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General Introduction 

1. Scope of This Thesis 

The purpose of this thesis is to explore the roles of functional pharmaceutical 

polymers through the studies on hydrogelation processes of hydrophilic 

pharmaceutical excipients at the molecular levels. In this thesis， poly(methacrylic acid) 

(PMAA， Figure 1 a) as a enteric帽 coatingagent and poly(ethylene oxide) (PEO， Figure 

1 b) as a hydrogel fonning matrix base were used. The lnacromolecular structure 

changes during hydrogelation in P孔1AAand PEO were studiedちyusing infrared (IR) 

spectroscopy， X圃 raydiffraction and quantmn chemical calculations (QCCs). Further， a 

drug酬 releasemechanism from a PEO hydrogel matrix tablet was revealed by using a 

flow同 throughcell dissolution apparatus equipped with magnetic resonance imaging 

(MRI). 

In an effort to improve the quality of life among patients， researchers have developed 

a lot of drug delivery systems (DDS)， to control the drug圃 releasein oral adtninistration 

using a variety of functional polylners such as PMAA and its derivatives for 

pH圃 responsiveenteric coating agents，I-3 and hydroxypropyl methylcellulose (HPMC) 

and PEO for hydrogel matrix controlle小releasetablets and capsules.4-11 pH-responsive 

polymers are widely used as an enteric coating agent not only for controlling 

drug嗣 releaseラ butalso for protecting an unstable phannaceutical ingredient like a 

protein from acidic conditions.12
-
16 The pH of digestive juices are changed after a 

tablet or a capsule lnoves to the lower part of the gastro intestinal tract， at which time 

the enteric coating agent is dissolved and then the drug is released. On the other hand， 

a hydrophilic polymer matrix is a tablet or a capsule containing water-swellable， 

norトcrosslinkedhydrophilic polymers. After ingestion， surface polymer molecules 

ブ1169



hydrate and swell to form a viscous hydrogel layer (Figure 3). This acts as a barrier 

controlling the drug幽 releasefrom a tablet， and as a water introduction base to uptake 

water into a tablet immediately.17 

The qualities and efficacies of a variety of DDS technologies have been usually 

evaluatedちyin vivo and/or in vitro studies. Though many dissolution tests described in 

each Pharmacopoeia are the commonly invitro testingh18-20 for more complex systems 

comprised of a number of functional polymeric excipientsラthoroughcomprehension of 

the drug-release mechanism is difficult using drug-release profiles alone. In particular， 

hydrogel matrix tablets require a certain amount of time before the testing fluid reaches 

the tablet core， and subsequently they swell characteristically. Maggi et a1.21 reported 

that some PEO matrices take approximately eight hours to reach maximum swelling. 

Such previous findings have lent support to the belief that the kinetics of water ingress 

into tablets plays an important role in controlling drug醐 releasefrom hydrogel matrIces. 

Further， water molecules perform a crucial function in creating hydrated structures 

with PMAA and PEO via hydrogen bonding. Howeverラ thestructure changes during 

hydrogelation in polymer chains such as PMAA and PEO in water have not been well 

investigated， although their dried and hydrated structures have been well幽 studied.In 

order tωo clarif命ythe drug.闇イr閃'eleaωsingmeωcha加nisms0ぱft白he悶elrc∞ont廿ro叶lleddr叩ug-幽 r陀.官elease

productsラ betterunderstandings of the drug圃 releasemechanisms from a PMAA coating 

film and PEO hydrogel matrices require investigations of these compounds' inherent 

physical properties and their hydrogelation phenomena. 

Gel has been widely well欄 knownas a substantially dilute network system， which 

exhibits no flow when in the steady-state，22 and hydrogel conforms networks between 
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hydrophilic moieties in polymer chain and water molecules. Hydrogel， which has high 

water absorbability and biocOlnpatibility， has been applied to a variety of fields such as 

chelnical， phannaceutical and lnedical industries as a functional polylner. 

In this study， IR spectroscopy， which can directly provide structural information of 

PMAA and PEO about hydrogen bonding to each other and with water molecules， 

further M訣1，which can supply infonnation about water mobility in a tablet， have been 

utilized.τhe notable features of this study are described as follows: (l) Collecting a 

large number of IR spectra under the perturbation of water underlies the elucidation of 

continuous structural changes in the hydrated structures and the hydrogelling behaviors 

of PMAA and PEO in their hydrogelling process. (2) In order to unravel the 

complicated spectral variation in the IR region， second derivative processing as well as 

fourth derivative processing， which is widely applied to improve peak resolution and 

prevent intensity changes frOln affecting a司jacentlarge peaks in an ultraviolet-visible 

study，23，24 have been utilized. (3) Obtained spectra幽 structure correlations were 

eXaInined by conducting QCCs based on the density functional theory (DFT) using 

short chain lnodels of PMAA and PEO. (4) In order to comprehensively eXaInine the 

unique drug-release mechanism from a PEO/PEG hydrogel matrix tablets. This study 

used the cOlnbination of the compendial flow岨 throughcell equipped with an MRI 

device to simultaneously evaluate the cumulative drug圃 releaseprofiles and internal 

states of tablets over time in a non寸nvasiveand nOlトdestructivemanner?5-32 (5) The 

effect of polymeric erosion from a tablet was assessed using size-exclusion 

chromatography (SEC)， which was the most common way to obtain information about 

the molecular mass distribution of polymers.25ヲ33，34In this study， these powerful 
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experimental and computation methods have made it possible to reveal important 

findings about the hydrated structures changes of PMAA and PEO， and the 

conformational changes of PEO during their hydrogelling processes. 

2. Characteristic of Poly(methacrylic acid) and Poly(ethylene oxide) 

PMAA (Figure 1 a) is a water soluble hydrophilic polymer， which has a carboxylic 

acid group including the acid dissociation constant; p五aof 5_6.35-37 It and its 

derivatives are applied in several fields such as chemical， food and pharmaceutical 

industries. Its sodium salt is widely used in disposable diapers as a high groscopical 

substance， and its methyl ester， poly methyl methacrylate， is lnanufactured into plastic. 

Furthermore， PMAA and its copolymers like poly (methacrylic acid-co-ethyl acrylate) 

(l: 1 mol %) and poly (methacrylic acid-co-methyl methacrylate) (l: 1 and 1:2 mol %)， 

are widely used for pharmaceutical excipients as pH圃 responsiveenteric coating agents， 

which are a kind of stimulus幽 responsiveDDS，38，39 to control the drug-releasing and/or 

to protect pharmaceutical ingredients like proteins from an acid digestive juice. 

