room temperature. Each solution was 
heated to ca. 90 ◦C under stirring and then cooled to room temperature. 
Each solution was left stirring at room temperature overnight to ensure 
complete dissolution of the polymer. The entire reaction, including 
dissolution of the cellulose ether, was performed under a dry nitrogen 
atmosphere in a 4-mL screw cap vial. To each solution, powdered so
dium hydroxide (freshly pestled, analytical grade, Merck, Darmstadt, 
Germany) and ethyl iodide (for synthesis, stabilized with silver, Merck- 
Schuchardt, Hohenbrunn, Germany) were added in a fifteen-fold molar 
excess of each reagent per hydroxyl group; and the solution was vigor
ously stirred under nitrogen in the dark for three days at ambient tem
perature. Perethylation was repeated with additions of three-fold 
amounts of sodium hydroxide and ethyl iodide, and the solution was 

further stirred at room temperature for two additional days. The reac
tion mixture was poured into 4 mL of water and extracted three times 
with 2 mL of dichloromethane. The combined extracts were washed 
with 2 mL of 5% aqueous sodium thiosulfate solution and two 2-mL 
portions of water. The organic phase was dried with anhydrous so
dium sulfate (ca. 1 g) and stored at 4 ◦C until further sample preparation.

Hydrolysis of each perethylated sample was performed under ni
trogen in a 2-mL screw cap vial with 5 mg of material and 1 mL of 90% 
aqueous formic acid at 100 ◦C for 1 h. The acid was removed in a stream 
of nitrogen at 35–40 ◦C, and the hydrolysis was repeated with 1 ml of 2M 
aqueous trifluoroacetic acid for 3 h at 100 ◦C. The acid was removed to 
dryness in a stream of nitrogen at ambient temperature.

The residues of hydrolysis were reduced with 0.5 mL of 0.5M sodium 
borohydride (or sodium borodeuteride) in 2N aqueous ammonia solu
tion (freshly prepared) for 3 h at room temperature. Excess reagents 
were destroyed by drop-wise addition of ca. 200 μL of concentrated 
acetic acid. The resulting solution was evaporated to dryness in a stream 
of nitrogen at ca. 35–40 ◦C and subsequently dried under vacuum for 15 
min at room temperature. The viscous residue was dissolved in 0.5 mL of 
10:90 acetic acid-methanol cosolvent and evaporated to dryness at room 
temperature. This was repeated four times and subsequently repeated 
four more times with pure methanol. After the final evaporation, the 
sample was dried overnight under vacuum at room temperature.

The residue of the reduction was acetylated with 600 μL of acetic 
anhydride and 150 μL of pyridine for 3 h at 90 ◦C. After cooling, each 
sample vial was filled with toluene and evaporated to dryness in a 
stream of nitrogen at room temperature. The residue was dissolved in 
0.5 mL of dichloromethane, poured into 2 mL of water, and extracted 
with 2 mL of dichloromethane. The extraction was repeated two times, 
and the combined extracts were dried with anhydrous sodium sulfate. 
The dried extract was concentrated by a factor of 3–5 in a gentle stream 
of nitrogen and submitted for gas-liquid chromatographic (GLC) 
analysis.

GLC analyses were performed with Hewlett Packard 5890A and 
5890A Series II gas chromatographs equipped with J&W capillary col
umns (DB5, 30 m, 0.25 mm ID, 0.25-μm phase layer thickness) and 
operated with 1.5-bar helium carrier gas. The gas chromatographs were 
programmed with a temperature profile that held constant at 60 ◦C for 1 
min, ramped at a rate of 20 ◦C/min to 200 ◦C, ramped further at 4 ◦C/ 
min to 250 ◦C, and ramped further at 20 ◦C/min to 310 ◦C, where 
temperature was held constant for 10 min. The injector temperature was 
set to 280 ◦C, and the temperature of the flame ionization detector (FID) 
was set to 300 ◦C. A 1-μL aliquot of each sample was injected in splitless 
mode at 0.5 min valve time. Data were acquired and processed with a 
LabSystems Atlas work station.

2.5. Wet granulation and granule characterization (paracetamol 
formulation)

Paracetamol, hypromellose and lactose were wet granulated with 
23% water using either a Diosna Pharma Mixer (Diosna GmbH, Ger
many) or FM-VG-10 vertical granulator (Powrex Corporation, Japan) 6- 
L high-shear granulator (main blade 300 rpm, side blade 600 rpm). The 
granular materials were sieved through a 2-mm screen, dried at 40 ◦C 
until a residual moisture ≤4% was attained, and co-milled at 250 rpm 
through a 1-mm screen (Bohle Turbo Sieve BTS 100, L. B. Maschinen +
Verfahren GmbH, Germany or 197S Comil, Quadro Engineering, Inc., 
Canada). Granule size distribution was determined by laser diffraction 
(Sympatec HELOS/KR, Sympatec GmbH, Germany). Talc was added to 
the granular materials prior to determination of flow properties. 
Compressibility index was measured with a powder tester (Micron 
powder tester PT-S, Hosokawa Alpine AG, Germany). Mean compress
ibility index values were 20 ± 3%, indicating reproducible flowability.
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2.6. Tableting

2.6.1. Paracetamol
Hypromellose from twenty-one HPMC 2208 (METHOCEL™ K4M) 

commercial batches and nine pilot plant prototype batches was used to 
formulate matrix tablets containing 50% paracetamol, 30% hypro
mellose, 18% lactose, 1% talc and 1% magnesium stearate. Paracetamol, 
hypromellose and lactose were wet-granulated: Talc and magnesium 
stearate were added separately and blended for 10 min and 1 min, 
respectively. Tablets (13/32 FFBE, 10.8-mm diameter by 3.9-mm 
thickness) were compressed using a Kilian rotary press (Kilian Press
ima 8, IMA KILIAN GMBH & CO. KG, Germany) or Piccola D-O 312 
Series (Riva, Argentina). Tablet hardness was characterized using an 
ERWEKA TBH 325-WTD (ERWEKA GmbH, Germany) or Key HT-300 
(Key International, Inc., USA) instrument. Weight and hardness targets 
were 500 mg and 90 N, respectively. Using the twenty-one commercial 
METHOCEL™ K4M materials, mean values obtained for tablet hardness 
and tablet weight were 94 ± 8 N and 502 ± 3 mg, respectively. Tablet 
weights were comparable, but tablet hardness values were lower (76 ±
10 N) when the pilot plant hypromellose materials were used. The dif
ferences in tablet hardness did not drastically impact matrix tablet 
performance.

