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Abstract. This study investigated the effect of binder level on the physicochemical
changes and tabletability of acetaminophen (APAP)-hydroxypropyl cellulose (HPC)
granulated using twin-screw melt granulation. Even at 5% HPC level, the tablet tensile
strength achieved up to 3.5 MPa. A minimum of 10% HPC was required for the process
robustness. However, 20% HPC led to tabletability loss, attributable to the high mechanical
strength of APAP granules. The over-granulated APAP granules had thick connected HPC
scaffold and low porosity. Consequently, these granules were so strong that they underwent a
lower degree of fracture under compression and higher elastic recovery during decompres-
sion. HPC was enriched on the surface of APAP extrudates at all HPC levels. Amorphous
APAP was also observed on the extrudate surface at 20% HPC level, and it recrystallized
within 24 h storage. To achieve a robust process and optimal improvement in APAP
tabletability, the preferred HPC level was 10 to 15%.

KEY WORDS: Twin-screw melt granulation; Binder content; Over-granulation; Granule mechanical
properties; Granule structure.

INTRODUCTION

Granulation of powder blends is a unit operation widely
used to produce solid dosage forms such as tablets and
capsules. The main purpose of granulation is to improve
flowability, content uniformity, and tabletability of powder
blends. Depending on the binder types and manufacturing
processes, pharmaceutical granulation can be categorized as
dry, wet, and melt granulation (MG). Melt granulation holds
certain advantages over wet granulation, since it avoids
solvent-induced physicochemical changes to the drugs. Melt
granulation also holds certain advantages over dry

granulation, since melt granulation is more effective in
improving tabletability (1).

Traditionally, melt granulation is carried out in batch
mode using a high-shear or fluid-bed granulator. Recently,
continuous melt granulation using a twin-screw extruder
(TSMG) has gained interest. TSMG offers the inherent
advantages of continuous manufacturing, such as more
consistent product quality, easier scale-up, better in-process
quality control and monitoring, higher product rate, cost and
time savings, and more product development options (2). To
accommodate the growing interest in continuous manufactur-
ing (3), TSMG can be integrated into the continuous
manufacturing line.

TSMG can process a wider range of binders than batch
MG process because of its unique mechanisms of melting
thermal binder (1,4). In the batch process, powder blend is
under the globally starved and unpressurized conditions and
is randomly subjected to the high-shear zone in a batch
granulator. Melting of thermal binders is caused by the heat
conducted from the jacketed granulation chamber. Because
of this, only low melting point binders, e.g., propylene glycol
(PEG) 6000 (5) and lipids (6), can be used in batch MG
processes. In contrast, powder blend is forced through a
sequence of starved (unpressurized) and filled (pressurized)
zones during TSMG (7). Melting of thermal binders results
from intensive frictional and viscous heat dissipation induced
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by the rotating screws. Heating during TSMG is more
efficient than batch granulation, and powder blends can be
heated to much higher temperatures. As a result, high
molecular weight thermoplastic binders, such as hydroxypro-
pyl cellulose (HPC) (4) and hydroxypropyl methylcellulose
(HPMC) (8), can be used as thermal binders in TSMG.
During TSMG, a binder can be finely distributed on the
surface of granules (9,10). Due to the binder to binder
interaction and binder to particle interaction, binder-coated
surfaces form strong intergranular bonds (11). Because of the
superior tabletability of these high molecular weight thermal
binders, granules with superior tabletability can be prepared
using TSMG (4).

Several studies on the effect of binder level on granule
properties have been reported. Lakshman et al. (12) granu-
lated metformin hydrochloride with hydroxypropyl cellulose
(HPC). The metformin hydrochloride granules were com-
pressed into tablets with high hardness and low friability even
at 5% HPC. Increasing HPC content (ranging from 5 to 10%)
improved the tabletability of metformin hydrochloride gran-
ules. However, the trend of metformin granule tabletability at
higher HPC content was not investigated. The effect of binder
level on the tabletability of granules prepared using TSMG is
also dependent on drug-binder miscibility. Miscible and
immiscible drug-binder systems were found to influence
binder rheological properties and binder distribution differ-
ently (13). Monteyne et al. (14) reported that higher PEG
4000 level (ranging from 5 to 20%) resulted in lower
tabletability of metoprolol tartrate (MPT) granules. Since
MPT is miscible with PEG 4000 during processing, it was
hypothesized that a higher level of PEG made the granules
too strong to deform and then there was less bonding
between granules during tableting. For the immiscible system
consisting of lactose monohydrate and PEG 3350, increasing
PEG content (ranging from 10 to 20%) resulted in weaker
granules prepared by TSMG (15).

Despite these studies on the effects of binder levels on
granule tabletability, the mechanistic understanding of the

correlation between binder level, granule structure, and
granule tabletability has not been developed. In an effort to
better understand this, we have categorized formulations into
four quadrants depending on the drug-binder miscibility and
drug thermal stability (Fig. 1), which guides the systematic
investigation of such correlation using model drug-binder
formulations from each quadrant.

In our study, another important attribute of granules
investigated is the physicochemical transformation of drug
substance during TSMG. During TSMG, high thermal and
mechanical stresses could induce various physicochemical
transformations of the drug substance. Kittikunakorn et al.
(7) reported that gabapentin form II (room temperature most
stable form) converted to form IV (metastable form) in
TSMG when the forward kneading screws were replaced with
neutral kneading screws. Monteyne et al. (14) have observed
the conversion of caffeine from form II to form I under
certain processing conditions during TSMG. These form
changes are dependent on the intrinsic properties of the drug
and drug-binder interactions. Because caffeine is more
miscible with Soluplus® than PEG, polymorphic transforma-
tion was more significant with Soluplus® as a thermal binder.

The overall objective of this study is to investigate the
effect of binder level on tabletability and the physicochem-
ical changes of melt-extruded granules of class 1 formula-
tions, i.e., the model drug is thermally stable and exhibits
good miscibility with the binder. A low molecular weight
and fine particle-size hydroxypropyl cellulose (HPC,
Klucel™ EXF) is selected as the thermoplastic binder
because of its effectiveness in improving tabletability.
Acetaminophen (APAP) is used as the drug substance
because of its poor compressibility and its miscibility with
HPC at the elevated temperatures. Granule structure (e.g.,
pore structure and binder distribution), granule properties
(e.g., granule size, content uniformity, bonding between
granules, and mechanical strength), and tabletability are
studied. Particle size and phase purity (polymorphs and
crystallinity) of APAP are also assessed.

Fig. 1. Quadrant classification of TSMG based on drug thermal stability and drug-binder miscibility
at elevated temperature. TSMG: twin-screw melt granulation
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MATERIALS AND METHODS

Materials

Acetaminophen (APAP, form I) was purchased from
ShenZhen Nexconn Pharmatechs (Shenzhen, China). APAP
melts at 169°C and its solubility in water at 25°C is 14 mg/mL.
EXF grade of hydroxypropyl cellulose (Klucel™ EXF, glass
transition temperature of 0°C) was donated by Ashland Inc.
(Wilmington, DE, USA). Paraffin (Paraplast®) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All other
chemicals were of ACS grade or purer.

Methods

APAP extrudate refers to the materials coming off the
twin-screw extruder. APAP granules refer to the materials
coming off the Comil that was used to reduce the particle size
of the APAP extrudate.