The carboxylic acid group in PMAA， which has a dissociating proton， plays an 

important role to dissolving in aqueous solutions. In general， carboxylic acids normally 

exist in cyclic dimers with strong hydrogen bonds among their carbonyl and hydroxyl 

groups in their carboxyl groups. Those hydrogen bondings and the interaction between 

carboxylic acid monomer and water are well reported， especially formic acidラ acetic

acid and propionic acid (PA) using various equipment; such as Raman，40-44 IR 

spectroscopy，41州 6X圃 raydiffraction，47 nuclear magnetic resonance (NMR)48 and 

QCCS.49-56 Dong et al.ラ havereported that carちoxylicacid groups in PMAA form 
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several associated conformations via hydrogen bonding as cyclic dimers， side醐 on

dimers and linear open chain oligomers including open dimers，57ヲ58 and it is 

well-known that cyclic dimers dOlninate in the pure liquid or solid states of carboxylic 

acids.40-47，59 Hydrated structures of carboxylic acid group have also been studied by 

using various techniques and QCCS.55ヲ56必0，61There has been great attention to the 

polymeric structures and their changes of hydrogen bonding to each other and with 

water molecules， however， many of the previous studies on carboxylic acid groups in 

polymers have dealt ahnost exclusively with the structures in solid forms and those in 

aqueous solutions， separately. 

PEO (Figure 1 b) is a polyether type of water soluble synthetic polymers， in other 

words， polyoxyethylene (POE) which has the unit of ethylene oxide;岨 CH2-CH2-0幽.

Low lnolecular weight POE with hydroxyl terminated (i.e. less than 10，000 daltons) is 

referred to as polyethylene glycol (PEG)， while those with higher molecular weights 

are known as PEO. 62 

PEO is one of the lnost important polymers in industrial， biotechnical and biomedical 

fields，63 and hasちeenalso widely used as a biocompatible polymer， because surface 

modification with hydrophilic polymers such as PEO has been beneficial in improving 

blood compatibilities.64 Surface岡 boundPEO is expected to prevent plasma protein 

adsorption， platelet adhesion， and bacterial adhesion by sterIc repulsion. Polymeric 

materials have several advantages which make them very attractive as biomaterials.65 

Furthermore， PEO， which is highly soluble in water and has high gelability and low 

toxicity， has been applied in extended drug嗣 releasesystems， and the in vivo and in vitro 

drug圃 releasebehaviors from PEO hydrogel matrices have been reported.8-11 
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A large number of experimental studies based on X圃 raydifJ仕action，66，67IR，68-71 

Raman，72，73 and nuclear magnetic resonance (NMR) spectroscopies，74，75 as well as 

studies involving numerical computations such as QCCs 76，77 and molecular dynamics 

(MD) 78 have been conducted on PEO， POE and PEG in crystalline or random幽 coil

phases. Several studies have noted a preference for a gauche conformation in the C-C 

bond of POE in not only the crystalline phase but also in solutions.66-75 While a trans 

conformation in the C-O bond has been found to be dominant in dried PEO with a 7/2 

helical structure in the crystalline phase (Figure 2)，66 both gauche and trans 

conformations in the C-O bond have been known to exist in aqueous solutions.68，69 

Many research groups have investigated the hydrogen bonding interactions between 

POE and water molecules by experimental66-70 and computational approaches76-78 such 

as a monodentate hydration structure， with only one OH group in a water molecule 

donating a hydrogen bond to the POE chain， and bidentate ones， with the two OH 

groups in a water molecule donating two different hydrogen bonds to the first and the 

second available oxygen atoms from another hydrogen bonding in POE. Wahab et al. 76 

have theoretically examined the above幽 mentionedhydration structures of short chain 

POE (CH3(OCH2CH2)mOCH3， m=1 and 2)， and demonstrated theちidentatehydration 

structure where the second available oxygen atoms from another hydrogen bonding in 

POE is more stable than that where the adjacent ones in the gas phaseちyQCC. While 

extensive research has been conducted on the most favorable conformations of POE in 

the crystalline phase and aqueous solutionsラ littleattention has been focused on the 

conformational changes of the polymer chain during hydrogelation from a dried state 

in the crystalline phase to a hydrated state in a swollen gel. 
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3. Infrared Spectroscopy of Poly(methacrylic acid) and Poly(ethylene oxide) 

In order to investigate the molecular interactions among polymer chains， and between 

polymers and water， vibrational spectroscopy is best suited， as the vibrational bands 

are assigned to the molecular functional groups with a specific vibrational mode， and 

the band shape and position are very sensitive to the molecular enviromnent. 

Furthermore， it allows the simultaneous evaluation of both the structures of the 

hydrogen刷 bondedpolymer in a solid state and those of the hydrated ones in a gel and a 

liquid under the same conditions with detection timかresolvedstructural changes. 

PMAA， as mentioned above， has a carboxylic acid group as a characteristic functional 

group， which forms several associated conformations via hydrogen剛 bonds.In the 

1750-1680 cln-1 region， C=O stretching bands of carboxylic acid are detected as the 

most intensive bands. And the band lnakes it possible to understand the state of 

carboxylic acid， whose lnonomer (n01トhydrogenbonded)， side圃 onand cyclic dhneric 

hydrogen bonded， and linear oligomeric hydrogen bonded exists in that order from a 

higher wavenumber. In the aqueous solution， the states of carboxylic acid of PMAA 

are also confirmed by using IR， because when the carboxylic acid groups of PMAA are 

dissociated， an aSylnmetric stretching COO鵬 bandis found at around 1550 Cln醐 158 

For PEO， PEG and POE， many fundatnental studies have been done using vibrational 

spectroscopy. Since PEG is a semi聞 crystallinepolymer， its crystal structure has been 

determined using X-ray diffraction，66 and additionally， its臼sdouble heli比calsはtrucはturecan 1 

b恥eseen by scanning electron mη11比cros叩C∞opy.79F or the semiト.帽圃引α'

Raman spectroscopi均eshave been used to assign vibrationalちandsof PEG based on the 
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symmetry group and normal mode analysis with the help of the derived crystal 

structure.72
，80 For the solution state， extensive studies using transmission IR 

spectroscopy have shown that atnorphous PEG chains， particularly in water， form some 

kind of ordered conformation rather than being a random coi1.69，76 The studies on water 

vapor diffusion into PEG were done by Kitano et al. by using lO-bounce ATR_IR.69，81 

They investigated the water band in PEG， and the diffusion behavior of water vapor. 