2.6.2. Gliclazide
Matrix tablets containing gliclazide were produced by direct 

compression and contained 15% (w/w) gliclazide, 30% HPMC, 27% 
Avicel® PH-102 microcrystalline cellulose (MCC), 27% Flow-Lac 100 
lactose, 0.5% talc, and 0.5% magnesium stearate. All ingredients except 
magnesium stearate were examined to ensure they were lump-free and 
blended together in a Patterson-Kelly V-blender for 10 min. Magnesium 
stearate was passed through an 18-mesh sieve and then blended into the 
powder formulation for one additional minute. Gliclazide matrix tablets 
were compressed on a Manesty Beta Press using 22 kN of force at 50-rpm 
turret speed. The tablet press was equipped with eight sets of 7.94-mm 
round biconvex tooling. Targeted total tablet weight was 200 mg per 
tablet.

2.7. Characterization of controlled release performance

2.7.1. Paracetamol
Dissolution testing was conducted in 900 mL of pH 5.7 phosphate 

buffer for 22 h at 37 ◦C. The buffer was prepared by weighing 34.03 g of 
KH2PO4 and 0.72 g of NaOH in a flask and adding deionized water until 
a volume of 5 L was attained. Each tablet was placed in a sinker and 
characterized (n = 6 tested per tablet formulation) using a USP disso
lution apparatus (ERWEKA Dissolution tester 626, ERWEKA GmbH, 
Germany or Distek 2100 Dissolution System, Distek, Inc., USA) equipped 
with standard USP II paddles operated at a speed of 50 rpm. Absorbance 
of paracetamol was measured at 243 nm using a UV–VIS spectropho
tometer (Shimadzu Deutschland GmbH, Germany or Agilent 8453, 
G1103A, Agilent Technologies, USA).

2.7.2. Gliclazide
Dissolution testing was conducted by placing one matrix tablet in a 

hanging stainless-steel mesh basket and lowering the mesh basket into 
dissolution media to the point at which the basket was suspended 2 cm 
above the rotating (at 100 rpm) United States Pharmacopeia (USP) Type 
2 paddle. Matrix tablets from each formulation were tested in replicates 
of six (n = 6). Each of the six dissolution vessels contained 900 mL of pH 
7.4 phosphate buffer, equilibrated to 37 ± 0.5 ◦C. Dissolution media 
samples were circulated through the in-line ultraviolet (UV) spectro
photometer at scheduled time points to quantitate (at 226-nm wave
length) the amount of gliclazide released.

2.7.3. Powder dissolution temperature
Powder dissolution temperature (PDT) measurements were per

formed with a UDS200 Rheometer (Anton Paar, Ostfildern, Germany). A 
Cup (Couette) Z-3 geometry with a wing stirrer was used. Necessary 
amounts of water and hypromellose were used to achieve a concentra
tion of 1.5% (w/w). Water (29.55 g) was added into the cup and heated 
to 80 ◦C. Hypromellose (0.45 g) was slowly added. Hypromellose was 
insoluble at this temperature, so the suspension was stirred at 500 rpm 
for 60 s to uniformly disperse the cellulose ether powder in the hot 
water. The temperature was then decreased at a cooling rate of 1 ◦C/min 
while stirring at 300 rpm, and the torque was recorded at four data 
points/min. The torque began to increase at a characteristic tempera
ture, which represented the onset of the powder dissolution tempera
ture. Measurements were continued until a temperature of 10 ◦C was 
attained.

2.7.4. Hydration procedure
A 2% (w/w) aqueous solution of HPMC was produced by dispersing 

the dry powder at room temperature in water while stirring at ca. 1500 
rpm for at least 1 h, then storing overnight at 5 ◦C.

2.7.5. Steady shear viscosity
Steady-shear experiments were performed at 20 ◦C using a MCR 501 

rheometer (Anton Paar, Ostfildern, Germany) with peltier system and a 
cone-and-plate geometry (CP50-1/TG) with a gap of 0.049 mm. The 
viscosities were analyzed in a flow curve experiment over a shear rate 
region of 1–1000 s− 1 with five measurement points at each decade 
(logarithmic scale).

2.7.6. Temperature sweep
For determining precipitation and gelation temperatures, the solu

tions were measured in a temperature sweep experiment using an MCR 
501 rheometer (Anton Paar, Ostfildern, Germany) with a cup-and-bob 
geometry (CC-27) in oscillation shear flow. The measurements were 
performed at a constant frequency, υ, of 2 Hz. and a constant strain 
(deformation), γ, of 0.5% in the linear viscoelastic region from 20 to 90 
◦C, with a heating rate of 1 ◦C/min and a data collection rate of 4 points/ 
min.

The storage modulus, G′, which is obtained from the oscillation 
measurements, represents the elastic properties of the solution. The loss 
modulus, G″, also obtained from the oscillation measurements, repre
sents the flow properties of the solution. The precipitation temperature 
is analyzed from a plot of log G′ vs. temperature as the crossover of two 
tangents. The first tangent is fitted to the decrease of G′ with increasing 
temperature, and the second tangent is fitted to the sharp drop in G′ 
above 65 ◦C. During the ensuing gelation process of the sample, G′ in
creases with temperature. The onset gelation temperature, TGel(min), is 
taken from the minimum G′, and the gelation temperature occurs at the 
crossover of the G′ and G″ curves.

3. Results and discussion

3.1. Standard analyses

The regulatory approved substitution ranges of hypromellose 2208 
are 19–24% Me content and 4–12%HP content. Within the scope of the 
previous study, and as reported in Part 1 [7], Me and HP contents in the 
commercial HPMC 2208 (METHOCEL™ K4M) materials were 23.0 ±
0.3% and 8.6 ± 0.3%, respectively. Me and HP substitution are both 
dependent on average molecular weight of the glucose unit and there
fore are not independent from each other. Due to this interdependence, 
Me and HP substitution are often converted to degree of substitution 
(DS, Me) and molar substitution (MS, HP) [11]. DS (Me) and MS (HP) 
were calculated to be 1.45 ± 0.03 and 0.22 ± 0.01, respectively. This 
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clearly shows the capability to consistently produce HPMC 2208 
(METHOCEL™ K4M) within very narrow ranges of DS and MS, which is 
important for obtaining robust and reproducible controlled release 
performance.

The impact of 2% viscosity of hypromellose, a measure of its mo
lecular weight, on controlled release performance is well known 
[12–17]. As a general rule, doubling polymer chain length increases 2% 
viscosity 10-fold. Cellulose ethers, like hypromellose, are produced from 
cellulose as naturally sourced raw material, therefore there is expected 
some natural variability in 2% viscosity from incoming cellulose raw 
materials. That stated, the commercial HPMC 2208 (METHOCEL™ 
K4M) materials investigated within the scope of this study exhibited 2% 
viscosities of 3985 ± 444 mPa-s (Table 1). Hence, it was difficult to 
systematically explore the entirety of the allowable 2% viscosity range, 
since the commercial manufacturing process compensated for the 
inherent variability of the natural raw material.

