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ABSTRACT

The swelling behavior of hydroxypropyl methyl cellulose (HMPC) in organic-aqueous mixtures is investigated via
solution calorimetry. The polymer is stirred in a mixture of acetone:isopropyl acetate, water is injected into the
system, and the heat released due to the polymer swelling is recorded by the calorimeter. A systematic study of the
heat outputs at various acetone:isopropyl acetate:water compositions indicates that the swelling of the polymer is
highly influenced by the solution composition. The increased swelling noted in isopropyl acetate rich compositions
is attributed to the enhanced availability of water to interact with the polymer; the converse is true for the acetone
rich systems. Calculations of the water activity in these different solvent systems substantiate this understanding, as
the water activity is greater in isopropyl acetate rich compositions. Increased swelling was also noted at €l evated
temperatures. The understanding of HPMC behavior elucidated here allows for control over the polymer swelling

in binary organic-water systems, and can be used to design non-aqueous granulation processes incorporating
HPMC.
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INTRODUCTION

Hydroxypropyl methyl cellulose (HPMC) is a commonlged polymeric excipient in the pharmaceuticalistd/
due to its low toxicity, availability of a varietyf viscosities and substitution levels, and coniplétly with various
drugs.[1] It is frequently employed in controlleelease formulations, wherein an active pharmacautigredient
(API) is granulated together with HPMC. Upon exjrasto aqueous media, the polymer forms a gel |ayat the
APl is released over an extended period of timthagdrug diffuses out of the polymer matrix andtes polymer
matrix erodes.[2] The behavior of HPMC in wates leeen widely studied in order to understand thehzugism
and kinetics of drug release from HPMC matricesg8]well as to understand the performance of thenmy
during processes such as wet granulation.[2]

Upon contact with water, water molecules entergbked HPMC phase and insert themselves betweerintee
chain hydrogen bonds, giving the chains more matali freedom and mobility, and eventually forcimg tchains
apart. This water-polymer interaction is termedeéling”, as it results in the polymer occupying mghysical
volume, and is a composite phenomenon encompalgidragtion and gelation of the polymer.[4] Effectiyevater
lowers the glass transition temperature of therpely causing the polymer to transition from glasisye to rubbery
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state. As the polymer continues to interact withter, the polymer chains are forced further agart, water can
then penetrate deeper into the polymer matrixwatlg for increased transport of the drug out of thatrix via
diffusion. Physical entanglement of the polymethwineighboring chains hinders immediate dissolutibrthe
HPMC into the water.[5] Following prolonged exposuthe polymer matrix ultimately erodes in aquemesiia.[4]

Experimental methods to measure polymer behaviowater include imaging via optical microscopy, [4]6
magnetic resonance imaging, [8,9] or nuclear magmesonance [10-12] to monitor polymer matrix sered
morphology, testing of drug concentration in thasdiution media to monitor drug release kinetieq, 4nd
measuring the heat release associated with polgwetling via solution calorimetry.[13] As a resuf the
numerous in-depth studies of this system, the heha¥ HPMC in water is well characterized.

Little work, however, has been conducted on theabiein of HPMC in organic-water systems. Understagdhe
behavior of HPMC in mixed solvent systems wouldwlfor the design of granulation processes inv@\iinganic
solvents together with water, which has advantages pure aqueous systems. A study of the phypicglerties
and release characteristics of HPMC-acetaminophamutes and tablets generated with various graouolat
solvents demonstrated that granules and tablepapd from a mixture of ethanol and water had bétbev, less
bridging, and more desirable extended releaselesdfian those prepared from water alone.[14] Amstigation of
the properties of HPMC-propranolol hydrochloridemules prepared from various granulation fluidsntbahat
granules prepared from an isopropanol-water mixtuege less friable, less porous, and denser thanuggs
prepared from pure water.[15] Additionally, for AfHat can undergo polymorphic transformations ineags
environments, a granulation process involving suhend water can be used to mitigate form changes.ri For
example, it has been demonstrated that the diggotiaf an API hydrochloride salt of an amine, whiaccurred
during wet granulation when the binder fluid waseaus, was prevented by granulation with a 90/th8retl/water
mixture.[16]