However， they did not discuss the vibrational bands of polymers at all， and based on 

my observations， it is likely that the polymer does not absorb enough water to totally 

destroy its crystal structure. 

In order to explore time圃 resolvedconformational variations of the PEO chain during 

the hydrogelling process by using in situ IR transmission spectroscopy. ATR-IR 

spectroscopy has been widely applied to investigations of the hydration structure of 

various polymers.82，83 Howeverラ quantitativeanalysis at the same depth position is 

difficult in ATR-IR spectroscopy， as the penetration depth of an incident IR beam in a 

polymer sample depends on the IR vibrational frequency.84 Here， to avoid this problem， 

IR transmission spectroscopy was used to examine PEO hydrogelationラ aswas done in 

previous investigations involving POE.70，71 

4. Quantum Chemical Calculations of Poly(methacrylic acid) and Poly( ethylene 

oxide) 

QCCs consist of calculating the normal vibration frequencies of a molecule from 

information on its structure and internal force field. From such a calculation， 1 obtained 

the values of the frequencies and the forms of the vibrations of the molecule which can 

be observed in IR abdorption and in Raman scattering. By comparing such calculated 
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frequencies with the observed spectrum， it is possible to evaluate my assumptions 

concerning the structure and force field of the molecule. 

Several QCCs are also applied and reported in studying polymer analysis， 

semi圃 empirical(e.g.， AM1， PM3， MNDO)アαbinitio (e.g.， Hartree-Fock， MP2， 

CC)ア-52density functional theory (DFT) (e.g・ラ BLYP， B3LYP， PW91)53-56 and matrix 

isolation methods.61 These sources said that most molecules of carboxylic acids were 

better圃 knownto exist as cyclic dimer structures， and the longer acryl chain length， the 

larger the ratio of cyclic dimers.60 But there are few repo此sabout the hydrating 

structure changes of carboxyl groups of solid polymers during hydrogellation process. 

In this study， thus， the hydration process for carboxyl groups of a PMAA film was 

oちservedちyusing FT-IR， and PA was used for DFT calculations as an easy lnonOlneric 

model of PMAA to predict the solid and the hydrated structures of carboxyl groups. 

This is particularly useful for a better interpretation of the observed IR spectra. 

Obtained spectra岡 structurecorrelations were exatnined by conducting QCCs based on 

DFT using a short chain model of diethyleneglycol diethyl ether (DGDE) instead of a 

real polymer ofPEO. 

5. Flow-through Cell In Vitro Drug圃 releaseTesting Apparatus 

All oral pharmaceutical products have been controlled and assured their efficacy and 

safety by quality control testings. The in vitro drug圃 releasecharacteristics are 

evaluated by using a dissolution apparatus; such as a basket， paddle and flow幽 through

cell described in the United State Pharmacopeia (USP)， European Pharmacopoeia (EP) 

and the Japanese Phannacopoeia (JP) (Figure 4a and b). The three dissolution 
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apparatuses are harmonized with the corresponding texts of the three pharmacopoeia. 

Basket (USP apparatus 1) and paddle (USP apparatus 2) apparatuses are the same 

assembly which consist of a lL glass vessel， a motor， a metallic drive shaft and 

cylindrical basket or paddle (Figure 4a). The water bath permits holding the 

temperature inside the vessel at 37土 0.5oC during the test. On the other hand， a 

f1ow-剛throughcell (USP apparatus 4) consists of a reservoir and a pump for the 

dissolution medium， and a f1ow-through cell and water bath that maintains the medium 

at 37 ::l:: 0.5 oC in the f10w幽 throughcell (Figure 4b). 

In general， a basket and a paddle apparatus has been widely applied to in vitro 

drug-releasing tests because of the strict guidelines for immediate release products， 

which say that“Apparatus 1 and Apparatus 2 should be used unless shown to be 

unsatisfactory. The in vitro dissolution procedures， such as a reciprocating cylinder 

(USP apparatus 3) and a f10w四 throughcell system (USP apparatus 4) described in the 

USP， may be considered if needed"・85 Recently， however， the number of poorly 

water嗣 solublepharmaceutical compounds has increased， and they should also be 

evaluated for in vitro release behaviorsちyusing a compendial dissolution apparatus. In 

an in vitro drug帽 releasingstudy of a pharmaceutical product containing a poorly幽 water

soluble drugラ anappropriate dissolution method should be used under sink conditions 

to evaluate the drug帽 releasingproperty precisely. There is still a lot of discussion about 

sink conditions， where the drug solubility is ten times the total concentration of the 

drug in the vessel， or at least greater than three to five times，86-88 though， in general， 

the sink condition is defined as three times the drug concentration based on the 

solubility in USP (2011).18 However， in a dissolution method for a poorly 
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water-soluble drug using a basket and paddle apparatus (USP apparatus 1 and 2) whose 

medium volumetric圃 constraintis 1 L in capacity， it is sometimes difficult to develop 

the dissolution method under sink conditions due to poor drug solubility. 

A flow圃 throughcell apparatus (Figure 4b) allows using an unbounded medium 

volume. Therefore it has a huge advantage to maintain sink conditions continuously， 

thus making it possible to select a type of a dissolution medium lnore flexibly. Hence， 

it has attracted attention as one of the compendial methods not only from the 

above-lnentioned sink conditions point of view， but also from IVIVC point of 

view.91
，92 Further， flow帽 throughcell dissolution has a variety of testing options to meet 

their in vivo drug醐 releasecharacteristics and/or excellent discrimination capability; 

such as a volumetric lnedium flow rate， a medium flow speed in a flow岨 cellusing a 

large or a small cellラ singleor multi dissolution media， with or without 120 pulse/min. 

sinusoidal pulsation， and laminar or turbulent hydrodynatnic flow93ヲ

94and open or 

closed欄 loop configurations (Figure 4b). As mentioned above， the open-loop 

configuration is able to consistently supply a fresh medium which helps to maintain 

sink conditions， while a large medium volU1ne might be required when a long酬 term

dissolution test is performed with high volumetric medium flow rate. On the other 

hand， closed圃 loopconfiguration can apply an arbitrary and an appropriate mediU1n 

volume due to drug solubility， but a lnedium containing a cumulated releasing圃 drugis 

used in suちsequentdissolution tests as the satne as the basket or paddle method. 
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6. Magnetic Resonance Imaging of Hydrogel Matrix Tablets 