Residual salt content and particle size of HPMC are set during the 
production process (washing and grinding). It is critical to control the 
process in a way to achieve consistently low salt content and repro
ducible particle size. Indicative from the commercial batch attributes of 
HPMC 2208 (METHOCEL™ K4M) listed in Table 1, the commercial 
manufacturing process provides reproducible product quality where 
attributes vary minimally. As reported in part 1 [7], HP substitution 
most impacted PDT of HPMC 2208 (METHOCEL™ K4M) and controlled 
release performance from the paracetamol matrix tablet model 

formulation; hence, the need to generate HPMC 2208 materials in the 
pilot plant in order to purposefully vary HP substitution across more of 
the compendially allowable HP substitution range.

3.2. Tableting properties of paracetamol granular materials

All granulations exhibited suitable flow properties with compress
ibility index averaging 20 ± 3%. Cumulative granule sizes were 21 ±
3% < 63 μm and 61 ± 7% < 315 μm, indicating reproducible granule 
morphology from batch-to-batch. Consequently, resulting tablet weight 
varied less than 1% for all tablet batches produced, indicating consistent 
granule flow during tableting.

Tablets were compressed with the goal of maintaining consistent 
tablet weight and hardness throughout the study. Paracetamol matrix 
tablet weight and hardness targets were 500 mg and 90 N, respectively. 
Compression forces ranged from 22 to 50 kN to achieve the hardness 
target. Mean values for paracetamol tablet hardness and weight were 94 
± 8 N and 502 ± 3 mg, respectively, for all twenty-one commercial 
HPMC 2208 (METHOCEL™ K4M) materials investigated. The pilot plant 
HPMC materials produced tablets that were slightly more variable in 
weight (511 ± 8 mg) and slightly lower in hardness (76 ± 10 N). These 
differences in tablet physical properties were not sufficient to signifi
cantly impact performance.

Table 1 
Overview on quality analysis of twenty-one METHOCEL™ K4M nine pilot plant batches.

Sample identification %Me %HP 50% cum. volume Particle Size (μm) NaCl % 2% viscosity (mPa⋅s)

Comm. Batch no. 1 22.8 8.3 93.8 0.17 3711
Comm. Batch no. 2 23.1 8.7 91.9 0.34 4514
Comm. Batch no. 3 22.2 9.1 84.3 0.32 3638
Comm. Batch no. 4 22.6 8.4 88.7 0.14 4953
Comm. Batch no. 5 22.7 8.2 94.1 0.19 4015
Comm. Batch no. 6 23.0 8.5 97.8 0.19 4444
Comm. Batch no. 7 23.3 8.7 102.1 0.30 3506
Comm. Batch no. 8 23.2 8.8 110.8 0.30 3897
Comm. Batch no. 9 23.1 8.6 109.1 0.30 3615
Comm. Batch no. 10 23.1 8.6 103.7 0.30 3615
Comm. Batch no. 11 22.2 8.6 96.7 0.60 3756
Comm. Batch no. 12 23.0 8.8 107.9 0.30 3810
Comm. Batch no. 13 23.0 8.7 103.1 0.40 4325
Comm. Batch no. 14 23.3 8.7 99.3 0.30 3775
Comm. Batch no. 15 23.4 8.7 99.3 0.30 3849
Comm. Batch no. 16 22.9 8.5 98.8 0.40 4364
Comm. Batch no. 17 22.8 7.9 101.9 0.30 4562
Comm. Batch no. 18 23.6 8.4 104.3 0.30 4322
Comm. Batch no. 19 23.1 8.7 101.2 0.40 4057
Comm. Batch no. 20 23.0 8.7 100.8 0.40 3839
Comm. Batch no. 21 23.1 8.8 93.5 0.09 3343

Average 23.0 8.6 99.2 0.30 3996
Standard deviation 0.3 0.3 6.6 0.11 414
Relative standard deviation (%) 1.5 2.9 6.7 36.5 10.4

PP Batch No. 1 24.4 6 84,8 <0.05 5292
PP Batch No. 2 24.4 6.6 66,8 <0.05 5476
PP Batch No. 3 23.3 7.8 70,5 <0.05 5092
PP Batch No. 4 24.2 8.6 78,5 0,05 4466
PP Batch No. 5 24 9.1 64,6 0,09 2730
PP Batch No. 6 23.4 9.5 66,1 <0.05 4999
PP Batch No. 7 23.7 10.2 52,4 <0.05 5009
PP Batch No. 8 23.1 11.2 70,3 0,06 3356
PP Batch No. 9 23 11.4 72 0,1 4346

cum. = cumulative
Comm. = commercial METHOCEL™ K4M batches
PP = pilot plant batches
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3.3. Paracetamol controlled release performance

Paracetamol release profiles from all thirty sets of matrix tablets 
containing the twenty-one commercial HPMC 2208 (METHOCEL™ 
K4M) materials and the nine pilot plant HPMC prototypes are shown in 

Fig. 2. Standard deviations of individual sets of release data were never 
more than 1.8%, so measurement variability was deemed sufficiently 
low to elucidate change in paracetamol release as a function of varying 
hypromellose FRCs. f2 fit factors were calculated in order to assess dif
ferences between release profiles. The f2 fit factor directly compares the 

Fig. 1. HP-% range of commercial HPMC 2208 (METHOCEL™ K4M) vs. that of the pilot plant prototypes.

Fig. 2. Paracetamol release vs. time from the model monolithic matrix tablet formulation as a function of the HPMC 2208 (METHOCEL™ K4M) or pilot plant 
materials utilized.
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difference between percentage of API released per unit time for a test 
and reference formulation by approximating the percent error between 
two corresponding points on the test and reference release profiles [18].

A release profile exhibiting an f2 value of 50 is considered equivalent 
to that of the reference. A f2 value of 100 means that test and reference 
profiles are identical. Tablets made with HPMC 2208 (METHOCEL™ 
K4M) commercial batch no. 1 were used to generate the reference 
release profile. The mean f2 values across all subsequent twenty batches 
produced with commercial hypromellose 2208 (METHOCEL™ K4M) 
materials were 84 ± 6, reflecting reproducible controlled release per
formance and only minor batch-to-batch variation. Paracetamol release 
at 22 h ranged from 79.0 to 86.0% with a mean value of 83.0 ± 1.9%.

For matrix tablets produced from the nine pilot plant HPMC 2208 
materials, the mean f2 value was 71 ± 11, indicating reproducible 
performance between batches but greater variation compared to those 
from commercial HPMC 2208 (METHOCEL™ K4M). As already 
mentioned, greater variation was expected, due to the purposefully 
varied pilot plant HPMC 2208 attributes, designed to explore how the 
broader range of HP substitution would impact controlled release 
performance.

