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Abstract

Real time measurement of melt rheology has been investigated as a Process Analytical Technology
(PAT) to monitor hot melt extrusion of an Active Pharmaceutical Ingredient (API) in a polymer
matrix. A developmental APl was melt mixed with a commercial copolymer using a heated twin
screw extruder at different API loadings and set temperatures. The extruder was equipped with an
instrumented rheological slit die which incorporated three pressure transducers flush mounted to the
die surface. Pressure drop measurements within the die at a range of extrusion throughputs were used
to calculate rheological parameters such as shear viscosity and exit pressure, related to shear and
elastic melt flow properties respectively. Results showed that the melt exhibited shear thinning
behavior whereby viscosity decreased with increasing flow rate. Increase in drug loading and set
extrusion temperature resulted in a reduction in melt viscosity. Shear viscosity and exit pressure
measurements were found to be sensitive to API loading. These findings suggest that this technique
could be used as a simple tool to measure material attributes in-line, to build better overall process

understanding for hot melt extrusion.



Introduction

Hot Melt Extrusion (HME) is a continuous manufacturing process which is increasingly being used to
generate amorphous solid dispersions or solutions of poorly soluble Active Pharmaceutical
Ingredients (APIs) in polymer matrices*?. Typically HME renders the drug amorphous, a state which
can significantly enhance both drug kinetic solubility and bioavailability. The application of HME for
manufacture of pharmaceuticals has been widely reported including pellets®, sustained release
tablets*> implants® and transdermal films’. A number of comprehensive reviews of the pharmaceutical

HME process are available™°,

In the hot melt extrusion process the API, polymer and other excipients are conveyed along a heated
barrel by two closely intermeshing screws. Temperature, residence time and mixing intensity of the
process can be varied by tailoring extruder screw configuration and by adjusting process parameters
such as throughput and screw rotation speed. Within the process the API and carriers experience
significantly high temperatures and levels of shear deformation, which serve to melt the polymer and

dissolve or disperse the API within the matrix.

There exists a drive within the pharmaceutical industry to adopt real-time measurements for
continuous processes to enhance process understanding and product quality, as part of a wider Quality
by Design (QbD) approach. This has been exemplified by publication of the US Food and Drug
Administration (FDA) code of practice for Process Analytical Technology'®. Within the extrusion
process, primary process variables such as temperature and pressure in the die can be readily
monitored to provide an indication of process stability (i.e. homogeneity of throughput). Motor
torque and material throughput can also be recorded and used to give an indication of specific energy
input to the melt, which is related to the temperature, material properties and degree of filling in the
extruder screw channels. However, these basic process measurements give little direct indication of
the consistency or rheology of the extrudate. Thus there is a need to develop suitable real-time
characterization techniques capable of providing such information to shed light on the likely real-time
effects of torque, temperature, API loading and its interaction with the polymer matrix. Simulation
can be used to help to understand and predict the behavior of materials within the process although
due to the highly complex three dimensional nature of twin screw extrusion flow, no fully-resolved
first principle simulations have been reported. Recent progress in HME simulation has been made
using finite element method (FEM)Y, finite volume method (FVM)™ and smoothed particle
hydrodynamics (SPH)".

Spectroscopic techniques such as Raman and near infra-red (NIR) have been applied to hot melt

extrusion to monitor drug concentration or specific drug-polymer molecular interactions***,



However, such equipment does not provide rheological insight into process stability. The aim of this
work was to investigate the use of rheometry as a complimentary, low cost real-time measurement
technique for HME.