In this investigation, the swelling of various muléar weights of HPMC is explored in binary anchtey organic-
water systems at different solvent ratios by maddidythe solution calorimetry method previously deped by
Conti et al.[13] The activity of water in the vawis solvent compositions is calculated to subsitntthe
understanding of the role of solvent compositioswelling the polymer. To demonstrate the broaggicability
of the methodology to a range of polymers, not H&MC, the swelling of sodium carboxymethylcellidos
(NaCMC) was also measured. Acetone and isopragtiaée, both FDA Class 3 solvents (low toxicitygres used
as the organic solvents for polymer swelling measients due to considerations regarding the paatichPI to
which we desired to apply this data for processgepurposes, but the methodology and findingsratevant
across a variety of solvents. The aim of this stisdp demonstrate a method by which polymers, sischiPMC,
can be characterized in organic-water environments.

EXPERIMENTAL SECTION

HPMC grades E15, K4M & K100M, and sodium carboxymy&tellulose (NaCMC) grade 7HXFPH were purchased
from Dow Colorcon (Harleysville, PA) and used aseiged. HPMC E15 has a higher degree of methoomytent
than K4M and K100M (28-30% for E15 vs. 19-24% forpldlymers), and the viscosity of each HPMC grade is
different: 3,000-5,600 cP for a 2 wt % solutionkefM in water, 11,250-21,000 cP for a 2 wt % solntmf E15 in
water, and 80,000-120,000 cP for a 2 wt % solutbiK100M in water. Acetone and isopropyl acetdfAE),
reagent grade, were purchased from Sigma Aldrigh L(8uis, MO) and used as received. Heat releaase w
measured with an Insight Parallel Reaction Calo@mg@mnical, USA).

In a typical experiment, 215 mg polymer was weigh®d a 6 dram vial (Kimble Chase, Vineland, NJVipged
with a magnetic stir bar and screw cap with PTFEedasilicone rubber septa. A known volume of orgaron-
solvent (acetone or isopropyl acetate) or mixtifraan-solvents was added to the vial. The vialsengaced into
the calorimeter and allowed to come to thermal ldggitim, which was indicated by a variation of 0.6V or less
on the calorimeter. A reference vial containingfiabar, organic non-solvent, and no polymer wae aquilibrated
in the instrument to account for solvent heat ofing. Following thermal equilibration, 1 mL of veatwas rapidly
injected into the vials via a syringe (Henke Saself#y Germany) with 1.5 inch 18 gauge needles (&ect
Dickinson, Franklin Lakes, NJ). Unless otherwisted, the temperature was held constant & 2% xperiments
were performed in triplicate to determine experita€error. Following the end of each experimenmalsywere
removed from the calorimeter and visual observati@mgarding the physical appearance of the polyneee noted.
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Heat associated with swelling was calculated byltfsight software from the area under the heat wutprve
recorded by the instrument.

Water activity, defined as the vapor pressure dewim a substance divided by the vapor pressupucd water at
the same temperature, was modeled using the NRTdehvathin the ProPhyPlus software from PROSIM.[TAE
binary interaction parameters between water/acetoae available within the software. The missin@TL
interaction parameters for water/isopropyl acetetg acetone/ isopropyl acetate were estimated tisenyNIFAC
modified (Dortmund) model [18] within the ProPhyRlsoftware. The resulting binary interaction parrse
between all the components are listed in the thblew. The terms for use within the NRTL model dezived
using the following expressions along with the tated values below.

gij-gjj = Cijo + CijT * (T-273.15)
gji-gii = Cji0 + CjiT * (T-273.15)

where gij is the binary interaction parameter betweomponents i and j, CijO is the coefficientmraction, and
CijT is the temperature coefficient.