Paracetamol release at 22 h spanned a broader range from 76.7 to 
89.2% with a mean value of 84.2 ± 4.7%. HP content across the 
expanded set of 30 hypromellose materials spanned from 11.4% 
maximum to 6.0% minimum, meaning that the wider range of HP sub
stitution explored consequently broadened the controlled release per
formance range.

Paracetamol controlled release data from each of the sets of matrix 
tablets was fit to the power law equation, Q = ktn, where Q is fraction of 
drug released at time t [19,20]. k is a constant, and n is an exponent 

characteristic of the release mechanism. Values for parameters k and n, 
obtained by nonlinear curve fitting of the paracetamol release data, are 
given in Table 2. Correlation coefficient for nonlinear fitting, r2, ranged 
from 0.96 to 0.97 from matrix tablets containing the pilot plant 
hypromellose prototype materials vs. 0.97 from those containing the 
commercial HPMC 2208 (METHOCEL™ K4M) materials, indicating that 
all data reasonably fit the power law equation.

For matrix tablets containing commercial HPMC 2208 (METHO
CEL™ K4M) materials, n ranged from 0.57 to 0.62. For tablets con
taining the pilot plant hypromellose prototypes, n ranged from 0.52 to 
0.60, reflecting the slightly broader range in controlled release perfor
mance. According to Ritger and Peppas, n would fall between 0.46 and 
0.50 for purely Fickian diffusion-based release. It is not surprising that 
the monolithic matrix tablet formulation, based upon the higher values 
of n, only partially modulated release via diffusion. Paracetamol is a 
sparingly soluble API, so its release depended upon both diffusion 
through, and erosion of, the swollen hypromellose layer.

3.4. Rheological performance

Controlled release performance enabled by cellulose ethers imply 
various material-material and material–fluid interactions. Doelker has 
summarized various approaches to characterize cellulose ethers in terms 
of solubility parameters, surface free-energy terms and glass transition 
temperatures [21]. Sarkar et al. describe the presence of various solution 
states for cellulose ethers depending upon substitution level and tem
perature. Solution calorimetry was described as a method to investigate 
the exothermic heat of hydration of the cellulose ether, whereas dehy
dration has been described as endothermic [22]. Joshi and Wilson re
ported the presence of endothermic and exothermic events during 
dissolution of the 5 mPa⋅s viscosity grade of hypromellose 2910 [23]. 
Ford further characterized thermal properties of hypromellose and 
highlighted the advantages and disadvantages of the various method
ologies applied [24].

In the previous article (Part 1), PDT was introduced as a new rheo
logical technique for characterizing HPMC [7]. Hypromellose powders 
are insoluble in hot water and hydrate with decreasing temperature. The 
PDT experiment delivers a metric for the temperature-dependent hy
dration of the cellulose ether in water. This experiment is performed 
with a rheometer using a cup-and-stirrer geometry. Hypromellose 
powder is added at high temperature to water, where it is insoluble. The 
suspension is continuously stirred to ensure homogenous distribution of 
the particles in hot water and to avoid sedimentation. Since the cellulose 
ether is suspended and not dissolved, torque values are low. The sus
pension is then cooled down in controlled fashion while stirring. HPMC 

Table 2 
Nonlinear fits of API release to the Korsmeyer-Peppas power law equation,
Q = ktn.

Sample identification no. % released at t = 4 h k n r2

Comm. Batch no. 1 32.0 14.21 0.567 0.9681
Comm. Batch no. 2 30.8 13.29 0.603 0.9719
Comm. Batch no. 3 30.3 13.02 0.608 0.9724
Comm. Batch no. 4 30.1 12.99 0.604 0.9720
Comm. Batch no. 5 29.7 12.58 0.617 0.9732
Comm. Batch no. 6 32.3 14.39 0.573 0.9688
Comm. Batch no. 7 31.7 13.70 0.602 0.9718
Comm. Batch no. 8 31.8 13.76 0.603 0.9719
Comm. Batch no. 9 31.5 13.63 0.601 0.9717
Comm. Batch no. 10 31.3 13.55 0.600 0.9716
Comm. Batch no. 11 32.1 13.52 0.593 0.9709
Comme. Batch no. 12 31.8 13.88 0.596 0.9712
Comm. Batch no. 13 31.1 13.51 0.599 0.9715
Comm. Batch no. 14 30.9 13.45 0.598 0.9714
Comm. Batch no. 15 31.9 13.83 0.596 0.9712
Comm. Batch no. 16 30.9 13.43 0.595 0.9711
Comm. Batch no. 17 30.9 13.57 0.582 0.9698
Comm. Batch no. 18 32.2 13.65 0.584 0.9699
Comm. Batch no. 19 31.5 13.61 0.602 0.9718
Comm. Batch no. 20 30.7 13.20 0.607 0.9723
Comm. Batch no. 21 33.3 15.11 0.576 0.9691

Average 31.4 13.61 0.596 0.9711
Standard deviation 0.8 0.53 0.012 0.0013
Relative standard deviation 

(%)
2.7 3.9 2.1 0.1

PP Batch no. 1 37.7 14.26 0.551 0.9583
PP Batch no. 2 32.1 15.11 0.533 0.9681
PP Batch no. 3 34.9 16.19 0.519 0.9639
PP Batch no. 4 30.6 18.18 0.526 0.9633
PP Batch no. 5 35.1 16.05 0.563 0.9630
PP Batch no. 6 31.9 14.81 0.568 0.9599
PP Batch no. 7 33.5 13.63 0.6 0.9573
PP Batch no. 8 32.6 16.38 0.557 0.9649
PP Batch no. 9 31.4 14.23 0.595 0.9689

Fig. 3. Results of the powder dissolution temperature (PDT) investigation of 
different HPMC pilot plant prototypes at a concentration of 1.5% in water.
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hydration is indicated by a sharp increase in torque over a narrow 
temperature range. Upon further cooling, a second slope of 
torque-temperature dependence is observed. Most of the cellulose ether 
is dissolved in the temperature range at which this second slope occurs. 
Therefore, this second slope represents mainly the increase of solution 
viscosity with decreasing temperature. For analysis, the torque vs. 
temperature data are split into ~2.5 ◦C temperature intervals, and the 
subset with the steepest slope is chosen. The midpoint of this steepest 
slope is reported as the temperature @ inflection; the slope of this linear 
fit is reported as the slope at inflection; and this linear slope is used to 
extrapolate back to the x-intercept to obtain the onset powder dissolu
tion temperature, or simply PDT.