Rheology is the study of flow and deformation and is widely applied to polymers and other soft solids

819 Flow behavior can be measured by applying a

such as gels and personal care products
deformation to a sample of material and measuring the response; polymers are complex viscoelastic
materials whose flow properties depend upon temperature, applied strain rate and time. Rheology can
be used for a number of applications; as a quality control tool, to predict how materials will flow
inside a process, to understand the interaction between blends or compounds or to measure
temperature stability. Typically, polymer melt rheology is measured using rotational or capillary
rheometry techniques. In the former, molten polymer is held at temperature between two plates and an
oscillatory deformation is applied. The response of the polymer to deformation at a range of
frequencies describes its flow behavior; additionally the viscous and elastic components of flow can
be separated and used to provide information about the structure of the material. Capillary rheometry
is a pressure driven technigue which mimics the flow of polymer through an extruder die. Molten
polymer is forced at known volumetric flow rate through a capillary die of fixed geometry.
Measurement of the pressure drop across this die at a range of flow rates allows calculation of
rheological properties such as viscosity. Capillary rheometry has the advantage that it measures flow
at real process conditions and therefore provides a good indication of how a material will behave in

the process.

Rheology has been used to characterize pharmaceutical solid dispersions and solutions, although only
a relatively small number of studies have been reported. Capillary rheometry has been used to
investigate the effect of molecular weight of hydroxy propyl cellulose (HPC) on flow behavior®. A
similar study was reported on the rheological behavior of lactose filled polyethylene glycol®!. The
effect of lamivudine, zidovidine and plasticizers on the rheological behavior of ethyl cellulose, using
oscillatory rheometry as a pre-formulation tool for hot melt extrusion was reported?. Other workers
have also used oscillatory rheometry as a pre-formulation tool****. Capillary and oscillatory rheometry
were used as complementary tools to investigate the properties of acetaminophen in a polyethylene
oxide matrix for hot melt extrusion®. The rheological data were used to determine optimum extrusion

process conditions and also to measure miscibility of the API in the polymer.

Real-time assessment of rheology within the extrusion process can be achieved by measurement of
pressure drop inside an instrumented extruder die. In-line or in-process measurement are terms

typically used to describe measurements made on material inside the main process stream, rather than



on a sample stream abstracted from the main flow (on-line). A range of in-line rheological techniques
have been reported for polymer extrusion to enhance process control or process understanding. The
rheological properties of several grades of high density polyethylene were measured using a slit
rheometer attached to a single screw extruder®®. The design incorporated an aluminum slot section
with three pressure transducers mounted flush to the slot wall. Measurement of wall stress was used
to determine rheological properties of the melts (at shear strain rates of up to 300 s™*) from the slope of
axial pressure profiles and melt elasticity from the predicted exit pressures. The study found good
correlation with results from an off-line capillary rheometer. Similar work was performed using a slit
die viscometer incorporating four pressure transducers®’. The die was fed with polymer from a single
screw extruder followed by a gear pump to further stabilize flow. Results indicated a lower viscosity
in the melt compared to that from a laboratory capillary rheometer. Other workers have sought to
increase the range of shear rates examined by developing a novel in-line rheometer based on the flow
of polymer through a wedge shaped profile?®. This had the effect of increasing the shear strain rate
along the length of the slit, although the convergence of the flow channel meant that flow was not
viscometric and therefore both viscous and elastic effects were observed. The use of several pressure
transducers allowed apparent viscosity determination over a broad range of shear rates (10-1000 s™) to
measure polypropylenes with different molecular weights. In-line rheological slit dies have also been
used in twin screw extrusion, both for monitoring reactive extrusion processes such as cross-linking of
polyethylene® and for incorporation of additives such as the flame retardant magnesium hydroxide
into a polyethylene®. Recently a slit die rheometer was reported consisting of multiple steps, used for
monitoring extrusion of thermoplastic starches®. Three different heights within the slit allowed
viscosity at three shear strain rates to be calculated at a single extruder throughput. In the current work
a slit die rheometer has been evaluated as a tool to investigate rheological behavior during extrusion,
offering a unique insight into API, polymer process interactions and their impact on output material
rheology. Results are presented for a blend comprising a commercial polymer and a developmental

API extruded at a range of process conditions including various mass ratios and temperatures.