Table 1. Binary interaction parametersfor solvent pairsfor NRTL model input to calculate water activity; aij isthe empirical constant

Solventl Solvent2 Cijo Cjio aij CijT CjiT
Water Isopropyl acetatg  2484.8%9 1023.331 0{3 0923 -5.39567
Water Acetone 1197.41 631.045  0.5343 0 0
Isopropyl acetatg  Acetone -229.433  351.1399 0|3 66985 | 0.643273

RESULTSAND DISCUSSION

In order to ensure that the heat output detectethbycalorimeter is indeed a result of the exotlieravent of
polymer swelling upon contact with water, initiadperiments were performed wherein a known weighiaymer

and triple the weight were charged into vials ciomitegy a known volume of isopropyl acetate (a nolveat for the
polymer), and equilibrated in the calorimeter. klown volume of water was then injected into th&ls;iand the
heat output recorded. The heat output was 3.X% Pd J for 300 mg and 900 mg polymer, respedtifeig. 1).

When the amount of injected water was increasedtag@olymer weight was held constant, the hegiudwas not
significantly different. As the heat of mixing &counted for by subtraction of the signal fror thference vial
containing isopropyl acetate, water, and no polyrtiex heat output detected by the calorimeter fitoertest vials is
due to the interaction of the polymer with the wateTherefore, tripling the amount of polymer resdl in

approximately triple the heat output. No additidmeat was generated when a larger volume of weasrinjected,
indicating that the water was already in excesatirel to the polymer, therefore additional watet dot result in
further polymer swelling. Based on the lengthhad experiments (~20 min), and visual observatidnhe vials

post experiment, it is unlikely that dissolutiorcntributing significantly to the measured heatpatt

&
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Figure 1. Heat flow vs. time asrecorded by the calorimeter for a given volume of water injected into a vial containing a 300 mg of
polymer (lower curve), and 900 mg (upper curve). Thearea under thelower curveis3.15J and the area under the higher curveis9.1J.
Time was offset to havetime=0 asthe time of water injection
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Following confirmation of the suitability of thestrumentation and methodology to detect the hesicisted with
polymer swelling, the polymer behavior in organiafer mixtures of varying ratios was investigatedarying
weights of polymer were stirred in a mixture of tace and isopropyl acetate and equilibrated irctlerimeter. A
constant volume of water was injected, and heaputsit were recorded and graphed according to solvent
composition and polymer weight, as shown in Fig. 2.
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Figure 2. Heat output obtained from solution calorimetry vs. polymer concentration with respect to water: (a) graphical representation,

wherein 4:3:1 Acetone:isopropy! acetate:water mixture values are denoted with diamonds and 0: 7: 1 acetone: isopr opy! acetate:water
mixture values ar e denoted with squares, and (b) tabulated values
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Figure3. Thedegree of polymer swelling vs. solvent composition for various molecular weights of HPM C and NaCM C across a range of
solvents. The heat output detected by the calorimeter in the isopropyl acetate/water system was established asthe heat associated with
complete swelling, and the heat output in other systemswas normalized relativeto that value: (a) graphical representation, and (b)
tabulated values

For a given concentration of polymer, the heat outgas approximately two and a half times greatethe 0:7:1
acetone:IPAc:water system than in the 4:3:1 acelfdAe:water system.  Additionally, in the 0:7:1
acetone:IPAc:water composition, the heat outputhred a plateau at approximately 308 mg/mL wated, farther
addition of polymer did not result in additionaldh@utput. The same leveling off of heat outputued at lower
polymer concentrations (approximately 170 mg/mL ematin the 4:3:1 acetone:lPAc:water system. It is
hypothesized that the availability of the waterimberact with the polymer is dictated by the orgawater
interactions. In poorly water miscible solvents;ls as isopropyl acetate, most of the injected mabes available to
interact with the polymer, whereas in acetone/l#ixture, some of the water was associated withattetone, and
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therefore was not available to interact with théyper. This is reflected in the overall higher heatput for the
IPAc/water system as compared to the acetone/IP&efvgystem. As the amount of polymer increasea fgiven
solvent-water system, greater heat output is dedecintil the point is reached where polymer isxness relative to
the water, and no further swelling is generatedth®y addition of more polymer. Since water is moradily
available in the IPAc:water system, this point pblymer saturation” does not occur until higherypoér amounts
relative to the acetone/ IPAc/water system. Visimervations of the polymers in the different eakg corroborate
this, as the IPAc/water samples appeared trangpanergel-like, whereas the acetone/IPAc/water $esrgppeared
opaque and white.