MRl is a norトinvasivetechnique which can provide cross欄 sectionalimages from 

inside solid materials and living organisms. In a pharmaceutical field， MRl has been 

used to study internal mechanisms underlying in vitro drug帽 releasebehaviour in 

dosage forms，95-97 to monitor events within pharmaceutical processes， and in vivo to 

investigate the behaviour of drug delivery systems in the body.98 Hydration underpins 

the performance of many solid pharmaceutical dosage forms， and most studies have 

utilised MRl to observe and measure the internal events unfolding as a consequence of 

solvent penetration. Most reports are in vitro investigations of oral modified release 

devices， particularly hydrophilic matrix systems. As an example， a PEO hydrogel 

matrix tablet and the MRl picture are shown in Figure 5， and MRl image provides us 

additional internal information of a tablet like a gelling front. When examined in detail， 

these are complex dynamic systems that are difficult to modelラ however，in simple 

terms， water岨 solubledrugs appear to undergo a diffusion圃 controlledrelease through the 

gellayer， whereas insoluble drugs are released from the perimeter of the gel by surface 

erosion during gastro-intestinal transit.99 Factors that influence either the formation or 

integrity of the gel such as rates of water transpo抗， polymer swellingラ drugdissolution， 

and matrix erosion， can critically influence the performance of these dosage forms.17 

MRl can be used norトinvasivelyto measure water penetration， concentration， diffusion， 

and polymer swelling and is therefore particularly suited to probing the gel layer 

properties that influence the functionality of hydrophilic matrices. 

A number of researchers have sought to characterise the formation of the gel layer 

and determine how its properties might influence drug-release. Rajabi幽 Siahちoomiand 
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Madhu used MR1 to reveal the mobility of water within the gel layer，100，101 and to 

detennine the spatial distribution of self圃 diffusioncoefficient and T2 relaxation values 

for water， drug， and polymer.101 Rajabi幽 Siahboomiet al. showed how there was a 

self-diffusion coefficient gradient with values increasing progressively with the 

distance frOln the core， reaching a maximmn in the outer parts of the gel layer where 

water lnobility was cOlnparable to free water.lOO Hyde and Gladden have quantified the 

concentration profile of water and polymer in hydrating PEO discs using 

one圃 dimensionalNMR imaging.102 They exploited differences in the T1 relaxation time 

of water and polylners， to quantify and spatially resolve the distribution of polymers 

and water across the hydrating gel layer. They concluded thatちothwater penetration 

and polymer swelling exhibited the characteristics of diffusion嗣 controlledprocesses. 

Kojima et al. 28，103 have studied the influence of cellulose ether type on the mobility 

and diffusivity of water in the gel layer. One-dimensional maps of T2 and water 

self-diffusion coefficient were acquired and used to determine the position of the dry 

core， gellayer， and aqueous phase. They also observed a pronounced expansion of the 

tablet core in an axial direction， and showed how the incorporation of drugs resulted in 

the increased penetration of water and growth of the gel layer in all matrix types. 

Further， when MRI is combined with a flow田 throughcell apparatus for use in 

compendial analysis，18-20 the physical changes in solid dosage forms can be examined 

in a dissolution test.27
，104-106 Indeed， Fyfe et al.27 used such a combined system to 

assess drug delivery devices and thereby obtained a better understanding of drug 

delivery systems based on diffusion， dissolution， and osmosis mechanisms. Further， 

Dorozynski et al. 104 and Kulinowski et al.105 carried out the compendial flow嗣 through

19/169 



cell dissolution method for a HPMC matrix using two different solutions; the fasted 

state simulating gastric fluid (FaSSGF) and the fed state simulating gastric fluid 

(FeSSGF)， under the continuous flow conditions to simulate in vivo conditions as 

closely as possible. Howeverラ the integrated investigation of the drug-release 

lnechanism from PEO hydrogel matrix tablets among the cumulative drug-release 

profiles and the contribution of hydrogel matrix erosion and the conformation changes 

of the hydrogel under the compendial flow-through cell dissolution method have not 

been reported. 

7. Introduction ofEach Chapter 

This thesis is organized into four chapters. Chapter 1 described a structure change 

during the hydration process of a PMAA film， and it was observed by using 

time剛 resolvedin situ ATR-IR spectroscopy. This study has provided new insight into 

the hydration mechanism of carboxyl groups in the PMAA film. The intra幽 and

inter欄 side-chainhydrogen幽 bondsin the PMAA are dissociated and the film is swelled 

by infiltrating water， subsequently their generated norトhydrogen幽 bondcarboxyl groups 

instantly hydrate with water molecules and equilibrate to the side-on form which is the 

most stable structure for the carboxyl groups. The calculated frequencies and the 

interaction energies by QCCs using a model monomer of PA instead of PMAA have 

supported my spectral assignment and the structural simulation of the 

hydrogenゐondedand the hydrated structures of PMAA. It has been concluded from 

this chapter that the dissociation of hydrogen闇 bondedand newly created hydrated 

structures via the carboxyl groups are evident. 
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In chapter 2， a drastic conformation change in a PEO chain during the hydrogelation 

process was investigated by IR spectroscopy and QCCs. Time圃 resolvedin situ IR 

spectra of the hydrogelling process of a selni欄 crystallinePEO solid were lneasured 

using a flow帽 cell.The time幽 resolvedIR study has revealed that C-C bonds with 

hydrophobic moieties rapidly shift to a randOln-coil gauche conformation after water 

penetration， whereas C-O bonds with hydrophilic moieties hydrogel more slowly， with 

at least half of these bonds changing from trans to gauche confonnations after 

hydration. In addition， two main steps in hydration during PEO hydrogelation were 

identified: First， the ether oxygen atOlns in PEO become hydrated as lnono幽 hydrated

structures were created with water molecules following rapid water penetration. Then， 

they were converted to the bridged hydration form as the most stable structure. The 

calculated wavenumbers and interaction energies obtained by QCC using a model 

oligomer of diethyleneglycol diethyl ether (DGDE) instead of an actual PEO chain 

supported my estimation of the spectra嗣 structurecorrelation of the hydrated PEO. The 

C-C gauche structure is important in maintaining a bridged hydrogen bonding network 

with water molecules. It has been concluded that the hydrogelling behaviors of PEO 

including the conformation change in the polymer chain and the hydrated structures. 