Materials and Methods

Materials

Polyvinylpyrrolidone-vinylacetate (PVP-VA) copolymer (Kollidon® VA 64) was procured (BASF,
Germany) in powder form. A development APl was provided by Bristol-Myers Squibb in powder
form, having particle size d;;=12.0 um, dso = 96.3 um, dgy = 257.2, d(3,2) 24.5 um and d(4,3) 118.3
pm as measured by a Malvern Mastersizer 2000 (5g sample, 0.3 MPa dispersion pressure, 3
replicates). API loadings of between 10, 20, 30 and 40% w/w were investigated in addition to the pure

polymer.

Thermal Analysis

Thermo-gravimetric analysis (TGA) was carried out using a Q500 TGA (TA Instruments, UK) to
determine the moisture content and the decomposition temperature of the base materials. Samples
(weighing 5+1 mg) were analyzed at a heating rate of 10 °C/min under a nitrogen atmosphere. The
temperature range used was 30 - 600 °C and the gas flow was set to 20 ml/min. All measurements
were carried out in duplicate and the data were analyzed using Universal Analysis 2000 v.4.3A
software (TA Instruments, UK). Differential scanning calorimetry (DSC) was performed using a
Q2000 DSC (TA Instruments, UK). Samples of the polymer, drug, polymer:drug physical mixtures
and extrudates were enclosed in an aluminum pan and sealed with a pin-holed lid allowing
evaporation of moisture. A heat/cool/heat cycle was carried out for all the samples at rates of
10°C/min. Samples were heated to 190°C, cooled to 0°C and then re-heated to 190°C. The melting
point was recorded at the top of the peak during the first heating stage, while the glass transition
temperature (Tg) was calculated at onset, inflection and endpoint of the transition during the reheating

step.

Rheological Analysis

Off-line rheological testing was carried out using a Physica MCR 501 rotational rheometer (Anton
Paar, Austria) with parallel plate geometry of diameter 25mm. The gap between the two plates was set
to 1 mm for all tests. Frequency sweeps were performed at a constant strain of 3%, this value having
been determined to be within the linear viscoelastic range by preceding strain amplitude tests. The
angular frequency range tested was 0.1 - 100 s™. Physical mixtures of API loadings 0, 10, 20, 30 and
40 % wi/w with PVP-VA were characterized at temperatures of 120, 130, 140, 150 and 160°C.

Hot Melt Extrusion
Extrusion was performed using a co-rotating twin screw pharmaceutical grade extruder (Pharmalab,

Thermo Scientific, UK) with screw diameter 16mm and a screw length to diameter ratio of 40:1. The



extruder barrel comprised 10 separately temperature controlled zones. Material feeding was achieved
using a gravimetric twin screw feeder (Mini-twin, Brabender, Germany). The extruder was fitted with
a rheological slit die (in-house design, University of Bradford) consisting of a temperature controlled
adaptor and slit-die block. The slit die was 1.5 x 15 x 90 mm long. Three pressure transducers
(Dynisco PT435) with a full scale deflection of 10.3 MPa were flush mounted at the surface of the slit
and monitored at a frequency of 1 Hz using software programmed in-house (LabView, National
Instruments). A schematic diagram and photograph of the rheological slit die are shown in Figure 1.

Experiments were performed to measure the viscosity of polymer-drug formulations during extrusion
at drug loadings of 0, 10, 20, 30 and 40 % wi/w. Three set extruder temperatures were used in each
case: labelled as T120, T140 and T160 and detailed in table 1. At each set temperature, the three
pressure transducers used in the rheological die were calibrated to minimize any temperature-related
signal drift. Calibration was performed electronically using internal shunt resistors designed to
provide an output signal representative of 80% of full scale.