Twin-Screw Melt Granulation

Twin-screw melt granulation was conducted using
Leistritz Nano-16 extruder (American Leistritz Extruder
Corp., Somerville, NJ, USA). The 420 mm-long processing
section included four zones. The feed zone was maintained
at 25°C using cooling water, and zones 1, 2, and 3 were set
at 70°C, 110°C, and 110°C, respectively. The screw design
is presented in Fig. 2. Most screw elements were conveying
elements, except for two sets of 30° forward kneading
elements placed in zone 3. The feed rate of blends was
controlled by a volumetric feeder (Brabender Technologie,
Mississauga, ON, Canada). The APAP/HPC blends were
processed at various screw speeds and feed rates with
open-end discharge. APAP extrudates were collected after
steady barrel temperature and torque was reached.
Extrudates were cooled down to room temperature and
then milled into granules using a conical mill (Quadro
Comil U5–0516, Waterloo, ON, Canada) with a round-arm
edge impeller at an impeller speed of 1000 RPM through
an 813 μm conidur screen.

Drug-Polymer Miscibility at Elevated Temperatures

Melting point depression technique was applied to
evaluate APAP-HPC miscibility at elevated temperature.
Pure APAP was physically mixed with HPC at various
compositions (0%, 20%, 50%, and 80% HPC). The melting
temperature of APAP in the pure APAP and physical
mixtures was measured using a TA Q20 differential scanning
calorimeter (TA instruments, New Castle, DE, USA) in a
temperature range from 25 to 180°C at a scan rate of
10°C/min and nitrogen flow rate of 50 mL/min.

Size Distribution of APAP Extrudates and Granules

The size distribution of APAP extrudates and granules
was measured using a dynamic optical particle analyzer
(Retsch Camsizer®, V.4.2.1., Haan, Germany). Granules of
approximately 10 g were transported to the measurement
field via a vibratory feeder. The images of projected particles
were recorded at 60 frames per second. For each sample,
more than 300,000 individual projected images of particles in
the range of 16 to 8230 μm were analyzed using Retsch
Particle Library software.

Content Uniformity of APAP Granules

APAP granules were fractionized in a sonic sifter
(Advantech Manufacturing, Inc., New Berlin, WI, USA) into
six size fractions: < 180 μm, 180–300 μm, 300–425 μm, 425–
600 μm, 600–850 μm, and > 850 μm. Granules of approxi-
mately 10 mg were dispensed into a 250 mL volumetric flask.
Water was used as the extraction solvent. The APAP
concentration was analyzed using ultra-violet spectroscope
(Agilent, Santa Clara, CA, USA) at 243 nm.

Tabletability of APAP Granules

Approximately 300 mg of APAP granules from 425 to
600 μm sieve cut were selected for the tabletability test.
Physical mixture of APAP and HPC was used as the control.
After being internally lubricated by 1% magnesium stearate,
all samples were compressed for 10 ms by a Presster™

Fig. 2. Extruder barrel composition and screw design for APAP-HPC granulation. All the melt granulations were processed
at a screw speed of 100 RPM and a feed rate of 15 g/min. GFA X-XX-XX, co-rotating conveying screw-trilobal screw-pitch
length (mm)-screw length (mm). KB X-X-XX-XX kneading block-trilobal screw-number of kneading segment-screw length
(mm)-the offset angle (°). 0 to 26 d length to diameter ratio (total barrel length is 420 mm; barrel diameter is 16 mm)
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compaction simulator (Metropolitan Computing Corpora-
tion, East Hanover, NJ, USA), simulating Korsch XL400
tableting press. A round, flat-faced, 10 mm in diameter
tooling was used in this study. The compression force ranged
from 1963 to 23,550 N. After compression and ejection,
tablets were placed in a sealed container to relax for two
hours. The tablets were then diametrically broken using a
texture analyzer (Texture Technologies Corp., Surrey, UK).
Tablet tensile strength (TS) was obtained from Eq. 1:

TS ¼ 2F
πdh

; ð1Þ

where F is the breaking force. The parameters d and h are
tablet diameter and thickness, respectively.

Scanning Electron Microscope Images of APAP Tablets

We used the FEI Quanta 650 environmental scanning
electron microscope (FEI, Hillsboro, Oregon, USA) to
analyze the morphology of the surface and the fractured
surface of APAP tablets. Prior to imaging, APAP granules
with various HPC levels were compressed into tablets at
150 MPa for 10 ms in the Presster™ compaction simulator
(Metropolitan Computing Corporation, East Hanover, NJ,
USA). The tablets were then broken diametrically. The entire
tablets and the fractured tablets were sputter coated with
gold. SEM images were taken under vacuum with 5 kV
electron beam.

Mechanical Properties of APAP Granules

The stress-strain profiles and mechanical properties of
APAP granules (425–600 μm) were characterized using a
TA.XTPlus texture analyzer (Texture Technologies Corp.,
Hamilton, MA, USA). A 5 kg load cell and a TA-57R probe
with a diameter of 7 mm were used to place force on
individual granules. The test speed in both the compression
phase and withdrawal phase were both 0.1 mm per second.
The target compressive strain was set as 30% of the granule
height. The granule height was recorded once 5 g trigger
force was reached. The stress (σ) was calculated from the
Hiramatsu-Oka equation (16):

σ ¼ 0:7
F
πr2

¼ 2:8
F

πd2
; ð2Þ

where F is the force applied onto an individual granule, r is
the radius, and d is the diameter of granules. The mechanical
properties, such as Young’s modulus, instant springiness, and
resilience are reported. The Young’s modulus indicates the
stiffness of granules. The instant springiness is used to define
how much compression is instantly recovered by the granule
as the probe retracts. The resilience measures how well a
product resists to regain its original shape and size. The
Young’s modulus was calculated from the slope of the linear
part of the stress-strain profile at compression phase. Instant

springiness is the ratio between recovered height after the
pressure withdrawal and the original height. The resilience is
calculated by dividing the upstroke energy (area under the
curve of withdrawal phase) by the downstroke energy (area
under the curve of compression phase).

Particle Size Distribution of APAP Crystals

The particle size of APAP crystals in raw materials and
granules was determined by a Spraytec laser diffraction
system (Malvern Instruments, Malvern, Worcestershire, UK)
equipped with a wet dispersion accessory. APAP granules
were dispersed in dichloromethane to dissolve HPC and
release APAP crystals. HPC is freely soluble while APAP is
insoluble in dichloromethane. Dichloromethane was used as
the dispersant for particle size analysis as well. The detector
was equipped with 300 mm lens (detection range: 0.1–
900 μm). Data was collected continuously for 60 s at
400 Hz. The data was analyzed in Spraytec software v3.30.

X-ray Diffraction of APAP Granules

X-ray diffraction pattern of APAP in the physical
mixtures and granules was measured by using a Rigaku
Miniflex 600 X-ray diffractometer (Rigaku Americas, The
Woodlands, TX, USA) with a Cu-Kα radiation source. X-ray
was generated at an acceleration voltage of 40 kV and a
current of 15 mA. Samples were scanned in step mode with a
step size of 0.025° and duration time of 0.75 s over a 2θ range
of 5 to 45°.

Crystallinity of APAP in Melt Extrudates

All FTIR measurements were carried out using an ATR-
FTIR spectrometer (Thermo Nicolet iS50 Waltham, MA,
USA) at ambient temperature. The ATR-FTIR was per-
formed on both the extrudate surface and pulverized
extrudate. Samples were placed on the germanium (refractive
index, nGe = 4.0) crystal surface. The angle of reflection was
set at 45°. If the wavenumber of laser is 800 cm−1, the depth
of penetration of the infrared beam will be 0.83 μm, based on
Eq. 3 (17):

DP ¼ 1

2 � nGe � π �W �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 θð Þ− nsample

nGe

� �2
r ; ð3Þ

where DP is the depth of penetration; nGe is the refractive
index of germanium crystal; nsample is the refractive index of
sample, which is assumed to be 1.50; θ is the angle of
incidence; and W is the wavenumber.