In chapter 3， in order to accurately evaluate the drug圃 releasingproperty of a oral 

pharmaceutical product， the critical factors of a drug幽 releasingtest method by using a 

flow嗣 throughcell apparatus were revealed. In this study， an extended drug圃 release

matrix consisted a solid dispersion of hydrophoic ethylcellulose (EC) and HPMC and 

contained a poorly water-soluble indomethacin (IDM) was used as a model 

formulation. The flow圃 throughcell apparatus demonstrated the ability of maintaining 
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perfect sink conditions， which are defined as the necessary and sufficient condition for 

the drug幽 dissolvingand the releasing in terms of drug solubility for an extended release 

matrix formulation containing a poorly water-soluble drug during the in vitro 

dissolution study. This study has discussed an appropriate drug-release test method 

based on the mechanism. 

In chapter 4， a drug圃 releasemechanism from extended帽 releasetablets of hydrogel 

polymer matrices containing PEO and PEG were achieved using an above帽 discussed

flow圃 throughcell apparatus equipped with MR1. In the light of the critical factors on 

the flow-through cell apparatus in chapter 3， acetaminophen (AAP) as a water-soluble 

drug was used to avoid the oversaturation in a flow-cell. The hydrogel forming abilities 

were observed characteristically and the layer thickness which was corresponding to 

the diffusion length of a drug had a good correlation with the drug酬 releaseprofiles. In 

addition， the polymeric erosion contribution to a drug圃 releasingfrom hydrogel matrix 

tablets was directly quantified using SEC. The matrix erosion profile indicated that the 

PEG erosion kinetic depends primarily on the composition ratio of PEG to PEO. It has 

been concluded from this chapter that the drug-release mechanism form PEO/PEG 

hydrogel matrices due to the drug self-diffusion and matrix erosion was identified. 
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Figure 1. Chemical structural formula of (a) PMAA and (b) PEO. 
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Figure 2 The projection drawing for the crystal structure (helix) of PEO shown from 

different angles; a: top， b: oblique and c: side views. 
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雪量重量蚕聖書

Hydrogelation/ 

Swelling Drug release 

Figure 3 The schematic illustration of a hydrogelling and swelling behavior of a 

polymer film and a drug-release phenomenon by self-diffusion through a hydrogel 

layer. 
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Figure 4 The schematic illustrations of dissolution apparatuses; (a) left; basket and 

right; paddle， and (b) flow-through cell apparatus， left; open-loop and right; 

closed-loop configurations. 
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Figure 5 Photo and MRI image of Hydrogel of 1.5 hour a白erstarting dissolution test. 
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Chapter 1: Hydration Mechanis臨 ona Poly( methacrylic acid) Film 

Studied by In Situ Atte回目atedTotal Reflection Infrared Spectroscopy 
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Abstract 

A drastic structure change during a hydration process of a poly(methacrylic acid) 

(PMAA) film was observed by time剛 resolvedin situ attenuated total reflection infrared 

(ATR-IR) spectroscopy. Inter幽 orintra欄 hydrogen-bondsvia side-chain carboxyl groups 

are formed as cyclic dimers， side皿 ondimers and linear open chain oligomers including 

open dimers in a dried PMAA film. By contacting water， the side幽 chain

hydrogen岨 bondsin PMAA are dissociated instantly， and then the subsequent carboxyl 

groups which have no hydrogen七ondnewly hydrate with water molecules in a side皿 on

form. Quantum chemical calculations (QCCs) using a model monomer of propionic 

acid (PA) also support the hydrogen圃 bondedand hydrated structures explored by the 

ATR-IR spectroscopy. It has been concluded from the present study that the 

dissociation of hydrogen圃 bondedand newly created hydrated structures via the 

carboxyl groups play an important role for the swelling ofPMAA in water. 
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1. Introduction 

PolY(lnethacrylic acid) (PMAA) and its derivatives have widely been applied to 

pharmaceutical products as a pH幽 responsiveenteric coating agent， a kind of drug 

delivery systems (DDS)， to control the drug圃 releasingin oral administration.I
-
3 The 

quality of a drug have been usually evaluated about only its active pharmaceutical 

ingredient by an in vivo testing as a blood drug concentration in clinical practice or an 

in vitro dissolution test as a percent drug圃 releasingratio from their products following 

the dissolution tests described in each Pharmacopoeia.4る However，in order to clarify 

the drugィeleasingmechanisms of DDS productsラtheinvestigation of inherent physical 

properties and dissolution mechanisms of pharmaceutical functional excipients in 

water are of great importance. 

There has been a number of studies on dried and hydrated structures of various kinds 

of po lymers and the states of water interacting with the po lymers， 7-11 and the structures 

of water soluble polymer solutions have also been studied.12 However， little attention 

has been paid to the hydration and dissolving process of hydrophilic polymers， because 

it is difficult to monitor their flash structure changes in water. To overcome the 

difficulty， 1 have recently applied high欄 speedscan attenuated total reflection infrared 

(ATR帽 IR)spectroscopy equipped with a flow聞 cell(Figure 1). The flow田 cellmethod 

allows me to measure a process ofwater sorption into a polylner film.7 

Hydrogen帽 bondedand hydrated structures of carboxylic acids such as formic acid， 

acetic acid and PA have well been studied by Raman spectroscopy， 13-17 IR 

spectroscopy，14，18，19 X-ray diffraction20 and nuclear magnetic resonance (NMR)?1 

Furthermoreラ severalquantum chemical calculations (QCCs) have also been applied 

37/169 



for such studies.21・
.28It has been reported that carboxylic acid groups form several 

associated conformations via hydrogen圃 bonds，namely cyclic dimers， side剛 ondimers 

and linear open chain oligomers including open dimers，29，30 and it is well幽 knownthat 

cyclic dimers dominate in the pure liquid or solid states of carboxylic acids.12
-
20 

Hydrated structures of carboxylic acid monomers have also been studied by using 

various techniques and QCCs.28
，31-33 In the field of polymersラ therehas been a great 

attention on the structures and their changes of hydrogenゐondedand hydrated poorly 

water soluble polymers，34 however， many of previous studies on carboxylic acid 

groups in polymers have dealt ahnost exclusively with the structures in solid forms and 

those in aqueous solutions， separately. 

In this study， the hydration process of carちoxylgroups in a water soluble hydrophilic 

PMAA film is explored by using rapid-scan ATR-IR spectroscopy with a flow-cell， 

because it allows me to evaluate simultaneously both the structures of 

hydrogen幽 bondedPMAA in a solid state and those of hydrated one in a gel and a liquid 

under the same conditions， and furthermore， to detect time-resolved structural changes. 

Additionally， obtained spectra圃 structurecorrelations are examined by QCCs based on 

density functional theory (DFT) using a model monomer of PA instead of a real 

polymer of PMAA. 