Polymer and APl were blended in a Turbula mixer for 15 minutes in predefined weight ratios prior to
extrusion. The powder blend or the polymer alone was fed into the extruder at each specified feed rate
using a gravimetric twin-screw feeder. The extruder was run continuously at a set screw rotation
speed of 50 rpm and pressure readings within the slit die rheometer were monitored at a frequency of
1 Hz. At each set throughput, the process was allowed a 15 minute stabilization period before pressure
measurements were recorded, for a representative period of around 10 minutes. At each API loading
and set temperature, a range of throughputs between 0.2 and 0.6 kg/hr were used to provide a range of
shear strain rates over which the rheological properties could be investigated. Measured pressure data
were subsequently analyzed and mean values taken over a suitably stable period. A linear fit was then
applied and pressure drop along the slit length (AP) and predicted pressure at the exit of the die (Peyit)

were calculated.

From the measured pressures and throughputs, viscosity was calculated using the following

Equations™®:

Apparent Wall shear rate, )'/app(s_l) = m(/)gz (1)

Where Q = volumetric throughput, W = slit width and H = slit height

Wall Shear Stress, t,,,;(Pa) = % 2

Where AP = pressure drop and L = slit length



Shear Viscosity,n (Pa.s) = % (3)

app

Results and Discussion

DSC thermograms of the pure API, polymer and physical mixtures are shown in Figure 2. A melting
endotherm was detected for the API in the region of 158 to 162°C. The pure polymer exhibited a
broad glass transition starting at 108°C. On first heating (during annealing), physical mixtures
showed both the glass transition of the polymer and melting endotherm of the APl. However, on
second heating, as shown in Figure 2 melting of the APl was not observed in the physical mixtures,
but increased loading of API caused the glass transition to shift to lower temperatures. This indicated
that the APl was readily miscible within the polymer matrix in the molten state, and that the API had
a plasticising effect. The transition region was also observed to broaden with increasing drug loading.
This plasticisation can affect the melt processing behaviour of the polymer during melt extrusion,

resulting in a viscosity reduction.

Results from off-line oscillatory rheometry are displayed in Figure 3, for pure polymer and physical
mixtures at a set test temperature of 150°C. These results show the frequency dependence of melt
viscosity. All materials demonstrated a shear thinning behavior, whereby increasing rate caused
viscosity to decrease. Shear thinning behavior is typical of thermoplastic polymers and allows
polymers to be forced through narrow dies or into thin walled mold cavities at high flow rates.
Increasing shear strain deformation breaks entanglements between polymer molecules, thus reducing
resistance to flow. The API was found to cause a significant plasticization effect on polymer
viscosity. Viscosity of the pure polymer at low frequency (0.1s™) was close to 100,000 Pa.s. This
reduced with increasing API loading to 3,000 Pa.s at 40 % w/w. The effect of set temperature and
API loading is summarized in Figure 4, at a constant angular frequency of 50 s™. This shows that both
increasing temperature and increasing drug loading caused the melt viscosity to decrease. The highest
measured viscosity (over 10° Pa.s) for pure polymer at 120°C was reduced to 115,000 Pa.s at the same
temperature at 40 % w/w API. Viscosity of pure polymer reduced to 6,000 Pa.s when temperature
was increased to 160°C. Increasing temperature provides the polymer molecules with greater mobility
allowing them to flow more freely whereas plasticizers act to reduce the internal resistance of the
polymer melt by effectively lubricating the flow of polymeric chains. Attaining a suitable polymer

viscosity is important in melt processes such as extrusion.

Extrusion experiments were performed at a range of drug loadings (0 — 40 % w/w API), temperatures
(120, 140 and 160°C) and throughputs (200 — 800 g/hr). Different throughputs were used in order to

provide a range of shear strain rates, thus allowing the rate dependence of the material’s rheology to



be investigated. It was not possible to examine the full matrix of drug loadings and set temperatures
due to process limitations; at low set temperatures and low drug loadings, excessively high torque was
generated on the extruder screws; conversely at high temperature and high drug loadings the extruded
material had insufficient melt strength to handle. A summary of the experiments performed is shown

in table 2, detailing feed rates achieved and limitations encountered.