All samples were analyzed at ambient room temperature
with a total of 64 scans at 4 cm−1 resolution from 700 to
4000 cm−1. Each sample was measured for six times (n = 6).
The peak height was determined in the OMNIC 9 program
(Thermo Fisher Scientific, Waltham, MA, USA).

Based on Lambert-Beer’s Law, the absorbance A at
wavenumber W is proportional to the laser penetration
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depth (DP), analyte concentration (c), and coefficient of
absorption (ε):

A Wð Þ ¼ ε �DP � c: ð4Þ

Similarly, an equation applies for crystallinity (Xc):

A Wð Þ ¼ εcrystalline �DP �Xc þ εamorphous �DP � 1−Xcð Þ: ð5Þ

The absorbance at bands of interest may vary from time
to time, due to the imperfect sample/crystal contact. In
practice, a reference band was used to eliminate the
uncertainty in the absorbance at bands of interest (18). A
peak ratio of the band of interest to the reference band is
used as a measure of crystallinity (Xc).

A W interestð Þ
A Wreferenceð Þ ¼

εcrystalline �DP �Xc þ εamorphous �DP � 1−Xcð Þ
εreference �DP � 1

¼ εcrystalline−εamorphous

εreference

� �
Xc þ εamorphous

εreference
:

ð6Þ

Rearranging the equation results in

Xc ¼
A W interestð Þ
A Wreferenceð Þ

εcrystalline−εamorphous

εreference

� � −

εamorphous

εreference
εcrystalline−εamorphous

εreference

� �

¼ K
A W interestð Þ
A Wreferenceð Þ þ b: ð7Þ

The correction factor K and constant b have to be
determined by a calibration procedure. In Fig. 8b, the ratio of
peaks at 797 cm−1 and 808 cm−1 was used to quantitate APAP
crystallinity Xc. The vibrations at 797 cm−1 and 808 cm−1 were
assigned to the deformation vibrations of the phenyl group
and amid group (19). The peak height of 808 cm−1

corresponded to the crystalline phase. The peak at 797 cm−1

was almost independent of the degree of crystallinity and
used as the reference peak. Both peaks were outside the IR
absorption range of HPC. The peak height of both peaks was
determined by drawing a linear baseline between 785 and
880 cm−1 and by measuring the vertical drop from both peaks
to baseline. To validate the linear relationship between APAP
crystallinity and the ratio H808/H797, samples of known APAP
crystallinity were prepared and characterized by ATR-FTIR.
To prepare samples of known APAP crystallinity, APAP
amorphous solid dispersions were mixed with crystalline
APAP at known ratios. Amorphous APAP solid dispersions
were prepared by melt-extruding APAP/HPC physical mix-
tures at 30% drug loading in a twin-screw HAAKE Minilab
II extruder (Thermo Electron Corporation, Newington, NH,
USA) at 170°C and 150 rpm.

Porosity of APAP Granules

In ASTM D3766-08 (2018), the porosity is the ratio of
volumes of the pores in the particles to the volumes
enclosed by their envelopes (20). Porosity can be calculated
from the theoretical density and envelope density, according
to Eq. 8 (21):

Porosity ¼ 1−
envelope density
theoretical density

� �
� 100%: ð8Þ

The theoretical density is the ratio of the mass of solid
materials to the sum of the volumes of the said pieces (20). In
this study, the theoretical density was measured using a
helium pycnometer (AccuPyc 1330, Micromeritics, Norcross,
GA, USA). Approximately 3 g of granules were loaded into a
3.5 mL sample cell. The purge fill pressure in the helium
pycnometer was set at 19 psi. The granular envelope density
was measured using a mercury penetrometer (Autopore
9400, Micromeritics, Norcross, GA, USA). The envelope
density is the ratio of the mass of solid materials to the sum of
the volumes of the said materials and voids within close-fitting
imaginary envelopes completely surrounding each granule
(20). About 1.5 g of granules were weighted and loaded into
the penetrometer. The penetrometer was degassed in a
vacuum and then filled with mercury at 1.94 psia. The
envelope volume of granules was derived by the difference
from the calibrated volume of the penetrometer and the
measured volume of mercury intruded into the penetrometer
at 1.94 psia.

Binder Distribution inside APAP Granules

APAP granules (425 to 600 μm) were dispersed into the
molten paraffin (65°C). Mixtures were then cooled down to
ambient temperature. APAP granule-embedding paraffin
blocks were cut into 15 μm slices using Spencer 820
microtome (American Optical Co., Buffalo, NY, USA). The
slices were fixed onto glass slides under heating (65°C). The
glass slides were then soaked in hexane to dissolve paraffin.
Both APAP and HPC are not soluble in paraffin.

APAP granule slices fixed to glass slides were examined
(×100 magnification) under Olympus BX-53 polarized light
microscope (Olympus Corporation of Americas, Center
Valley, PA, USA). The image resolution was 0.95 μm per
pixel. An aqueous solution composed of 10% NaCl and 0.5%
NaOH (w/w) was used to leach APAP from the granules.

The analysis of microscopic images was performed using
ImageJ™ (version 1.52o, National Institutes of Health,
Bethesda, MD, USA). The images were binarized into black
and white to increase the contrast between HPC and
background. To analyze the thickness of HPC scaffold,
BoneJ (22) plugin was used.

The connectivity index was defined as the area fraction
of the largest connected matrix with a certain thickness over
the entire matrix (23,24). For example, the connectivity index
of the largest connected matrix with thickness larger than
1.90 μm was determined by following steps. In the first step,
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the area fraction of matrices isolated from the largest matrix
was defined as “non-connected matrix” and sequestered. In
the second step, the largest matrix was eroded by 1 pixel
(0.95 μm) depth and became thinner by 2 pixels (1.90 μm).
Then the “non-connected matrix” in the second step was
sequestered. In the third step, the remaining largest matrix
was dilated by 1 pixel (0.95 μm) and became thicker by 2
pixels (1.90 μm). Eventually, the largest connected matrix
with a thickness larger than 1.90 μm remained unchanged,
and all the other matrix was sequestered. The connectivity
index of the largest connected matrix with thicker than
1.90 μm (2 pixels) and 3.8 μm (4 pixels) was determined in
this study. Fifteen individual granules from each sample were
analyzed (n = 15).

Statistical Analysis of Data

The statistical significance of the means was evaluated by
one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test using Minitab® v18.1 (Minitab Ltd.,
Coventry, UK). A value of P < 0.05 was considered statisti-
cally significant.

RESULTS

Properties of APAP Granules

Extrudate Appearance and Size Distribution and Granule Size
Distribution

Binary mixtures of APAP and HPC with different HPC
loadings (5, 10, 15, and 20%) were processed under different
screw speeds (100, 150, and 200 RPM) and feed rates (5, 10,
and 15 g/min). As shown in Fig. 3a, granulation at 5% HPC
loading only took place under high degree of fill conditions

(high feed rate and low screw speed). Increasing HPC level
expanded the processing window to lower degree of fill
conditions (low feed rate and high screw speed). When HPC
level was increased to 20%, the formulation could be
granulated under all conditions. The images of APAP
extrudates containing 5%, 10%, 15%, or 20% HPC are
presented in Fig. 3b–e.