120
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Figure4. Percent swelling of different polymersin the 5:2:1 acetone:isopropy! acetate:water solvent system vs. temperature. At elevated
temperatures, all polymers swelled morethan at cool or room temperature: (a) graphical representation and (b) tabulated values

The heat outputs of the various HPMC grades, asageNaCMC, were then measured across a rangegahiar
water compositions. The values were normalizethéoheat output in the 0:7:1 acetone:IPAc:watetesyswhich
was the benchmark for heat associated with complstgling (Figure 3). Thus, percent swelling wasedmined
by dividing the average heat output of the polyinea given solvent composition by the average begtut of the
polymer in the 0:7:1 acetone: IPAc:water systemmanttiplying by 100 to convert to percent.

The overall trend noted is that as the solvent asiipn becomes richer in isopropyl acetate andains a lower
volume fraction of acetone, the polymers swell magpporting the hypothesis that the polymers swalte in
solvent environments where water is more availébliemteract with the polymer chains. Without polynmeesent,
2:5:1 acetone: IPAc:water composition and 0:7: @ IPAc:water compositions phase separate. Wedisg of
NaCMC is significantly more than the swelling ofrieais grades of HPMC in all compositions except:D:7
acetone:IPAc:water. In the 0:7:1 acetone:IPAc:watamposition, NaCMC swells approximately four tsnas
much as HPMC E15 and HPMC K4M, and two and a hate$ as much as HPMC K100M. In the 5:2:1
acetone:IPAC:water composition, NaCMC swells appnately two and a half times as much as HPMC ER§, a
one and a half times as much as HPMC K100M. In2f%el acetone:lPAc:water composition, NaCMC swells
approximately one and a half times more than HPMG&, Bnd one and a quarter times more than HPMC KA
HPMC K100M. This difference in swelling can beriatited to the higher affinity of NaCMC for wateuelto the
carboxylic side chains.[13] When water is limitegedo solvent competition, NaCMC is a strongeraattir than
HPMC, thus it can swell more. When water is notited, as in the isopropyl acetate/water systethgotymers
are fully swollen.

Differences in degree of swelling between HPMC Kdahd HPMC K100M in any given solvent system coultl no
be detected, whereas HPMC E15 swells less thanKthgrades for solvent compositions 5:2:1 and 2:5:1
acetone:IPAc:water. HPMC E15 has a higher degfemeathoxy substitution (~30%) on the cellulose ethe
backbone as compared to K grade (~23%), rendetingore hydrophobic in nature than the K grade, and
accounting for the lower degree of swelling relatio the K grades. The viscosity difference (visigobeing
directly related to molecular weight) between K4#1,000 mPa-s) and K100M (~100,000 mPa-s) did mutere
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any differences in the degree of swelling. Thigliing is not surprising, considering that the afdilm moisture
uptake curves of K4M and K100M have been measuretl faund to be very similar.[19] Future work will
investigate the impact of more drastic differenicesiscosity, as well as other variations in cheamisubstitution,
on polymer swelling.
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Figure5. Calculated activitiesof water in: (a) acetone:| PAc:water mixturesat 25°C. The activity of water isgreatest in the0:7:1
acetone:| PAC:water system, and lowest in the 7:0:1 system, reflecting the trend observed with the heat outputsfrom the polymer in
various solvent compositions, and (b) 5:2:1 acetone: | PAc:water mixture at 5°C, 25°C, and 45°C. Water activity issimilar acrossthe

temperaturerange, indicating that increased polymer swelling at elevated temperaturesisdueto a different mechanism