Fig. 3 illustrates the effect of HPMC substitution level on PDT. Pilot 
plant prototype no. 1 HPMC, with the lowest HP content (6.0% HP) of all 

investigated cellulose ethers (Table 1), delivered the lowest PDT (42 ◦C). 
PDT increased directly with increasing hypromellose HP content up to 
the highest PDT of 58 ◦C, delivered with the highest HP pilot plant 
prototype no. 9 HPMC (11.4% HP). Stated another way, increasing HP 
content consequently increased HPMC hydrophilicity, coinciding with 
increased PDT.

A mechanistic explanation for the aforementioned PDT phenomenon 
could lie with the amphiphilic nature of hypromellose, where a critical 
minimum PDT is required for initiating interaction with dissolution 
media (hydration). The PDT event is exothermic, as observed during 
hydration of methylcellulose powder at large-scale, based on rising 
temperature during the cellulose ether dissolution process. Similar ob
servations in exothermic event during cellulose ether dissolution were 
reported by Sarkar and Walker [2] in 1995.

Fig. 4. Illustration of viscosity as a function of the shear rate dependence of various pilot plant prototypes at a concentration of 2% in water at 20 ◦C.

Fig. 5. Illustration of temperature dependence of the storage modulus G’ of various pilot plant prototypes at a concentration of 2% in water at 20 ◦C.
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In general, micellar structures are enhanced with decreasing tem
perature, leading to increased “packaging” ability and greater structural 
order in solution [25]. In the context of hydration of HPMC, this could 
mean at high temperature that Brownian molecular dynamics in water 
are too strong to form micellar structures. With decreasing temperature, 
these dynamics are reduced to the point where interaction with water 
molecules and formation of micellar structures become possible. This 
would correlate with the PDT. This hypothesis is affirmed by the find
ings of Bodvik et al. [26], Chatterjee et al. [27], Lodge et al. [28], Arai 
et al. [29] that MC and HPMC molecules have conformations as stiff or 
rigid rod like structures in solution rather than flexible coil like struc
tures, as previously expected.

Based on the amphiphilic nature of HPMC, the formation of such 
micellar structure could explain PDT and also provide mechanistic 
insight into lower critical solution temperature (LCST) [30].

A further observation from PDT data are the different torque values 
detected in the low temperature region. Pilot plant batch no. 5 has been 
found to have the lowest torque values at low temperatures, whereas 
pilot plant batch nos. 7, 9 and especially 1 impart significantly greater 
torque values. At these low temperatures most of the cellulose ethers are 
already dissolved, and increasing torque at lower temperature repre
sents the thickening capacity of these macromolecules. These different 
torque values also correlate with 2% solution viscosity at 20 ◦C in the 
low shear rate region, given in Fig. 4. Pilot plant batch no. 5 produced 
the lowest zero-shear viscosity, and pilot plant batch nos. 1, 7 and 9 
provided the greatest zero-shear viscosities.

Above the critical shear rate, γ̇crit, viscosity decreases with shear rate; 
and this region is called the non-Newtonian or power law region. In this 
range, shear-thinning is caused by disentanglement of the polymer coils 
in solution or increased orientation of the polymer coils in the direction 
of flow [31]. Further studies by Clasen et al. demonstrated that flow 
behavior of moderately concentrated solutions is mainly driven by dis
entanglements of the polymer coils [32]. In the high shear rate region, 
all hypromellose solutions ended up with comparable viscosities. Gri
gorescu and Kulicke [33] have investigated the shear rate dependence of 
viscosity for polystyrene samples with various molar masses at a con
stant concentration in toluene and reported equal viscosities in the high 
shear rate region. Similar data were reported for cellulose ethers in 

water by Clasen and Kulicke [31]. Therefore, the observed differences in 
viscosity between the various cellulose ether solutions in the low shear 
rate region and in the high shear rate region of equally concentrated 
solutions can be explained by different molar masses of the polymers 
based on the synthesis process at pilot plant scale or natural fluctuation 
of the natural cellulose pulp used to manufacture the pilot plant batches. 
The measured viscosities at a shear rate of 10 s− 1 of all investigated 
hypromellose materials are summarized in the table in the supplemen
tary information.

Besides viscosity enhancement, HPMC solutions are also known for 
thermo-reversible precipitation and gelation upon heating [34]. These 
thermo-dependent properties can be further refined to two character
istic temperatures: 1) lower critical solution temperature (LCST), where 
the polymer solution exhibits clouding or precipitation, and 2) gelation 
temperature (TGel), at which the polymer solution undergoes sol-gel 
transition. In the opaque temperature region, the solution does not 
separate into macroscopic phases, and can even remain cloudy for 
weeks. These observations indicate a strong coupling between phase 
separation and gelation [35]. Elucidating the relationships between the 
two is complex due to the possibility of several phenomena occurring 
simultaneously during the thermally induced phase transition of the 
hypromellose solution [35–40]. It is widely accepted that hydrophobic 
interactions are the main driving force for gelation [41]. Additionally, 
the formation of fibrils has been observed in the same temperature 
regime at which phase transition occurs [28,42].

Thermo-rheology has been applied to study the thermal transition of 
HPMC solutions [43]. Fig. 5 illustrates temperature dependence of 
storage modulus, G′, of a 2% cellulose ether solution in water. Mea
surement conditions were chosen according to the linear viscoelastic 
region of the material and to attain suitable signal-to-noise ratio, but 
also to avoid destruction of the aggregates or associates during phase 
transition. The storage modulus therefore represents the elastic 
component of the solution, whereas the loss modulus G″ represents the 
viscous component. For better clarity, data of storage modulus as 
function of temperature is given in Fig. 5 for only four of the pilot plant 
prototype materials.

The temperature dependence of these G′ values can be separated into 
three regions. In the low temperature region, the storage modulus is 

Fig. 6. Comparison of the rheological phase transition temperatures as a function of HP%.
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decreasing with increasing temperature due to increase of Brownian 
motion of the polymers and thermodynamic decrease in solvent quality. 
As described by Sarkar, the analysis of temperature dependence of the 
moduli exhibits two inflection points. The sharp decrease of G’ 

presumably indicates precipitation of certain fractions of macromole
cules. Upon further temperature increase, G’ increases sharply as the 
solution begins to gel [44]. According to Winter et al. the exact gelation 
point occurs at the intersection of G’ and G’‘ [45].