All formulations were granulated successfully when
processed at “100 rpm and 15 g/min” or “150 rpm and 15 g/
min.” Data presented in this article is for granules processed
at 100 rpm and 15 g/min. Oversized extrudates (> 1000 μm)
were present in all four formulations. Extrudates were milled
using a Comill to achieve the desired particle size of 125 to
1000 μm for tableting (25). Fig. 4 a and b show the size
distribution of APAP extrudates and APAP granules,
respectively. The higher the HPC level, the larger the
granules. Fine APAP granule fraction (< 125 μm) was less
than 5.9%, 3.2%, 1.3%, and 0.63% at 5%, 10%, 15%, and
20% HPC levels, respectively.

Drug Content Uniformity

APAP granules were sieved into the following six
fractions: < 180, 180–300, 300–425, 425–600, 600–850, and >
850 μm. The uniformity of drug content across APAP
granules of different sizes is presented in Fig. 5. APAP
content is within 97% and 103% of the theoretical values
across all granule sizes at all 4 binder levels. One-way
ANOVA revealed no statistically significant difference in
drug content among different size fractions of granules.

Tabletability

The tabletability (tensile strength vs. compression pres-
sure) profiles of APAP granules (425 to 600 μm) and their

Fig. 3. a TSMG processing window based on visual observation. Green square indicates successful granule formation. Red
square indicates the absence of granule formation. Images of APAP extrudates processed at screw speed of 100 RPM and
feed rate of 15 g/min. b 5%, c 10%, d 15%, and e 20% HPC level

  240 Page 6 of 14 AAPS PharmSciTech         (2020) 21:240 



corresponding physical mixtures are shown in Fig. 6. Physical
blends of APAP and HPC had poor tabletability. No tablets
could be produced for physical blends containing 5% and
10% HPC, and the maximum tensile strength achievable at
20% HPC level is less than 1 MPa. In contrast, a target tensile
strength of 2 MPa (26) was achieved for melt-granulated
APAP granules containing 5% HPC. APAP granules con-
taining 5%, 10%, and 15% HPC demonstrated comparable
tabletability profiles, and 2 MPa tensile strength was achieved
even at 100 MPa compaction pressure. However, further
increase of HPC to 20% led to a sudden decrease in the
tabletability, where 2 MPa tensile strength was not achieved
until the compaction pressure reached 250 MPa.

Bonding between APAP Granules in the Tablets

To understand the mechanisms of the lower tabletability
at the 20% HPC level, we examined the bonding between

granules in the tablets. On the surface and at the cross-
section, the granule outline and the intragranular gap became
more noticeable at higher HPC levels (Fig. 7). The morphol-
ogy of the surface and cross-section of tablets indicates over-
granulation (27) in APAP granules containing 20% HPC.
Over-granulation is typically the result of excessively strong
mechanical strength of granules. The mechanical properties
of APAP granules are discussed in the next subsections.

Mechanical Properties of APAP Granules

Texture profile analysis was used to investigate the
effect of HPC level on APAP granules’ mechanical
properties, including Young’s modulus, instant springiness,
and resilience. Melt granulation was performed at 100 rpm
screw speed and 15 g/min feed rate. Data reported is
based on the analysis of 15 individual samples. The
analysis was conducted in both the compression and the

Fig. 4. Particles size distribution of a APAP extrudates and b APAP granules at different HPC levels. Melt granulation was
performed at 100 rpm and 15 g/min

Fig. 5. Drug content of APAP granules of different size fractions. Melt granulation was performed
at 100 rpm and 15 g/min
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withdrawal phases, as shown in Fig. S3. Regardless of the
HPC level, all APAP granules underwent plastic deforma-
tion, as indicated by a lack of breakage in the compres-
sion phase. The testing results are summarized in Table I.
Young’s modulus, springiness, and resilience of granules
increased with the increase of HPC content. Young’s
modulus increased from 8.79 to 18.18 MPa when HPC
increased from 5 to 15%. A sudden increase to 55.0 MPa
was observed when HPC level reached 20%. It was
concluded that APAP granules containing higher levels
of HPC were more resistant to the compression and were
able to recover upon the withdrawal of the compression
pressure, which led to smaller bonding area between
APAP granules (28). This is a representative phenomenon
of over-granulation (29,30).

Based on the concept of material science tetrahedron
(31), the tableting performance depends on the material
structure and mechanical properties. To further investigate
the over-granulation in TSMG, we investigated the
granule structure and the results are presented in the
following sections.

Physicochemical Changes of APAP and HPC during TSMG

Particle Size of APAP Crystals

The size of extracted APAP crystals was characterized
using the laser diffraction technique. As shown in Fig. S4 and
Table II, APAP particle size was significantly reduced during
the TSMG process at all four HPC levels. The D90 of APAP
was 395.4 μm for the as-received APAP drug substance and
decreased to 148.4 μm, 209.7 μm, 159.0 μm, and 118.0 μm at
5%, 10%, 15%, and 20% HPC levels, respectively.

APAP Polymorph

As shown in Fig. S1, the two theta angles of X-ray
diffraction peaks remained at the same position after melt
granulation, indicating the crystal form of APAP did not
change. Change in the intensity of some XRD diffraction
peaks reflected the phenomenon of preferred orientation of
crystals due to different crystal habits.

Fig. 6. Tensile strength-compression pressure profiles of APAP granules (425–600 μm) and
physical mixtures. Melt granulation was performed at 100 rpm and 15 g/min. No tablets could be
produced for physical blends containing 5% and 10% HPC. MG: melt-extruded granules; PM:
physical mixture

Fig. 7. SEM images of surface and cross-section of APAP tablets compressed at 150 MPa. Melt
granulation was performed at 100 rpm and 15 g/min
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APAP Crystallinity on the Surface and Bulk of APAP
Extrudates

In the current study, the method of APAP crystallinity
quantitation using ATR-FTIR was established. This method
has been applied by Lanyi et al. to study the crystallinity of
polymers (32). APAP crystallinity standards were prepared
by mixing crystalline APAP and APAP/HPC amorphous solid
dispersions at known ratios. The absorbance region from 780
to 810 cm−1 was used to quantitate APAP crystallinity. As
shown in Fig. 8b, IR absorbance at 808 cm−1 increased with
the increase in APAP crystallinity, while the absorbance at
797 cm−1 remained constant. Peak at 798 cm−1 and peak at
808 cm−1 are assigned to the deformation vibration of the
phenyl group and amid group (19). As shown in Fig. 8c, there
is a linear correlation between the peak height ratio at these
two wavenumbers (H808/H797) and the degree of APAP
crystallinity. The limit of detection of amorphous APAP in
crystalline APAP was assessed by calculating threefold
standard deviations of the crystallinity value of pure APAP
calculated by the linear regression model in Fig. 8c. Based on
0.74% standard deviation of 10 repetitive measurements, the
limit of detection of this method was determined to be 2.22%.

Amorphous APAP content on both the surface and the
bulk of extrudates was determined. To analyze the surface,
the extrudates were used as is. To analyze the bulk,
extrudates were ground to fine powders using mortar and
pestle. As shown in Fig. 8a, the difference between the
spectra of the surface and bulk in region 2 (780–820 cm−1)
was not observed until HPC content reached 20%.
Amorphous APAP content on the surface and in the bulk
of extrudate right after melt granulation and following 24 h
storage at ambient conditions is summarized in Fig. 9. At 5 to

15% HPC, there was no significant APAP amorphization
either on the surface or in the bulk. At 20% HPC, the level of
amorphous APAP in the bulk was below the quantitation
limit. However, the amorphous content on the surface of 20%
HPC extrudates right after melt granulation was at 10%. The
amorphous APAP fully recrystallized after 24 h storage at
ambient temperature.