Figure 5 shows measured average pressure drop at each of the three locations in the rheological die,
for 20 % wi/w API at 160°C at a range of set throughputs. At each throughput a linear fit was applied
to the pressure drop and used in Equation (2) to calculate wall shear stress. Pressure in the die
increased with increase in extruder throughput. Shear viscosity values, calculated using Equations (1)
to (3) are shown in Figure 6 for each API loading at a set extrusion temperature of 140°C. For each
material, a shear thinning effect was observed, in agreement with the off-line rheometry results
previously shown in Figure 3. The plasticization effect of the APl was also clearly observed, with
shear viscosity decreasing from 1150 Pa.s at 20 % w/w API to 233 Pa.s at 40 % w/w API at an

apparent shear strain rate of 15 s™.

In-process rheometry is also useful for real-time monitoring of melt viscosity during extrusion at a
constant throughput. Figure 7 shows three overlaid plots of viscosity measured during extrusion at
140°C with 20, 30 and 40% w/w API loading. A clear discrimination between measured viscosity at
the three drug loadings was apparent, although fluctuation in viscosity values was also observed in
each case. Such measurements can be used as a quality control indicator, using statistical process

control and trending analysis to detect deviations from the desired set point.

Shear and complex viscosities measured during extrusion and using oscillatory rheometry are
compared at 140°C for 20% w/w API in Figure 8. It is clear that the whilst the gradient of shear
thinning behavior observed from both techniques was comparable, there was a significant difference
between the two sets of measurements, viscosity measured in-line being more than an order of
magnitude lower than complex viscosity measured off-line. This is an important observation and
warrants discussion as to whether the discrepancy resulted from differences between the measurement
techniques or from the consistency of the polymer and API being measured. In polymer rheology, the
Cox-Merz rule® is an empirical relationship which states that for many polymeric systems the steady
state shear viscosity plotted against shear rate corresponds closely to the complex viscosity plotted
against angular frequency, allowing pressure driven flow and oscillatory deformation to be compared

|34

directly. The rule has been studied in detail* and found to hold for most polymer melts, although it

may not hold for more complex binary and tertiary mixtures or for polymers which exhibit thermal



sensitivity. This may explain partially the observed differences in viscosity measured here, with the
polymer and APl mixture exhibiting a more complex rheology than a pure polymer, with the API
acting as a plasticizer and possibly lubricating the flow within the extruder die. However, it is also
likely that the thermal history of the material at the point of measurement also had an effect on the
measured viscosity. For example, the polymer and API mixture tested in the oscillatory rheometer
was prepared for testing by heating the powdered mixture statically between two parallel plates.
Inconsistencies and problems such as cavitation and bubbles have been reported to result from this
method®. In contrast the material measured in-line at the extruder die had been extensively mixed
and sheared throughout the extrusion process prior to measurement. It appears likely that this
exposure to high temperature and mixing had an effect on the consistency of the flow properties of the
compound, increasing the level of plasticization and mixing. This area warrants further investigation
in order to get a better understanding of rheology of such API-polymer dispersions change during and

after the twin screw extrusion process.

By extrapolation of the measured pressures along the length of the rheological die it was also possible
to calculate the exit pressure drop. This has been used in rheometry to provide an indication of the
elastic component of flow®. Figure 9 shows calculated exit pressures during extrusion at 160°C for
10, 20 and 30 % w/w API. Exit pressure was found in increase with increasing shear rate in each case.
These measurements displayed a clear discrimination between drug loadings not only in magnitude of
exit pressure drop but also in the rate of increase with shear rate. This indicates that the elastic
component of flow may be more sensitive than shear viscosity to small changes in materials
properties for the polymeric solid solution studied here. Linear fits were applied to the exit pressure
versus shear rate data for set temperatures of 140 and 160°C, as shown in table 3. Both gradient and
intercept were found to decrease with increasing temperature and increasing drug loading. These
results suggest that the exit pressure could be a useful complementary variable to shear viscosity to

monitor during HME.