The effect of temperature on polymer swelling wasestigated in the 5:2:1 acetone:IPAc:water systgm
measuring polymer swelling aG and 48C. A concentration of 215 mg polymer/mL water wased, and heat
outputs were normalized to the same values assdciatth maximum swelling as the room temperature
experiments. At elevated temperatures, all polgnserell more than at room temperature and low teatpe. As
the temperature increases, the diffusivity of watereases, and thus water is more available t@tpaing the
polymer chains and cause swelling.[20] This phermmmehas been noted in epoxy resins, where increaseling
and increased weight gain from water uptake waa s¢elevated temperatures.[20] Temperature madolas
therefore an alternative option to controlling pobr swelling when there may be process constraintsolvent
composition adjustments.

To support the hypothesis that the solvent-wattaractions dictate the availability of water toergct with the
polymer, and hence control the polymer swelling, itfitial water activity in the various organic-watompositions
was calculated, without accounting for the polyr(fég. 5a). Water activity is a thermodynamic meament of
the energy status of water in the system, and gesvan indication of the intensity with which waéssociates with
a given component - lower water activity valuesemfstronger association of water with that congran Water
activity values above 1 indicate that water anddbmponent are immiscible (i.e. no association afewwith the
component). Although for the 2:5:1 and 0:7:1 acettPAc:water systems the calculated water acti¢ity)
indicates immiscibility, when polymer is presentlie system, a single liquid phase is observedtaltiee imbibing
of water by the polymer. While the calculationegented here do not account for the presence wingo) and are
therefore not calculations of the actual equilibriwater activity of the system, they can be usethéke relative
comparisons from one solvent system to anothee tiénd observed in the calculated water activitiesches that
observed with the heat outputs, i.e. the highedemactivity and swelling is in the 0:7:1 acetoRét :water
system, followed by 2:5:1, 5:2:1, and 7:0:1 acetiftc:water systems. Calculations of the wateivagtin 5:2:1
acetone:IPAc:water aPg, 253C, and 48C (Fig. 5b) indicate that the water activity is 8anacross the temperature
range, substantiating that the difference in swglbbbserved at different temperatures is not dubdcvailability
of water in this case, but from a different meckanilikely involving the increase in water diffugiviat higher
temperatures. Further investigation is requirefutly elucidate the mechanism of increased swelén elevated
temperatures.
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Figure 6. Percent swelling for various grades of HPM C and NaCM C vs. water activity. Asthewater activity increases, percent swelling
for all polymersincreases

In order to apply the findings in this study to eodd range of organic-water systems, such as haidakolic
systems that are more commonly used in solventdbgsanulation, the percent of polymer swelling daa
correlated directly to the water activity (Fig. Bhis master plot can be used to predict or coqobymer swelling
based on water activity and not specific solvemhgosition. As seen from the plot, the higher treter activity,
the greater the polymer swelling. Thus, if leselfing of the polymer is desirable for processingperformance
considerations, solvents which have a high affifotywater (providing low water activity) should eenployed. If
more swelling of the polymer is desirable, solventsh less affinity or poorer water miscibility shid be
incorporated.

CONCLUSION

Solution calorimetry was effectively employed to asere the heat released as a result of HPMC sgellihe

degree of swelling is strongly affected by the cosifion of the solution, where the affinity of tbeganic solvent
for water is found to be the key factor; this fimglis substantiated by water activity calculatiohghen the solvent
system has high affinity for water, less water vgikable to penetrate the polymer chains and iotevdth the

polymer, hence less swelling occurred. When tHeesb system has low affinity for water, water sadily

available to interact with the polymer, and moreskliwg occurs. The varying availability of water iieflected in
calculations of water activity in the different geht compositions. At elevated temperatures, HPMEIlls more
than at room temperature or cool temperatures,tdube increased ability of water to diffuse intee tpolymer

network. This understanding of the swelling bebaaf HPMC in organic-water systems allows for pegdg and

modulating the polymer swelling in such systemsiciltan facilitate the incorporation of HPMC intarinulation

processes involving organic solvents and water.
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