The existence of amorphous APAP on the surface of
20% HPC extrudates could be attributed to the enriched
HPC on the surface of 20% HPC extrudates. As shown in the
spectra region 1 (1000–1200 cm−1) of Fig. 8a, the IR spectrum
of the surface of 20% HPC extrudates showed a significant
rise of baseline, which was caused by the broad absorption of
HPC in spectra region 1. The raised baseline in region 1 was
also found in IR spectra of the surface of 5 to 15% HPC
extrudates, indicating enrichment of HPC on the surface at
lower HPC levels as well.

APAP Granule Structure

Pore Structure

Mechanical strength of granules is dependent on the
pore structure of granules (30,33,34). Pore structure of APAP
granules was analyzed using mercury porosimetery and the
results are summarized in Table III. There is a clear negative
correlation between porosity and HPC levels in the formula-
tions. With the increase in HPC level, the envelop density
increased and the porosity decreased. Envelop density is
0.7576, 0.7733, 0.8856, and 1.0163 g/mL for granules contain-
ing 5%, 10%, 15%, and 20% HPC, respectively. Porosity is
43.44%, 41.80%, 33.45%, and 22.96% for granules containing
5%, 10%, 15%, and 20% HPC, respectively.

Binder Distribution

The strength of granular material is also related to the
connectivity of the binder scaffold (23). APAP was leached
out using 10% w/w NaCl solution in water to study the
distribution and connectivity of HPC in APAP granules.
Figure 10a–d show the thin films of sliced APAP granules.
The images of HPC scaffolds following the APAP leaching
are shown in Fig. 10e–h. These images were binarized to
highlight the HPC scaffold (Fig. 10i–l). ImageJ™ software
was used to analyze the connectivity of the HPC scaffold.
Depending on their connectivity, different sections of the
HPC scaffold were colored differently. The largest connected
fraction of HPC thinner than 3.8 μm was labeled yellow, the
largest connected fraction thicker than 3.8 μm was labeled

Table I. Young’s Modulus, Instant Springiness, and Resilience of Individual Melt-Extruded Granules Containing Various HPC Contents

Formulation Young’s modulus (MPa) Instant springiness Resilience

5% HPC granules 8.8 ± 5.5a 11.0% ± 2.9%a 8.0% ± 4.4%a

10% HPC granules 16.2 ± 8.0a,b 13.5% ± 3.5%a 10.3% ± 4.1%a

15% HPC granules 18.2 ± 8.9b 18.4% ± 4.3%b 16.0% ± 5.7%b

20% HPC granules 55.0 ± 22.5b 30.7% ± 10.8%c 23.8% ± 7.1%c

Data was presented as mean ± standard deviation (n = 30). Values that are not labeled by the same superscript letter are significantly different
(one-way ANOVA, Tukey’s pairwise comparison, P < 0.05)

Table II. Particle Size Distribution of Melt-Extruded Granules in D
Values. Melt Granulation Was Performed at 100 rpm and 15 g/min

D10 (μm) D50 (μm) D90 (μm)

APAP 35.4 ± 5.4a 121.9 ± 32.2a 395.4 ± 106.3a

5% HPC MG 18.6 ± 3.8b 55.6 ± 6.8b 148.4 ± 21.4b

10% HPC MG 19.9 ± 3.8b 68.4 ± 10.1c 209.7 ± 68.6c

15% HPC MG 13.7 ± 1.7c 54.9 ± 4.2b 159.0 ± 16.8b

20% HPC MG 11.0 ± 2.2d 41.9 ± 4.5d 118.0 ± 11.2d

Values that are not labeled by the same superscript letter are
significantly different (one-way ANOVA, Tukey’s pairwise compar-
ison, P < 0.05)
MG: melt-extruded granulation
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white, and HPC isolated from the largest connected HPC
scaffold was labeled red.

Quantitative analysis of HPC connectivity was per-
formed. The connectivity index was defined as the area
fraction of the largest connected matrix with certain thickness
over the entire matrix (23). The connectivity index of HPC
scaffold is presented in Fig. 10n. When HPC was increased
from 5 to 10%, the overall binder connectivity index
increased from 67.3 to 96.4%. Further increase of HPC
content to 20% did not change in the overall binder
connectivity index but significantly increased the connectivity
index of binder scaffold thicker than 1.9 μm and 3.8 μm.
Figure 10 m presents the average thickness of HPC scaffold
from the 2D image analysis. HPC scaffold in granules was
significantly thinner than the HPC raw material. The reduced
thickness of HPC indicated a good binder distribution on
APAP crystals as the result of TSMG processing. Higher
HPC loading led to thicker HPC scaffold.

DISCUSSION

The primary goal of this study is to investigate the effect
of HPC level (ranging from 5 to 20%) on the granulation
process, physicochemical changes during granulation, and the
properties of APAP granules.

Effectiveness of Twin-Screw Melt Granulation Using HPC to
Improve the Tabletability of APAP

Twin-screw melt granulation using HPC as the thermal
binder is highly effective in improving the tabletability of
APAP. APAP crystals have limited ductility and deform
plastically in only one-slip system. A generalized plastic flow
requires a minimum of five independent slip systems (35).
This limited ductility of APAP crystals causes capping during
decompression (36). An earlier study by Shi and Sun (37) has
noted that the tensile strength of APAP tablet reached 2 MPa

Fig. 8. a IR spectra of individual components of melt extrudate, surface of extrudates, and pulverized
extrudates immediately following the extrusion. b IR spectra of calibration standards with known
crystallinity. c Peak height ratio of 808 to 797 cm−1 band as a function of APAP crystallinity

Fig. 9. Crystallinity on the surface and in the bulk of APAP/HPC extrudates as a function of time.
The data was recorded right after melt granulation and 24 h conditioning at ambient conditions.
*Significantly different from 100% crystallinity (P < 0.05). **Significantly different from 100%
crystallinity (P < 0.01). Melt granulation was performed at 100 rpm and 15 g/min
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when 1% HPC was applied to the surface of APAP crystals
via spray drying. The improved tabletability of APAP coated
with HPC was attributed to the formation of a continuous 3D
bonding network within the tablet (38). Similar mechanism
was applied in the current research. HPC was efficiently
spread onto the surface of APAP crystals under the

distributive and dispersive mixing by the rotating screws.
HPC thickness was reduced compared to original HPC and a
continuous HPC scaffold formed inside APAP granules
(Fig. 10m, n). The broad and even spreading of HPC across
the cross-section of 5% HPC granules explains why 5% HPC
offers excellent tabletability of melt-extruded granules. As a
result, APAP tablet with a tensile strength greater than
2 MPa was achieved even at 5% HPC level (Fig. 6). Tablets
with tensile strength higher than 2.0 MPa were considered
mechanically strong enough to withstand stress during
processing and handling (39). The intensive mixing during
melt granulation also resulted in uniform APAP granules.
APAP content is within 97 and 103% of the theoretical values
across all size fractions (Fig. 5).