Overall, the in-process rheological measurements provided useful data relating to the consistency of
the extrudate, reflecting the influence of API loading, polymer and set extrusion conditions. This
method is non-intrusive to the melt flow, low cost, relatively simple, and provides a real-time
indication of the status of the HME process. Rheometry could be used either as a quality control tool
during HME (i.e. continuous monitoring at constant process conditions) or as a development tool
during set-up of a new HME process, for example to monitor process dynamics during start-up, the
effect of step changes, to provide an indication of API miscibility, or viscosity related factors for API

thermal degradation.
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Conclusions

An instrumented slit die rheometer designed to fit a pharmaceutical grade twin screw extruder has
been developed and used to monitor hot melt extrusion of a development API within a copolymer
matrix. Results showed that the compound displayed shear thinning behavior in the mixtures tested
and that shear viscosity decreased with increase in API loading, reflecting miscibility of the API
within the polymer matrix. Viscosity and die exit pressure were found to be heavily dependent upon
both API loading and set temperature, with exit pressure being more sensitive to APl loading. The
results demonstrate that in-line rheometry is a useful non-intrusive real-time technique, which could
readily be applied as a PAT tool to deepen knowledge of hot melt extrusion of pharmaceutical

systems.

Acknowledgement

The authors are grateful to Dr. Peter Timmins, Bristol-Myers Squibb, for scientific discussions and

guidance.

Declaration of Interest

None.

References

1. Crowley MM, Zhang F, Repka MA, Thumma S, Upadhye SB, Battu SK, McGinity JW,
Martin CC. Pharmaceutical applications of hot-melt extrusion: Part I. Drug Dev Ind.
Pharm 2007;33:909-926.

2. QiS, Gryczke A, Belton P, Craig DQM. Characterisation of solid dispersions of
paracetamol and EUDRAGIT prepared by hot-melt extrusion using thermal,
microthermal and spectroscopic analysis. Int J Pharm 2008;354:158-167.

3. Follonier N, Doelker E, Cole, ET. Evaluation of hot-melt extrusion as a new technique for
the production of polymer-based pellets for sustained release capsules containing high
loadings of freely soluble drugs. Drug Dev Ind Pharm 1994;20:1323-13309.

4. Tran PH-L, Tran TT-D, Park JB, Lee BJ. Controlled release systems containing solid
dispersions: strategies and mechanisms. Pharm Res 2011;28:2353-2378.

5. Crowley MM, Schroeder B, Fredersdorf A, Obara S, Talarico M, Kucera S, McGinity,
JW. Physicochemical properties and mechanism of drug release from ethyl cellulose
matrix tablets prepared by direct compression and hot melt extrusion. Int J Pharm
2004;269:509-522.

6. Bhardwaj R, Blanchard J. In vitro evaluation of poly(D,L-lactide-co-glycolide) polymer-
based implants containing the alpha-melanocyte stimulating hormone analog,
melanotan-1. J Control Release 1997;45:49-55.

11



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Aitken-Nichol C, Zhang F, McGinity JW. Hot melt extrusion of acrylic films. Pharm Res
1996;13:804-808.

Repka MA, Battu SK, Upadhye SB, Thumma S, Crowley MM, Zhang F, Martin CC,
McGinity JW. Pharmaceutical applications of hot-melt extrusion: Part I, Drug Dev Ind
Pharm 2007;33:1043-1057.

Repka MA, Shah S, Lu J, Maddineni S, Morott J, Patwardhan K, Mohammed NN. Melt
extrusion: process to product. Expert Opin Drug Deliv 2012;9:105-125.

US Food and Drug Administration. Process Analytical Technology Initiative, Guidance
for Industry PAT — A Framework for Innovative Pharmaceutical Development,
Manufacturing and Quality Assurance 2004.