2. Experimental 

2.1. Materials 

An atactic PMAA was purchased from Polysciences， Inc. (averaged molecular weight 

of ca. 1.0 x 105). Methanol labeled guaranteed grade was purchased from Kanto 

Chemical. Water with a resistivity of 18.2 MO.cm was prepared by use of a MillトQ
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system. 

A PMAA film was deposited on a hemispherical Zinc田 Selenium(ZnSe) prism by 150 

μL solvent同 castingmethod of 10 mg/mL methanol solution and was dried at 80 oC for 

3 hours. A PMAA aqueous solution was prepared by stirring excessive amounts of 

PMAA in water over night at room telnperature. 

2.2.Inρ'ared Measurements 

All the ATR-IR spectra were measured at a resolution of 4 Clnぺbyusing a Thermo 

Electron Nexus 470 Fourier圃 transformIR spectrometer equipped with a Seagull 

variable angle reflection accessory and a liquid nitrogen cooled HgCdTe detector. A 

prism with an adhered polylner film was mounted onto a homelnade flow同 cellshown 

in Figure 1. More detailed information about the cell was described elsewhere.7 IR 

beam was introduced into the prism at an incident angle of 450， which is larger than the 

critical angle of ca. 340
• A total of 64 scans were co-added to obtain each spectrmn. 

ATR-IR spectra of liquid satnples were measured using the same臼ow幽 cellat the 

prism/liquid interface without a polymer fihn. Hydration process of a PMAA film was 

investigated by pouring water into the flow欄 cell.In order to achieve such high嗣 speed

scans， a velocity of the lnoving mirror in the interferometer of 6.33 cm ・S-l(100 kHz) 

was applied. A total of 2 scans， every 0.20 s from 0 to 30 s， were co-added to obtain 

each spectrum and a total of 148 spectra were measured. All the ATR -IR spectra were 

defined in an absorbance unit as 

A口」oglof 、
目
/

----A 
/
'
E
1
 

where R and Ro are intensities of the ATR-IR light from a sample and a reference， 
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respectively. All the ATR-IR spectra were not subjected to Kramers幽 Kronig

transformation and ATR correction. Note that a penetration depth of the evanescent 

wave can be estimated as 

d_ = 入!nnrism-

P 叫s山一印s吋 Mp〕 2

(2) 

where A， n and e are a wavelength of the near幽 fieldlight， a refractive index and an 

incident angle into the prism， respectively.35 Since the thickness of the film sample of 

ca. 3 flm is enough thicker than the penetration depth of ca. 0.9μm at 1700 cm七

ATR-IR absorption by bulk water contacting with polymer film surface is never 

detected. The second derivative spectra were calculated by the Savitzky-Golay 

method36 using homemade software after the spectra were subjected to 

Kawata圃 Minamismoothing.37 In the present study， the curve圃 fittingspectra were 

obtained with software named SPINA 3.0 (Y. Katsumoto， Kwansei Gakuin 

University). 

2.3. Quantum Chemical Calculations 

All QCCs were performedもasedon DFT using a B3LYP function and a 6-31 G( d) 

base set. The calculations of optimized structures， vibrational frequencies， IR 

intensities and self-consistent fields (SCF) were carried out with the Gaussian 03 

program.38-40 The force fields calculated at the B3L YP/6帽 31G( d) level were scaled 

down using a single scale factor of 0.9613， which is accepted to be the best for the 

leve1.41 In order to estimate hydrogen醐 bondedand hydrated structures of PMAA， a 

model monomer of PA was used for the QCCs. 
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All the calculated spectra were constructed assuming a Lorentzian band shape with a 

7 cm-l band width. In addition， DFT calculations on the basis of the Onsager reaction 

field model42ラ

43were performed to investigate the effects of hydration of PA on the IR 

spectra as a simple lnodel ofPMAA. 

The energy of intermolecular interaction due to hydrogen圃 bondand hydration is 

defined as a energy difference before and after separation of each optimized 

hydrogen圃 bondedand hydrated structures， respectively. It was calculated using their 

SCF energies. 

2.4. Gravimetric Measurement 

A PMAA film was prepared on a cover幽 glassfor microscope by the same method as 

that of the ATR -IR measurelnent. After drying， water was cast and held on the PMAA 

dry film for around 30 seconds. After wiping the superf1uous liquid water on the 

surface of the film， the weight of saInple was measured before and after liquid water 

evaporatmg. 

3 Results and Discussion 

3.1. Attenuated Tota/ Reflection Infrared Spectra 

Figure 2a shows an ATR-IR spectrUln in the 4000圃 1000cmぺregionof a PMAA film 

dried by nitrogen gas f10w in the cell. A broad feature overlapping with several weak 

peaks is observed in the 3700-2300 cm-l region. Relatively sharp peaks in the 

3000糊 2700cmぺ regionare assigned to C圃 H stretching modes of PMAA. O-H 

stretching bands are observed in the 3700-3000 cm-l region.7-11 A lower wavenumber 
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bands in the 2700帽 2300cm-1 region is assigned to overtones and combination of bands 

near 1391 and 1262 cm-1 enhanced by Fermi resonance with the broad 0幽 Hstretching 

band.29 The most intensive bands in the 1750イ680cm嶋 1region are identified as C=O 

stretching bands. The assigmnents for major IRちandsin the 4000-1000 cm-1 region are 

summarized in Table 1. Figure 3 shows a close-up spectrum and curve fitting spectra in 

the C=O stretching region of the dried PMAA film shown in Fig. 2a. Overlapped c=o 

peaks are deconvoluted by four curve fitting components corresponding to the 

nOlトhydrogen-bondedmonoerラ cyclicdimer， side圃 ondimer and linear oligomers of 

side帽 chaincarboxyl groups in PMAA based on the second derivative resu1t and the 

previously reported.29 The four peaks observed and estimated at 1736ラ 1719，1695and 

1679 cmぺareassigned to C=O stretching bands of monomer (norトhydrogenbonded)， 

side-on and cyclic dimeric hydrogen bonded， and linear oligomeric hydrogen bonded， 

respectively (Table 2). The assignments are also confirmed by QCCs for PAラthemodel 

compound of PMAA (Table 2). 

Figure 2b shows an ATR-IR spectrum in the 4000欄 1000cm帽 1region of bulk water 

measured from a ZnSe/water interface directly. An intense and broad 0圃 Hstretching 

band in the 3700帽 3000cm幽 1region and an 0酬 Hdeformation band in the 1750幽 1550

cm -1 region are identified in the ATR.・.IRspectrum of water. 