Effect of HPC Level on Granulation Process

Melt granulation of APAP is facilitated at higher HPC
levels. At 5% HPC, granulation only occurred at a high

Table III. Density and Porosity of APAP Granules. Melt Granula-
tion Was Performed at 100 rpm and 15 g/min

Granule formulation Envelope density (g/mL) Porosity (%)

5% HPC 0.7576 ± 0.0001 43.44% ± 0.004%
10% HPC 0.7733 ± 0.0021 41.80% ± 0.16%
15% HPC 0.8856 ± 0.0017 33.45% ± 0.13%
20% HPC 1.0163 ± 0.0399 22.96% ± 3.02%

aData was presented as mean ± (max-min)/2, n = 2

Fig. 10. Polarized light microscope images. a-d Cross-sections of APAP granules. e-h Cross-
sections following the leaching of APAP. i-l Binarized images of the cross-sections following the
leaching of APAP. Yellow indicates the largest connected HPC matrix. Red indicates the fraction of
HPC unconnected with the largest connected HPC matrix. White color indicates the largest
connected HPC scaffold thicker than 3.8 μm. Melt granulation was performed at 100 rpm and 15 g/
min. m Average HPC scaffold thickness of HPC raw material and APAP granules. Melt granulation
was performed at 100 rpm and 15 g/min. Data reported is based on 15 samples. n Fractions of
connected HPC matrix with various thickness. Values that are labeled with different letters are
significantly different (one-way ANOVA, Tukey’s pairwise comparison, P < 0.05). MG: melt-
extruded granules
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degree of fill (low screw speed and high feed rate) under the
current screw profile and barrel temperature (Fig. 2). In
contrast, granulation of formulation containing 20% HPC
could be carried out under all conditions. The effect of HPC
levels on the processing window can be explained by melt
granulation mechanisms. Melt granulation consists of three
steps: nucleation, growth, and breakage. The nucleation step
is triggered by the molten HPC particles (15). Granule
growth is stimulated by layering of APAP crystals on the
nuclei and coalescence of primary agglomerates. When the
HPC level is low, there are fewer sites for granule nucleation
and less binder for layering. Therefore, a high degree of fill
was required to facilitate both nucleation and growth by
creating higher axial compaction of the formulation inside the
barrel (7). At a higher HPC level, the granulation process was
more robust and could be carried out under a wide range of
processing conditions.

Enrichment of Binder on the Surface of APAP Extrudates

Enrichment of HPC on the surface of APAP extrudates
is observed in this study (Fig. 8a). This phenomenon was also
reported in our prior study of TSMG of gabapentin and HPC
(4). Surface enrichment of binders is known as “wall slip” in
the energetic material industry (40). Wall slip is a rheological
behavior of concentrated suspension, and it is due to the lack
of adhesion between the particles and the shearing surface.
As a result of wall slip, a layer of liquid binder forms between
the shearing surface and the main body of the suspension
(41). Since the HPC-rich layer on the extrudate surface was
thin (less than 15 μm), surface enrichment of HPC had no
negative effect on APAP content uniformity across different
sizes of granules (Fig. 5).

The surface enrichment of binders during TSMG could
impact the implementation of process analytical technology
(PAT). PAT signals are indicative of a surface rather than a
bulk composition of the granules. Therefore, PAT monitoring
of the granule composition should be implemented on the
milled granules rather than extrudates.

Effect of HPC Level on Granule Tabletability

One of the most interesting findings in this study is the
effect of HPC level on the tabletability of APAP granules
(Fig. 6). APAP became highly compressible at 5% HPC level.
There was no further improvement in tabletability when the
HPC level was increased to 15%. Tabletability dropped
significantly when HPC was further increased to 20%,
indicating over-granulation. Over-granulation has been re-
ported in high-shear wet granulation as well (27,29,42).

The loss of tabletability of APAP granules at 20% HPC
level is due to the loss of intergranular bonding during tableting
(Fig. 7). With a significantly higher Young’s modulus and
resilience, APAP granules containing 20% HPC resisted
deformation during compaction and recovered during decom-
pression more than the granules containing HPC at lower levels
(Fig. S3). As a result, smaller bonding area was formed between
granules and the tensile strength of tablets was lower.

The mechanical strength of APAP granules is a function
of binder properties and granule structures. HPC is a viscous-
elastic polymer characterized by strong plastic deformation

properties and high axial recovery (43). As shown in Table I
and Fig. S3, HPC rendered APAP granules less brittle and
more elastic during tableting. As the result of intensive
mixing during granulation, HPC was evenly distributed inside
APAP granules (Fig. 10). As reported in the literature of a
coal-binder composite (23,24), the hardness of a composite is
correlated positively to the connectivity and thickness of the
binder scaffold. In Fig. 10n, the increase in HPC content
results in the increased connectivity index of the HPC
scaffold. Until the overall connectivity increased to near
100%, the connectivity of the thick scaffold started to
increase. At 20% HPC level, the connectivity index of thick
HPC scaffold (> 3.8 μm) was more than 73% and significantly
higher than that of other HPC levels. As the fracture
propagation in the composite could be hindered by a thick
matrix (44), the thicker and stronger HPC scaffold provides
granules with not only more elasticity but also fewer weak
spots for fracture propagation during tableting, resulting in
lower tendency to deformation and fragmentation. This,
eventually, resulted in less bonding area during tableting.
The finding of the current study is contrary to that of Mu and
Thompson (15) who found that increasing the polyethylene
glycol (PEG and binder) contents in TSMG caused the
granule fracture strength to decrease. It might be explained
that as PEG deforms in a brittle manner, thick PEG scaffold
favors granule fracture. These findings emphasize the effect
of both mechanical properties of binder and binder distribu-
tion on the mechanical strength of granules.

Higher binder level results in more filling of pores
between solid particles in melt granulation. Therefore, a
lower porosity is achieved when more binder is used (45).
The APAP granule porosity decreased gradually from 43 to
23% with increasing amount of HPC between 5 and 20%. A
negative correlation between granule strength and
intragranular porosity was observed, similar to a previous
observation (34). Since granules with a lower porosity are less
deformable to favor larger bonding areas during tableting
(46), granules with 20% HPC formed weaker tablet than
granules with lower HPC levels.

Thus, when 20% HPC was used in APAP TSMG, more
HPC filled the pores between the APAP particles and formed
a strong binder scaffold. Consequently, the granules were
more resistant to deformation and fragmentation, which are
required to form bonding area, and the tabletability of
granules decreased.

Effect of HPC Level on the Physicochemical Change of
APAP

Depression of the APAP melting point is indicative of
APAP and HPC miscibility at elevated temperature. As shown
in Fig. S2, with the increase of HPC content from 20 to 50%, the
APAP melting point depressed from 169 to 149°C. The APAP
melting point depression in the presence of HPC implied strong
miscibility betweenAPAP andHPC (47). OnceAPAP dissolves
in HPC during the melt granulation process, HPC mechanical
properties may change, and the mechanical properties of
APAP-HPC granules may change correspondingly.

The crystalline form of APAP did not change during
TSMG but there is a change in crystal habit. The change of
crystal habit might be due to APAP size reduction during
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melt granulation (Fig. S4 and Table II). The crystal fracture
associated with size reduction might expose the new surface
of APAP crystal and changed the relative XRD peak
intensity at some 2θ° (48).