De Beer T, Burggraeve A, Fonteyne M, Saerens L, Remon JP, Vervaet C. Near infra red
and Raman spectroscopy for the in-process monitoring of pharmaceutical production
processes. Int J Pharm 2010;417:32-47.

Ishikawa, T, 3-D non-isothermal flow field analysis and mixing performance evaluation of
kneading blocks in a co-rotating twin srew extruder. Polym Eng Sci 2001; 41:840-849

Malik, M, Kalyon, DM, Golba, JC, Simulation of co-rotating twin screw extrusion
process subject to pressure-dependent wall slip at barrel and screw surfaces: 3D FEM
analysis for combinations of forward and reverse conveying screw elements. Int Polym
Process 2014,29:51-62

Eitzlymayr, A, Khinast, J, Co, Co-rotating twin-srew extruders: Detailed analysis of
conveying elements based on smoothed particle hydrodynamics. Part1:Hydrodynamics.
Chem Eng Sci 2015;134:861-879

Luypaert J, Massart DL, Vander Heyden Y. Near-infrared spectroscopy applications in
pharmaceutical analysis. Talanta 2007;72:865-883.

Kelly A, Halsey SA, Bottom RA, Korde S, Gough T, Paradkar A. A Novel Transflectance
Near Infrared Spectroscopy Technique for Monitoring Hot Melt Extrusion. Int J Pharm
2015;496:117-123.

Saerens L, Dierickx L, Quinten T, Adriaensens P, Carleer R, Vervaet C, Remon JP. In-
line NIR spectroscopy for the understanding of polymer—drug interaction during
pharmaceutical hot-melt extrusion. Eur J Pharm. Biopharm 2012;81:230-237.

Collyer AA. Techniques in Rheological Measurement. London, Chapman and Hall, 1993.

Cogswell FN. Polymer Melt Rheology: A Guide for Industrial Practice. Cambridge,
Woodhead Publishing, 1981.

Paradkar A, Kelly A, Coates PD, York P. Shear and extensional rheology of
hydroxypropyl cellulose melt using capillary rheometry. J Pharm Biomed Anal
2008;49:304-310.

Bahramian B, Motlagh GH, Majidi SS, Kaffashi B, Nojoumi SA, Haririan I. Evaluation

of melt rheology of lactose-filled polyethylene glycol composites by means of capillary
rheometry. Pharm Dev Tech, 2013;18;98-105.

12



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Maru SM, de Matas M, Kelly A, Paradkar A. Characterization of thermal and rheological
properties of zidovidine, lamivudine and plasticizer blends with ethyl cellulose to assess
their suitability for hot melt extrusion. Eur J Pharm Sci 2011;44:471-478.

Sarode AL, Sandhu H, Shah N, Malick W, Zia H. Hot melt extrusion (HME) for
amorphous solid dispersions: Predictive tools for processing and impact of drug-polymer
interactions on supersaturation, Eur J Pharm Sci 2012;48:371-384.

Liu HJ, Zhang XY, Suwardie H, Wang P, Gogos, CG. Miscibility studies of
indomethacin and Eudragit E PO by thermal, rheological, and spectroscopic analysis. J
Pharm Sci 2012;101:2204-2212.

Suwardie H, Wang P, Todd DB, Panchal V, Yang M, Gogos CG. Rheological study of
the mixture of acetaminophen and polyethylene oxide for hot-melt extrusion application.
Eur J Pharm Biopharm 2011;78:506-512.

Han CD. Measurement of the Rheological Properties of Polymer Melts with a Slit
Rheometer. J App Polym Sci 1971;15;2267-2577.

Rauwedaal C, Fernandez F. Experimental Study and Analysis of a Slit Die Viscometer.
Polym Eng Sci 1985;25:765-771.

Pabedinskas A, Cluett WR, Balke ST. Development of an In-Line Rheometer Suitable for
Reactive Extrusion Processes. Polym Eng Sci 1991;31:365-375.