Figure 2c and d shows an ATR-IR spectrum of a 57.6 mg'mL-1 Pl¥も生Aaqueous 

solution and a difference spectrum calculated by the subtraction of the spectrum of 

water from that of the PMAA aqueous solution， respectively. The spectrum of the 

PMAA aqueous solution is very close to that of bulk water in the whole spectral region 

except for a few small peaks observed in the finger print region. The assignments for 
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lnajor IR bands in the spectrum of Fig. 2d are also listed in Table 1. In the aqueous 

solution， most of the carboxylic acid groups of PMAA are not dissociated， because an 

asymlnetric stretching COOちandis not detected at around 1550 cmぺ30

3.3. Time醐 ResolvedInfreared Spectra 

Figures 4a and 4b represent time-resolved in situ ATR・-IRspectra of a hydration 

process into a PMAA film collected every 0.20 s intervals and their second derivative 

spectra in the C=O stretching and finger print regions， respectively. An O-H 

deformation band of water at 1640 Clnぺ increaseswith titne， whereas other bands 

arising from PMAA decrease， due to swelling of the PMAA film by water sorption. 

Although the 0欄 Hdeformationちandis overlapped with the C=O stretching bands in 

the 1800-1600 cm-1 region， they are clearly distinguished by the second derivative 

spectra. The second derivative analysis shows that two of the four C=O stretching 

bands revealed by the curve fi抗ingappear in the titne皿 resolvedspectra. A main peak at 

1693 cm開 1and a higher wavenumber shoulder at 1740 cm・1are assigned to cyclic ditner 

and free C=O groups of PMAA， respectively?9 The lnain peak and the higher 

wavenumber shoulder shift by ca. 10 cmぺtoa higher and lower wavenumber with 

time， respectively. In the finger print region， peaks located at 1262 and 1242 cm-1 

assigned to the C帽 C岡ostretching modes show a high wavenumber shift with time. The 

C酬 O幽 Hbending and C聞 ostretching bands at 1185 and 1154 cm-1， respectively， also 

shift during the water sorption progress. On the other hand， bands assigned to CH2 and 

CH3 groups shift slightly in the hydration process. These results imply that 

conformational changes due to hydration occur at around the carboxyl groups in 
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PMAA. 

The refractive index changed from about 1.5 to 1.3 due to the changes in the state 

from a solid film to hydrogelラ andthen there is a possibility that the absorbance of the 

peaks is affected. In this study， however， no C醐 Hstretching and bending bands in the 

3000圃 2900cm欄 1and 1500圃 1400cm・1regions， respectively， shifted in the time resolved 

spectra in Figure 4b. Thusラ thereis little effect for band positions by the refractive 

index changes， and the structure changes ofPMAA could be evaluated. 

3.4. Quantum Chemical Calculations 

Figure 5A shows optimized structures and their simulated spectra of the (a) monomer， 

(b) cyclic dimerラ (c)side幽 ondimer， (d) linear dimer and (e) linear trimer of PA. The 

observed vibrational frequencies of PMAA and the calculated ones of its model 

monomer， PA， in the C=O stretching region are summarized in Table 2. The calculated 

frequencies are obtained to compare with their observed and estimated C=O stretching 

bands. Compared with the calculated frequency of the free C口 ostretching band of PA 

monomer (1778 cmぺ)， the calculated frequencies of the hydrogen-bonds C=O 

stretching bands of the cyclic dimers， side幽 ondimers and linear oligomers of PA shift， 

respectively. With the increase in the PA molecules forming a linear oligomer， the 

calculated frequency of the C=O stretching band shifts to a lower wavenumber and 

broadens. And the simulation supports that a overlapped linear oligomers band is 

broaden. These calculation results are in good agreement with the observed spectrum 

of the dried PMAA film shown in Figure 2a and 3. 

Figure 5B illustrates optimized structures and their simulated spectra of PA hydrated 
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with (f) the carbonyl group， (g) the hydroxyl group and (h) the carboxyl group like 

side開 onfrOln. These results are also in accord with the observed one shown in Figure 

2d. The observed and calculated vibrational frequencies of hydrated PMAA and its 

hydration lTIodel monomer， PAラ inthe c=o stretching region are also summarized in 

Table 2. When the carbonyl groups ofPA are hydrated (Figure 5B (ηand (h))， the C=O 

stretching band is shifted to a lower frequency， Moreover， it was shown by their SCF 

energies that the latter structure is more stable than the former. On the other hand， 

when the oxygen atoms in hydroxyl groups are hydrated (Figure5B(g))， the C口 O

stretchingおandis moved to a higher frequency. Furthermore， Table 2 lists the 

intermolecular interaction energies of the respective structures. The calculated 

intermolecular interaction energies indicate that the cyclic dilner of PA is more stable 

than any other hydrogen-bonded structures of PA per a PA molecule. Thus， the 

carboxyl groups of dried PMAA film may also fonn easily the cyclic dimer structures 

as the most stable structure. However， if the hydrated structures are included， the lnost 

stable structure is (h)， the PA hydrated with the carboxyl group. Thus， the carboxyl 

groups of dried PMAA film lnay also form easily the side圃 onhydrated structures as the 

most stable structure after water penetration. 

QQC is really useful and a solid investigation too1. However， 1 have to consider 

mainly a couple of the other critical parameters for the present calculations to acquire 

better agreements. One is the difference between the monomer and the polymer， and 

the other is the effect of environmental conditions. The former is concerned with a 

steric barrier of the polymer chain， while the latter contains a hydrophobic interaction 

among hydrophobic groups and a dielectric constant in water environment. 
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3.5.均JdrationMechanism inωPoly(methacrylic aci，のFilm

Figure 6 shows time圃 dependentvariations in the peak intensities and positions of the 

c=o stretching bands near 1736 and 1695 cm-1 and the 0圃 Hdeformation band at 1628 

cm -1 in the time岡 resolvedspectra shown in Figure 4. The discussion regarding the peak 

intensities and positions are made in the narrow region of 1750帽 1680cmぺtoprevent 

the effect of penetration depth of evanescent wave. Figure 6a plots the time剛 dependent

peak intensity changes of bands at 1695 and 1628 cm-1 due to the C=O stretching 

modes and the O-H deformation mode" respectively. These peak intensities begin to 

change at seven seconds after the water additionラ andthe intensity changes are almost 

completed in five seconds. Thus， the speed of the hydration process of the PMAA film 

is estimated to be ca. 0.18μm's-l. Furthermore， the gravimetric results demonstrate 

that 16 water molecules exist each methacrylic acid monomer unit in a swelled PMAA 

film. Consequently， there are a number of free water molecules which are not hydrated 

with the carboxyl groups in the hydrated PMAA film. Figure 6b shows plots of 

time-dependent peak shifts of bands at 1736 and 1695 cm-1 due to the 

non-hydrogen-bonded and cyclic dimer C=O stretching modes， respectively. The peak 

position of cyclic dimer c=o stretching band at 1695 cmぺshiftsto a high frequency in 

parallel with the peak intensity attenuating. The free C口 ostretching band at 1736 cmぺ

also moves to a low frequency in parallel with the peak intensity decrease. Actuallyラ

there are some differences in frequencies of observed bands between the solid state and 

the hydrated samples due to the differences of physical characterization like 

permittivity and refractive index， however， the PMAA film was swelled and hydrated 
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quickly after water penetration. Thus these bands could be assigned to each state， 

separately. 