Fig. 7. Comparison of chemical structure analysis of twenty-one HPMC 2208 (METHOCEL™ K4M) materials given in grey as well as the pilot plant prototypes given 
in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Summary of analysis of chemical structure of the twenty-one METHOCEL™ K4M and nine pilot plant batches investigated in the current study.

commercial 
METHOCEL™ K4M 
batches

c0 (O- 
Me)

c1 (O- 
Me)

c2 (O- 
Me)

c3 (O- 
Me)

DS (OMe 
w/o 
HAMe)

x2 (O- 
Me)

x3 (O- 
Me)

x6 (O- 
Me)

capped 
O-HAn

uncapped 
O-HAn

DS (O- 
HA)

x2 (O- 
HA)

x3 (O- 
HA)

x6 (O- 
HA)

1 0.1196 0.3566 0.3717 0.1508 1.55 0.631 0.372 0.549 0.022 0.147 0.17 0.077 0.028 0.064
2 0.1153 0.3552 0.3748 0.1535 1.57 0.633 0.376 0.556 0.024 0.147 0.17 0.078 0.028 0.064
3 0.1223 0.3592 0.3676 0.1495 1.54 0.626 0.369 0.548 0.023 0.154 0.18 0.081 0.029 0.067
4 0.1159 0.3594 0.3714 0.1525 1.56 0.626 0.369 0.564 0.022 0.127 0.15 0.071 0.027 0.051
5 0.1193 0.3546 0.3737 0.1511 1.56 0.633 0.374 0.549 0.022 0.146 0.17 0.076 0.029 0.063
6 0.1108 0.3552 0.3777 0.1553 1.58 0.635 0.372 0.570 0.021 0.131 0.15 0.071 0.025 0.055
7 0.1179 0.3486 0.3750 0.1573 1.57 0.641 0.376 0.553 0.021 0.143 0.16 0.072 0.025 0.067
8 0.1153 0.3477 0.3781 0.1578 1.58 0.642 0.376 0.559 0.019 0.138 0.16 0.068 0.025 0.064
9 0.1157 0.3488 0.3771 0.1571 1.57 0.638 0.378 0.559 0.021 0.141 0.16 0.073 0.025 0.064
10 0.1138 0.3485 0.3779 0.1586 1.58 0.644 0.375 0.561 0.019 0.137 0.16 0.067 0.025 0.064
11 0.1262 0.3495 0.3690 0.1541 1.55 0.634 0.371 0.545 0.019 0.142 0.16 0.069 0.027 0.066
12 0.1182 0.3510 0.3741 0.1555 1.57 0.637 0.371 0.557 0.019 0.139 0.16 0.069 0.025 0.064
13 0.1157 0.3481 0.3774 0.1577 1.58 0.642 0.374 0.559 0.020 0.136 0.16 0.066 0.025 0.065
14 0.1228 0.3467 0.3738 0.1554 1.56 0.636 0.374 0.551 0.022 0.136 0.16 0.069 0.023 0.065
15 0.1115 0.3449 0.3797 0.1628 1.59 0.648 0.380 0.565 0.019 0.135 0.15 0.067 0.025 0.062
16 0.1153 0.3501 0.3771 0.1562 1.57 0.640 0.375 0.558 0.019 0.141 0.16 0.071 0.026 0.064
17 0.1152 0.3497 0.3763 0.1577 1.58 0.642 0.373 0.560 0.017 0.133 0.15 0.066 0.024 0.060
18 0.1125 0.3461 0.3801 0.1601 1.59 0.646 0.379 0.562 0.018 0.137 0.16 0.069 0.025 0.061
19 0.1160 0.3496 0.3777 0.1555 1.57 0.639 0.375 0.557 0.019 0.144 0.16 0.072 0.027 0.064
20 0.1142 0.3468 0.3782 0.1598 1.58 0.647 0.374 0.562 0.018 0.132 0.15 0.064 0.024 0.062
21 0.113 0.355 0.373 0.157 1.574 0.633 0.371 0.569 0.021 0.120 0.067 0.025 0.049 0.113

Average 0.117 0.351 0.375 0.156 1.570 0.638 0.374 0.558 0.020 0.138 0.071 0.026 0.062 0.117
Standard Deviation 0.004 0.004 0.003 0.003 0.013 0.006 0.003 0.007 0.002 0.008 0.004 0.002 0.005 0.004
% Standard Deviation 3.3 1.2 0.9 2.1 0.8 1.0 0.8 1.2 9.1 5.5 6.3 6.0 7.7 3.3

Pilot plant prototypes c0 (O- 
Me)

c1 (O- 
Me)

c2 (O- 
Me)

c3 (O- 
Me)

DS (OMe 
w/o HAMe)

x2 (O- 
Me)

x3 (O- 
Me)

x6 (O- 
Me)

capped O- 
HAn

uncapped O- 
HAn

DS (O- 
HA)

x2 (O- 
HA)

x3 (O- 
HA)

x6 (O- 
HA)

1 0.111 0.348 0.379 0.162 1.592 0.655 0.361 0.576 0.013 0.092 0.042 0.015 0.048 0.111
2 0.108 0.343 0.379 0.169 1.609 0.661 0.367 0.581 0.014 0.093 0.041 0.015 0.051 0.108
3 0.116 0.350 0.373 0.160 1.576 0.647 0.362 0.568 0.016 0.108 0.048 0.017 0.059 0.116
4 0.111 0.347 0.379 0.162 1.591 0.646 0.373 0.573 0.019 0.128 0.062 0.023 0.063 0.111
5 0.108 0.341 0.382 0.169 1.610 0.653 0.380 0.577 0.021 0.125 0.058 0.022 0.066 0.108
6 0.115 0.352 0.373 0.160 1.577 0.642 0.371 0.564 0.020 0.135 0.062 0.023 0.071 0.115
7 0.109 0.346 0.379 0.164 1.596 0.643 0.381 0.571 0.021 0.148 0.070 0.026 0.074 0.109
8 0.113 0.352 0.376 0.157 1.576 0.635 0.382 0.559 0.023 0.170 0.078 0.030 0.086 0.113
9 0.119 0.358 0.370 0.150 1.550 0.625 0.375 0.550 0.025 0.175 0.084 0.032 0.083 0.119
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Thermal transition is further strongly influenced by the presence of 
hydrophilic and hydrophobic functional groups in the macromolecule 
[34,46]. This is also seen by comparison of temperature sweep data of 
the pilot plant prototype materials (Fig. 5), where precipitation and 
gelation temperatures decrease with increasing HP content. This is 
further illustrated by comparison of these temperatures, as well as PDT, 
as a function of the HP content, which is given in Fig. 6. This plot 
highlights the differences between the measurement techniques and 
their independence to each other. Powder dissolution temperature in
creases with a slope of ~2.8 ◦C / %HP, and precipitation temperature 
decreases with a slope of ~0.8 ◦C / %HP. Weak trends were observed for 
gelation temperature, and strong trends were observed for PDT.

3.5. Chemical structure analysis

Detailed knowledge about the chemical structure of a unique func
tional polymer like hypromellose is key to its attributes impacting per
formance. As HPMC is produced in a polymer-analogue reaction using 
cellulose pulp as raw material, a variety of polymer chains are created. 
No two single polymer chains are substituted with Me and HP moieties 
in the same way.