Fleming DJ. In-Line Rheometry Studies in Reactive Extrusion, PhD Thesis, Department
of Mechanical and Manufacturing Engineering, University of Bradford, 1993.

Coates PD, Rose RM, Woodhead M, Kelly AL. Sensitivity of in-line rheometry for
extrusion of Mg(OH), filled LDPE compounds. Int Polym Proc 1998;13:172-182.

Horvat M, Emin MA, Hochstein B, Willenbacher N, Schuchmann HP. A Multiple-step
Slit Die Rheometer for Rheological Characterisation of Extruded Starch Melts. J Food
Eng 2013;116:398-403.

Rauwedaal C. Polymer Extrusion, 2™ Ed., Munich, Hanser Publishing, 1990.

Cox, WP, Merz, EH, Correlation of dynamic and steady flow viscosities, J Polym Sci
1958; 28:619-622

Al-Hadithi, TSR, Barnes, HA, Walters, K, The relationship between the linear
(oscillatory) and nonlinear (steady-state) flow properties of a series of polymer and
colloidal systems. Coll Pol Sci, 1992; 270: 40-46

Treffer, D, Troiss, A, Khinast, J. A novel tool to standardize rheology testing of molten
polymers for pharmaceutical applications. Int J Pharm 2015;495:474-481

Okubu S, Hori Y. Shear Stress at Wall and Mean Normal Stress Difference in Capillary
Flow of Polymer Melts. J Rheol 1979;23:625-649.

13



Code Die Zone Zone Zone Zone Zone Zone Zone Zone Zone Zone
10 9 8 7 6 5 4 3 2 1
T160 160 160 160 160 150 140 110 80 35 20 10
T140 140 140 140 140 130 110 100 80 35 20 10
T120 120 120 120 120 110 100 90 80 35 20 10

Table 1: Set temperature (°C) profiles along the extruder barrel from die face to zones decreasing in

number towards the feed throat
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120°C 140°C 160°C
0% API | 200-350
10% API u 200 200-350
20% API u 250-400 250-500
30% API u 300-800 200-600
40% API 200-300 250-800 O

W = over pressure / over torque, O = melt strength too low

Table 2: Range extruder throughputs (g/hr) achieved and related process constraints

15



Set temperature APl loading Gradient Intercept

(°C) (% wiw) (x10° MPa.s) (MPa)
140 10 13.9 0.204
140 20 4.8 0.176
140 30 1.8 0.100
160 10 1.3 0.098
160 20 0.8 0.088
160 30 0.5 0.075

Table 3 — Gradient and intercept of predicted exit pressure vs. shear strain rate at 140 and 160°C,

from linear fits
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(a) Schematic representation of die cross-section, dimensions in mm

(T/C denotes thermocouple locations; PT denotes pressure transducer locations)

(b) Attached to the Pharmalab extruder (without heater bands and sensors)
Figure 1 Rheological extruder die
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Figure 2 DSC thermograms showing initial heating of pure API and polymer; and second heating of

physical mixtures (exotherm up, dashed lines indicate glass transition)
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Figure 3 Effect of API loading on complex viscosity at 150°C;
measured by parallel plate oscillatory rheometry
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Figure 4 Effect of drug loading and temperature on complex viscosity at a constant angular frequency

of 50s™; as measured by oscillatory parallel plate rheometry
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Melt Pressure (MPa)
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Figure 5 Measured in-line rheometer pressure drop; 20% API, 160°C
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Shear Viscosity (Pa.s)
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Figure 6 Effect of drug loading on measured shear viscosity during extrusion at 140°C
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Shear Viscosity (Pa.s)
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Figure 7 Measured viscosity during extrusion; effect of drug loading at 140°C
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Figure 8 Comparison of in-line shear viscosity and off-line complex viscosity;
20% wi/w API at a set temperature of 140°C



Exit Pressure (MPa)
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Figure 9 Effect of drug loading on exit pressure during extrusion at 160°C
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