To study the amorphization of APAP in melt granulation,
we quantitated APAP crystallinity in fresh extrudates using
ATR-FTIR (Fig. 8). The limit of detection of the ATR-FTIR
method on amorphousAPAP content was 2.2%. Because of the
shallow detection penetration of ATR-FTIR, this method
allowed us to analyze amorphous APAP on the surface of
extrudates. After pulverizing the fresh extrudates, we could
investigate amorphous APAP in the bulk of extrudate (Fig. 9).
When less than 10% of HPC was used, amorphization of APAP
was not detected. When 20% HPC was used, the amorphous
content on the surface of fresh extrudates was approximately
10%. But, the amorphous content of APAP in the bulk of the
extrudates was not detected. The existence of amorphousAPAP
on the extrudate surface might be due to the high-shear stress
close to the extruder barrel wall. The peak shear in kneading
elements dominatedmechanical energy input andmeltedAPAP
close to the barrel wall. As a consequence, the amorphous
APAP was distributed on the exterior of the extrudate.

However, amorphous APAP completely recrystallized
after 24 h storage at ambient temperature. APAP has a
relatively low Tg (24°C) and is a fast crystallizer with limited
glass stability (49,50). HPC, as a low Tg polymer (51), is not
able to effectively stabilize amorphous APAP at ambient
temperature.

Under the intensive distribution and dispersive mixing by
the rotating screws, attrition of APAP crystals was observed
under all 4 HPC levels. The most significant size reduction
was observed at 20% HPC level (Table II). A possible
explanation is that greater percentage of APAP amorphized
and recrystallized in the formulation matrix at 20% HPC
level. HPC retarded APAP diffusion and crystal growth and
only allowed the solubilized APAP to form small nuclei.
Thus, smaller crystals formed during granulation and storage
for formulation containing 20% HPC.

CONCLUSION

The effect of HPC level on the physicochemical changes
and tabletability of APAP-HPC granules was systematically
investigated in this study. Twin-screw melt granulation using
HPC as a thermal binder is highly effective in improving APAP
tabletability, even at 5% HPC level, because of (1) superb
tabletability of HPC and (2) highly effective surface deposition
of HPC on APAP crystals during twin-screw melt granulation.
APAP content was uniform in granules across all size fractions.
Due to the high thermal and mechanical stresses during TSMG,
various physicochemical changes of APAP were observed. The
APAP crystals were reduced in size during TSMG. The higher
the level of HPC, the greater the extent of the size reduction.
Amorphorization of APAP was not observed until the HPC
level reached 20% and amorphorization was only detected on
the surface of extrudates.

The optimal range of HPC in TSMG APAP granules is
between 10 and 15%. Greater than 10% HPC was required to
ensure the robustness of the granulation process. However,
20% HPC content led to over-granulation. At 20% HPC
level, APAP granules had a thicker HPC scaffold and lower

porosity. As a result, APAP granules demonstrated higher
mechanical strength. These granules underwent less fracture
and more extensive elastic recovery during tableting. Lower
tabletability of these granules was due to smaller bonding
area formed during tableting.

FUNDING INFORMATION

This work is supported by PhRMA Foundation Research
Starter Grant Pharmaceutics 2019.

REFERENCES

1. Batra A, Desai D, Serajuddin ATM. Investigating the use of
polymeric binders in twin screw melt granulation process for
improving compactibility of drugs. J Pharm Sci-Us.
2017;106:140–50.

2. Vervaet C, Remon JP. Continuous granulation in the pharma-
ceutical industry. Chem Eng Sci. 2005;60:3949–57.

3. Lee SL, O’Connor TF, Yang X, Cruz CN, Chatterjee S,
Madurawe RD, et al. Modernizing pharmaceutical manufactur-
ing: from batch to continuous production. J Pharm Innov.
2015;10:191–9.

4. Kittikunakorn N, Koleng JJ III, Listro T, Sun CC, Zhang F.
Effects of thermal binders on chemical stabilities and
tabletability of gabapentin granules prepared by twin-screw
melt granulation. Int J Pharm. 2019;559:37–47.

5. Passerini N, Calogerà G, Albertini B, Rodriguez L. Melt
granulation of pharmaceutical powders: a comparison of high-
shear mixer and fluidised bed processes. Int J Pharm.
2010;391:177–86.

6. Thies R, Kleinebudde P. Melt pelletisation of a hygroscopic
drug in a high shear mixer: part 1. Influence of process
variables. Int J Pharm. 1999;188:131–43.

7. Kittikunakorn N, Sun CC, Zhang F. Effect of screw profile and
processing conditions on physical transformation and chemical
degradation of gabapentin during twin-screw melt granulation.
Eur J Pharm Sci. 2019;131:243–53.

8. Liu Y, Thompson MR, O'Donnell KP. Impact of non-binder
ingredients and molecular weight of polymer binders on
heat assisted twin screw dry granulation. Int J Pharm.
2018;536:336–44.

9. Vasanthavada M, Wang YF, Haefele T, Lakshman JP, Mone M,
Tong WQ, et al. Application of melt granulation technology
using twin-screw extruder in development of high-dose modi-
fied-release tablet formulation. J Pharm Sci-Us. 2011;100:1923–
34.

10. Steffens KE, Wagner KG. Improvement of tabletability via
twin-screw melt granulation: focus on binder distribution. Int J
Pharm. 2019;570:118649.

11. Wikberg M, Alderborn G. Compression characteristics of
granulated materials: VI. Pore size distributions, assessed by
mercury penetration, of compacts of two lactose granulations
with different fragmentation propensities. Int J Pharm.
1992;84:191–5.

12. Lakshman JP, Kowalski J, Vasanthavada M, Tong WQ, Joshi
YM, Serajuddin ATM. Application of melt granulation technol-
ogy to enhance tabletting properties of poorly compactible high-
dose drugs. J Pharm Sci. 2011;100:1553–65.

13. Monteyne T, Heeze L, Mortier STF, Oldörp K, Nopens I,
Remon J-P, et al. The use of rheology to elucidate the
granulation mechanisms of a miscible and immiscible system
during continuous twin-screw melt granulation. Int J Pharm.
2016;510:271–84.

14. Monteyne T, Vancoillie J, Remon JP, Vervaet C, De Beer T.
Continuous melt granulation: influence of process and formula-
tion parameters upon granule and tablet properties. Eur J
Pharm Biopharm. 2016;107:249–62.

  240 Page 13 of 14AAPS PharmSciTech         (2020) 21:240 



15. Mu B, Thompson MR. Examining the mechanics of granulation
with a hot melt binder in a twin-screw extruder. Chem Eng Sci.
2012;81:46–56.

16. Hiramatsu Y, Oka Y. Determination of the tensile strength of
rock by a compression test of an irregular test piece.
In:International Journal of Rock Mechanics and Mining Sci-
ences & Geomechanics Abstracts. Amsterdam: Elsevier; 1966.
p. 89–90.

17. B.C. Smith, Fundamentals of Fourier transform infrared spec-
troscopy, CRC press 2011.

18. Yi X, Portnoy J, Pellegrino J. Diffusion measurements using ATR-
FTIR spectroscopy: acetone diffusion in polypropylene—use of
penetrant fluid pressure to improve sample/IRE contact. J Polym
Sci B Polym Phys. 2000;38:1773–87.

19. Burgina E, Baltakhinov V, Boldyreva E, Shakhtschneider T. IR
spectra of paracetamol and phenacetin. 1. Theoretical and
experimental studies. J Struct Chem. 2004;45:64–73.

20. Gujral A, Gomez J, Jiang J, Huang CB, O'Hara KA, Toney MF,
et al. Highly organized Smectic-like packing in vapor-deposited
glasses of a liquid crystal. Chem Mater. 2017;29:849–58.

21. Sousa J, Sousa A, Podczeck F, Newton J. Factors influencing the
physical characteristics of pellets obtained by extrusion-
spheronization. Int J Pharm. 2002;232:91–106.