Various hierarchical levels of substituent distribution must be 
considered when analyzing the chemical structure of a cellulose ether. 
The repeating monomeric unit of the cellulose polymer is glucose. Each 
of the three hydroxyl groups on each glucose unit can be substituted 
during the etherification process. Therefore, most fundamental level of 
chemical structure is the substituent distribution of Me and HP groups 
within the glucose unit. The next level is the distribution along the 
polymer chain, indicating the presence or absence of higher and lower 
substituted regions. The highest level currently discussed in literature is 
the heterogeneity along several polymer chains [47]. Our current work 
focuses on the distribution within the glucose unit.

Since methylation and hydroxypropoxylation occur simultaneously, 
each of the three hydroxyl groups of a glucose unit can be substituted 
with an Me, an HP, a methyl hydroxypropyl- or multiple hydroxypropyl 
groups linked to each other (tandem reactions). In theory, 43 = 64 
substituted glucose iterations could occur during etherification, not 
taking tandem reactions into account.

If process variations occur, the kinetics of each of these etherification 
reactions can be altered, consequently impacting substituent distribu
tion. Therefore, it is important to verify reproducibility of the chemical 
composition. Methodologies to analyze substituent distribution within 
the monomeric unit have been previously published. [48–52]. The 
method we used has recently been modified for industrial needs [53].

Fig. 7 shows a comparison of the molar fractions of un- (c0), mono- 
(c1), di- (c2) and tri-(c3) methylated glucose units depending on DS of 
the twenty-one commercial HPMC 2208 (METHOCEL™ K4M) materials 
(grey), along with the nine pilot plant prototype materials (red). Several 
models have been published to compare the experimental data of the 
distribution of Me groups on the cellulose backbone with the calculated 
distribution. The grey lines in Fig. 7 are plotted according to the model 
of Spurlin [54] using relative reactive rate constant of k2: k3: k6 = 1 : 1: 1 
and are used to show the ideal case of molar fraction of c0 – c3 at DS 
values between 0 and 3.

It has been previously reported that the model developed by Reuben 
et al. [55,56] is most suitable to compare a single sample to a predicted 
substituent distribution of Me groups, as it takes into account increased 
reactivity of the –OH group in position 3 if position 2 is already 
substituted. However, the model of Spurlin is used here to compare a 
large experimental data set with calculated values. Focus of the dis
cussion is not on accuracy of the Spurlin model, but rather on the 
impression of ideal dependency of c0 – c3 upon DS. As can be seen, all 
hypromellose materials empirically follow the ideal case calculations of 
the Spurlin model. Exact values of c0 – c3 are listed in Table 3. Besides 
the c0 – c3 values, Table 3 lists DS and MS values, the positional degrees 
of substitution for Me and HP moieties (x2, x3 and x6), and the amount 
of HP groups that are either uncapped (free –OH) or further substituted 
with an Me group (capped). From the analysis of chemical structure, it 
can be concluded that all materials are very similar, and only for the HP 
related values of capped HP, uncapped HP, x2 (HP), x3 (HP) and x6 
(HP), an increasing trend with increasing HP content is observed.

4. Analysis of relationships: hypromellose FRCs, rheology and 
paracetamol controlled release performance

Investigations of the twenty commercial HPMC 2208 (METHOCEL™ 

Fig. 8. Paracetamol release performance as a function of HP content and 2% viscosity. ●: represents commercial HPMC 2208 (METHOCEL™ K4M) samples. ▴: 
represents pilot plant prototypes.
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K4M) batches from the previous study were expanded via nine pilot 
plant prototype materials with designed variation in HP content across a 
broader range beyond what is typically commercially available. These 
nine pilot plant protypes also exhibited broader variation in viscosity 
than the twenty commercial batches. Therefore, one additional com
mercial batch of HPMC 2208 (METHOCEL™ K4M) with relatively low 
viscosity was added to the part 2 study design as well.

Based on part 1 [7] findings using the paracetamol matrix tablet 
model formulation, hypromellose FRCs impacting controlled release 
performance were rank-ordered as following: 

%HP > 2% viscosity > D50 particle size > %Me.                                  

Hydroxypropyl (%HP) content significantly (p < 0.05) impacted 
controlled release; 2% viscosity exhibited influence of borderline sig
nificance; and D50 particle size and %Me substitution were not signifi
cant influencers, according to the materials and model formulation 
investigated. Therefore, the primary focus of this follow-up study was 
mainly upon HP substitution, with a secondary focus on 2% viscosity.

Paracetamol release at 22 h as a function of both HP substitution and 
2% viscosity is shown in Fig. 8. A direct correlation was observed be
tween HP substitution and paracetamol release; paracetamol release 
from the matrix tablet increased as HP substitution in the respective 
HPMC material increased. The ellipse in the graphic depicts the 95% 
confidence interval.

A marginal indirect correlation was observed between 2% viscosity 
and paracetamol release; paracetamol release decreased as 2% viscosity 
of the respective hypromellose material increased. The broader 95% 
confidence interval vs. that observed for paracetamol release as a 

function of HP substitution is consistent with the aforementioned rank- 
ordered attributes.

It should be noted that although the observed trends occur in the 
same direction, controlled release from matrix tablets containing the 
pilot plant HPMC prototype materials trended along an offset response 
surface plane, as shown in Fig. 8, vs. controlled release from those ma
trix tablets containing commercial HPMC 2208 (METHOCEL™ K4M). 
This slight offset was expected because of small differences in material 
finishing, leading to slightly different powder morphologies of hypro
mellose pilot plant prototypes vs. commercially produced HPMC 2208 
(METHOCEL™ K4M).

The pilot plant prototypes widened the exploratory ranges of both 
HP substitution and 2% viscosity. As illustrated in Fig. 1, the HP range of 
the pilot plant samples spanned from 6.0 to 11.4%. In other words, the 
HP range explored with the pilot plant prototypes was widened from a 
max-min delta of 1.2% HP for the commercial HPMC 2208 (METHO
CEL™ K4M) materials to a max-min delta of 5.4% HP.

The 2% viscosity ranges of the commercial HPMC 2208 (METHO
CEL™ K4M) and pilot plant prototypes spanned from 3343 to 4953 and 
2730–5476 mPa⋅s, respectively. This means the range of the 2% vis
cosity investigated was widened from a max-min delta of 1693 mPa⋅s 
(commercial HPMC 2208 (METHOCEL™ K4M)) to a max-min delta of 
2746 mPa⋅s (pilot plant prototypes).

In Fig. 8, it is apparent that the expanded ranges of HP substitution 
and 2% viscosity extended the boundaries of design space exploration 
between controlled release performance and these two FRCs. The di
rections of the correlations remained unchanged. Paracetamol release 
increased with increasing HP content and decreased with increasing 2% 

Fig. 9. Direct correlations observed between paracetamol release, PDT and HP content. ●: represents commercial HPMC 2208 (METHOCEL™ K4M) ▴: represents 
pilot plant prototypes.
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viscosity. HP substitution remained the primary influence of controlled 
release performance, as indicated by the narrower 95% confidence 
interval.

While paracetamol release at 22 h only ranged from 79.0 to 86.0% 
(delta 7.0%) with increasing HP content using commercial HPMC 2208 
(METHOCEL™ K4M) materials, paracetamol release at 22 h ranged from 
76.7 to 89.2% (delta 12.5%) with increasing HP content using the pilot 
plant prototypes. In essence, paracetamol release at 22 h could be 
modulated over nearly 15% by varying HP content of the hypromellose 
used in the matrix tablet model formulation.

In the previous publication [7], a direct correlation between para
cetamol release at 22 h, HP substitution and PDT was reported, and thus 
PDT was proposed as potentially a predictive research tool for gauging 

Table 4 
Hypromellose 2208 pilot plant prototype materials incorporated into the gli
clazide matrix tablet model formulation.

Sample %Me %HP 2% viscosity (mPa-s) Onset PDT (◦C)

PP Batch A 23,2 7,4 3446 49,3
PP Batch B 23,2 7,4 3773 49,6
PP Batch C 23,1 8,6 3529 52,3
PP Batch D 23 9 3013 53,1
PP Batch E 23,1 9 3213 53,2
PP Batch F 22,8 10,7 3836 56,6
PP Batch G 22,7 11,1 3319 56,9

Fig. 10. Paracetamol and gliclazide release vs. time from the corresponding model monolithic matrix tablet formulation as a function of pilot plant materials utilized.

Fig. 11. Direct correlations observed between gliclazide release, PDT and HP content. ●: represents pilot plant prototypes.
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controlled release performance imparted by HPMC. These relationships 
were confirmed by expanding the material and dataset to include the 
nine pilot plant prototypes and the one additional commercial HPMC 
2208 (METHOCEL™ K4M) material. This is apparent in Fig. 9a by the 
strong correlation between PDT and HP substitution. Furthermore, the 
correlations between paracetamol release at 22 h, HP substitution, and 
PDT (Fig. 9b and c) are both significant (p < 0.05) and comparable in 
strength (95% confidence intervals). This expanded dataset strength
ened the case that PDT has the potential to be used as an effective 
research tool to predict the ability of HPMC to impart controlled release 
performance based on its properties.

5. Affirming relationships between hypromellose FRCs, 
rheology and controlled release performance using a gliclazide 
matrix tablet model formulation

A gliclazide matrix tablet model formulation was used to determine 
whether or not the relationships established with the paracetamol ma
trix tablet model formulation were API-specific. In contrast to paracet
amol, a high-dose, sparingly soluble API (250–1000 mg dose, 14 mg/mL 
aqueous solubility), gliclazide is a lower dose, practically insoluble API 
(30–120 mg dosage, 0.055 mg/mL solubility) [57,58].

Huettermann & Feldmann [8] used gliclazide as a model API, 
investigating two molecular weight grades of HPMC 2208 (METHO
CEL™ K100 & K4M) with three HP substitution levels for each molec
ular weight grade (low, medium, and high), reporting controlled release 
modulation up to 12 h.

Seven additional HPMC 2208 pilot plant prototype materials 
(Table 4) beyond the original nine prototypes were incorporated into the 
gliclazide matrix tablet model formulation, with observed controlled 
release modulation up to 24 h. Comparing Tables 1 and 4 confirm that 
the attributes of this newer set of HPMC 2208 pilot plant prototypes 
were comparable to those of the 1st set of prototypes incorporated into 
the paracetamol matrix tablet model formulation.

Comparision of the release profiles from matrix tablet model for
mulations containing paracetamol and gliclazide are shown in Fig. 10. 
The hypromellose concentrations in both matrix tablet model formula
tions were held constant at 30%, whereas adjustments in API dosage 
were accommodated by varying and the mix and concentration of 
bulking agents (see Experimental section for the matrix tablet model 
formulation recipes).

Paracetamol release at 12 h ranged from 55 to 70%, depending on 
the HPMC pilot plant prototype incorporated into the formulation. At 
22 h, paracetamol release was close to 90% from matrix tablets con
taining higher HP prototypes, whereas the lower HP prototypes deliv
ered close to 80% release. There was a singular performance regime, 
with first-order release occurring over a 24 h duration, comprising the 
design space range imparted by nine HPMC prototypes spanning the % 
HP substitution range of 6.0–11.4%.

The controlled release profiles from the gliclazide matrix tablet 
model formulation spanned a broader performance range than what was 
observed from the paracetamol matrix tablet model formulation. Being a 
practically insoluble API, gliclazide release is more dominated by 
erosion of the swollen hypromellose layer that evelops the matrix tablet, 
whereas paracetamol release depends both on diffusion through and 
erosion of the swollen hypromellose layer.

There were two distinctive performance regimes from the gliclazide 
matrix tablet model formulation: 1) zero-order controlled release over a 
12 h duration with the higher HP hypromellose prototypes and 2) first- 
order controlled release performance range over 24 h duration with the 
mid- and low HP hypromellose prototypes. Complete gliclazide release 
was attained around 12 h in near zero-order fashion when incorporating 
the two hypromellose prototypes with HP > 10%, whereas lower HP 
content delivered more typical first-order release over 24 h duration. 
Gliclazide release ranged from 45 to 65% at 12 h from matrix tablets 
containing the five hypromellose prototypes, ranging in HP from 7.4 to 

9.0%. Gliclazide release at 22 h from these five sets of tablets ranged 
from 70 to 90%.

Fig. 11 clearly demonstrates the correlations described above. 
Increasing HP substitution in the hypromellose 2208 prototype directly 
increased gliclazide release from the matrix tablet model formulation 
across a release range spanning 25% at 24 h. PDT correlated strongly 
with %HP content and affirms that PDT is indeed a promising tool for 
predicting controlled release performance in this matrix tablet model 
formulation.

6. Conclusions

The hypothesis from the previous article was validated [7] regarding 
HP content and 2% viscosity as primary and secondary FRCs of HPMC 
impacting controlled release performance from the paracetamol matrix 
tablet model formulation, particularly the impact from HP substitution. 
This was further validated using a gliclazide matrix tablet model 
formulation. Expanding the design space for %HP substitution from the 
commercial HPMC 2208 (METHOCEL™ K4M) materials to the pilot 
plant hypromellose prototypes strengthened fundamental understand
ing of how %HP substitution impacted controlled release performance 
from these matrix tablet model formulations.
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