22. Doube M, Kłosowski MM, Arganda-Carreras I, Cordelières FP,
Dougherty RP, Jackson JS, et al. BoneJ: free and extensible
bone image analysis in ImageJ. Bone. 2010;47:1076–9.

23. Sakimoto N, Takanohashi T, Sakai K, Shishido T, Yoshida T,
Okuyama N. Effect of volume breakage due to DI measure-
ment on pore structure in coke. ISIJ Int. 2016;56:1948–55.

24. Sharma A, Sakimoto N, Takanohashi T. Effect of binder
amount on the development of coal-binder interface and its
relationship with the strength of the carbonized coal-binder
composite. Carb Res Convers. 2018;1:139–46.

25. Meena AK, Desai D, Serajuddin AT. Development and
optimization of a wet granulation process at elevated
temperature for a poorly compactible drug using twin screw
extruder for continuous manufacturing. J Pharm Sci-Us.
2017;106:589–600.

26. Sun CC, Hou H, Gao P, Ma C, Medina C, Alvarez FJ.
Development of a high drug load tablet formulation based on
assessment of powder manufacturability: moving towards qual-
ity by design. J Pharm Sci. 2009;98:239–47.

27. Lee KT, Ingram A, Rowson NA. Comparison of granule
properties produced using twin screw extruder and high shear
mixer: a step towards understanding the mechanism of twin
screw wet granulation. Powder Technol. 2013;238:91–8.

28. Osei-Yeboah F, Chang SY, Sun CC. A critical examination of
the phenomenon of bonding area - bonding strength interplay in
powder tableting. Pharm Res. 2016;33:1126–32.

29. Osei-Yeboah F, Zhang M, Feng Y, Sun CC. A formulation
strategy for solving the overgranulation problem in high shear
wet granulation. J Pharm Sci. 2014;103:2434–40.

30. Osei-Yeboah F, Feng Y, Sun CC. Evolution of structure and
properties of granules containing microcrystalline cellulose and
polyvinylpyrrolidone during high-shear wet granulation. J
Pharm Sci. 2014;103:207–15.

31. Sun CC. Materials science tetrahedron–a useful tool for
pharmaceutical research and development. J Pharm Sci.
2009;98:1671–87.

32. Lanyi FJ, Wenzke N, Kaschta J, Schubert DW. A method to
reveal bulk and surface crystallinity of polypropylene by FTIR
spectroscopy - suitable for fibers and nonwovens. Polym Test.
2018;71:49–55.

33. Johansson B, Wikberg M, Ek R, Alderborn G. Compression
behaviour and compactability of microcrystalline cellulose
pellets in relationship to their pore structure and mechanical
properties. Int J Pharm. 1995;117:57–73.

34. Rahmanian N, Ghadiri M, Jia X, Stepanek F. Characterisation
of granule structure and strength made in a high shear
granulator. Powder Technol. 2009;192:184–94.

35. Hill R. The mathematical theory of plasticity. Oxford: Oxford
university press; 1998.

36. Duncan-Hewitt WC, Mount DL, Yu A. Hardness anisotropy of
acetaminophen crystals. Pharm Res. 1994;11:616–23.

37. Shi L, Sun CC. Overcoming poor tabletability of pharmaceutical
crystals by surface modification. Pharm Res. 2011;28:3248–55.

38. Shi L, Sun CC. Transforming powder mechanical properties by
core/shell structure: compressible sand. J Pharm Sci.
2010;99:4458–62.

39. Osei-Yeboah F, Sun CC. Validation and applications of an
expedited tablet friability method. Int J Pharm. 2015;484:146–
55.

40. Kalyon DM. Apparent slip and viscoplasticity of concentrated
suspensions. J Rheol. 2005;49:621–40.

41. E.C. Bingham, Fluidity and plasticity, McGraw-Hill 1922.
42. Shi LM, Feng YS, Sun CC. Roles of granule size in over-

granulation during high shear wet granulation. J Pharm Sci-Us.
2010;99:3322–5.

43. Picker-Freyer KM, Dürig T. Physical mechanical and tablet
formation properties of hydroxypropylcellulose: in pure form
and in mixtures. AAPS PharmSciTech. 2007;8:82.

44. Xia Z, Riester L, Curtin W, Li H, Sheldon B, Liang J, et al.
Direct observation of toughening mechanisms in carbon nano-
tube ceramic matrix composites. Acta Mater. 2004;52:931–44.

45. Schaefer T, Holm P, Kristensen H. Melt granulation in a
laboratory scale high shear mixer. Drug Dev Ind Pharm.
1990;16:1249–77.

46. Sun CC, Kleinebudde P. Mini review: mechanisms to the loss of
tabletability by dry granulation. Eur J Pharm Biopharm.
2016;106:9–14.

47. Marsac PJ, Li T, Taylor LS. Estimation of drug-polymer
miscibility and solubility in amorphous solid dispersions using
experimentally determined interaction parameters. Pharm Res.
2009;26:139–51.

48. Bandyopadhyay R, Selbo J, Amidon GE, Hawley M. Applica-
tion of powder X-ray diffraction in studying the compaction
behavior of bulk pharmaceutical powders. J Pharm Sci-Us.
2005;94:2520–30.

49. Baird JA, Van Eerdenbrugh B, Taylor LS. A classification
system to assess the crystallization tendency of organic mole-
cules from undercooled melts. J Pharm Sci-Us. 2010;99:3787–
806.

50. Shi LM, Sun CC. Subsurface nucleation of supercooled
acetaminophen. Crystengcomm. 2018;20:6867–70.

51. Nyamweya N, Hoag SW. Assessment of polymer-polymer
interactions in blends of HPMC and film forming polymers by
modulated temperature differential scanning calorimetry.
Pharm Res. 2000;17:625–31.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

  240 Page 14 of 14 AAPS PharmSciTech         (2020) 21:240 


	Effect of Hydroxypropyl Cellulose Level on Twin-Screw Melt Granulation of Acetaminophen
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Methods
	Twin-Screw Melt Granulation
	Drug-Polymer Miscibility at Elevated Temperatures
	Size Distribution of APAP Extrudates and Granules
	Content Uniformity of APAP Granules
	Tabletability of APAP Granules
	Scanning Electron Microscope Images of APAP Tablets
	Mechanical Properties of APAP Granules
	Particle Size Distribution of APAP Crystals
	X-ray Diffraction of APAP Granules
	Crystallinity of APAP in Melt Extrudates
	Porosity of APAP Granules
	Binder Distribution inside APAP Granules
	Statistical Analysis of Data


	RESULTS
	Properties of APAP Granules
	Extrudate Appearance and Size Distribution and Granule Size Distribution
	Drug Content Uniformity
	Tabletability
	Bonding between APAP Granules in the Tablets
	Mechanical Properties of APAP Granules

	Physicochemical Changes of APAP and HPC during TSMG
	Particle Size of APAP Crystals
	APAP Polymorph
	APAP Crystallinity on the Surface and Bulk of APAP Extrudates

	APAP Granule Structure
	Pore Structure
	Binder Distribution


	DISCUSSION
	Effectiveness of Twin-Screw Melt Granulation Using HPC to Improve the Tabletability of APAP
	Effect of HPC Level on Granulation Process
	Enrichment of Binder on the Surface of APAP Extrudates
	Effect of HPC Level on Granule Tabletability
	Effect of HPC Level on the Physicochemical Change of APAP

	CONCLUSION
	References