In the hydration process， the most stable cyclic dimer structure in the dried PMAA 

film is easily dissociatedちythe water storming and the hydrophobic interaction. 

Following that， the free carboxyl groups due to the dissociation of the cyclic dimers 

newly associate with water molecules to form lTIOre stable structure; hydrated structure 

with carboxylic groups of PA like side-on conformation. In other words， the hydration 

process of the carboxyl groups is induced by the dissociation of the cyclic dimer 

structure by hydrogen柵 bondedin the dried state. They are supported by the above 

QCCs discussion. Thus民ラ theother s討ideか圃onand linear dωime町rs払ラ andoligomers which have 

weaker hydrog伊en.七ondare also d必issoci泊at臼ed凶nthe hydration process， and their 

nOlトhydrogen圃 bondedcarboxylic groups newly associate with water lTIolecules to form 

the SalTIe stable hydrated structure. Figure 6 indicates that， the PMAA film is swelling 

ちywater absorption， and its carboxyl groups conformation changes frOlTI some kinds of 

hydrogen幽 bondedstructures to entirely圃 differenthydrated one occur in an instant. 

4. Summary 

A process of hydration into a PMAA film was investigated by timeィesolvedin situ 

ATR -IR spectroscopy. The present study担asprovided new insight into the hydration 

mechanism of carboxyl groups in the PMAA fihTI. The intra幽 andinter幽 side皿 chain

hydrogen幽 bondsin the PMAA are dissociated， and it is swelled by the water storming， 

and then their generated nOlトhydrogen圃 bondcarboxyl groups instantly hydrate with 

water molecules and equilibrate to the side皿 onform which is the most stable structure 
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for the carboxyl groups (Figure 7). The calculated frequencies and the interaction 

energies by QCCs using a model monomer of PA instead of PMAA have supported my 

spectral assignment and structure simulation of the hydrogen幽 bondedand the hydrated 

structures of PMAA. 

Rapi泊d欄 S此canATR 圃-IR spectroscopy with a f宜low-幽幽幽-c幽

hyd命ra瓜tion mecha釦nisms of c∞oat計mg 日印lms using a s必timu叫llu山i路S幽イresponsi討ve polymer. 

Eventωuall砂yラ thissort of study may allow me to understand the dissolution mechanisms 

ofpharm 
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Figure 1 Schematic illustration ofthe in situ ATR-IR flow-cell used 
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Figure 2 ATR-IR spectra in the 4000・1000cm-1 region of(a) a dried PMAA film， (b) 

bulk water and (c) a 57.6 mg.mL-1 PMAA aqueous solution. (d) Difference 

spectrum obtained by the subtraction of water spectrum from the spectrum of the 

PMAA aqueous solution; (c)ー(b).
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a dried PMAA film in the C=O stretching region. (a) monomer， (b) side-on 

dimer， (c) cyclic dimer and (d) linear oligomer structures of side-chain carboxyl 
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Figure 4 Time幽 resolvedATR-IR spectra of the hydration process into a PMAA film 

by water (bottom) and their second derivative spectra (top) every 0.2 s between 

o and 30 s， (a) the C=O stretching and water 0圃 Hdeformation region， and (b) 

finger print region， respectively. Before (heavy line) and after hydration (broken 

line ). 
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Optimized structures and their simulated spectra obtained by QCCs. (A) Figure 5 

Hydrogen-bonded structures; (a) PA monomer， (b) PA cyclic dimer， (c) PA 

(B) Hydrated side-on dimer， (d) PA linear dimer and (e) PA linear trimer. 

structures; (f) Hydrated with the carbonyl group， (g) Hydrated with the hydroxyl 

group and (h) Hydrated with the carboxyl group. 
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(a) Time-dependent intensity changes in the O-H deformation band at 1628 Figure 6 

cm-1(・;on the left-hand scale) and the C=O stretching band at 1695 cm-1 ofthe 

cyclic dimer (0; on the right-hand scale) versus time. (b) Time-dependent peak 

shifts of the cyclic dimer C=O stretching band (0) and the non-hydrogen-bonded 

C=O stretching band at 1736 cm-1 (+) in the time-resolved spectra shown in 
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Table 1 Band assignments of IR spectra of a dried P孔1AAfilm and an aqueous 

PMAA solution. 

Frequency [v/cm-l] 

Dry film 

3205 broad 

2995 

2942 

2610 

1693 

1483 

1447 

1391 

1262 

1242 

1185 

1154 

Aqueous solution 

3552 

2997 

2942 

2585 

1708 

1486 

1447 

1389 

1285 

1256 

1185 

1138 

Assigmnents 

。圃Hstretching 

CH3 aSylnmetric stretching 

CH2 antisymmetric stretching 

Overtone and combination of bands near 1391 

and 1262 cmぺenhancedby Fenni resonance 

with the broad 0帽 Hstretching band 

Cロ ostretching 

CH3 asymlnetric bending 

CH2 scissoring 

CH3 symmetric bending 

C圃 C圃 ostretching 

C-C田ostretching 

C醐 ostretching coupled with 0幽 H irトplane

bending 

C酬 ostretching 
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Taもle2 Observed frequencies of a C=O s仕etchingband of PMAA and calculated frequencies of a C=O stretching band of PA， and 

}註lydrogen.トト.帥雌ゐ刷

Structures Observ~d frequencies Calculated frequencies 

of C=O st. ofPMAA ofC=O st. ofPA 

[cm-1
] [cm・1] 
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Chapter 2: Time欄 ResolvedConformatio阻alAnalysis of Poly( ethylene 

oxide) d別・ingthe Hydrogelling Process 
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Abstract 

1 investigated a drastic conformation change in a poly( ethylene oxide) (PEO) chain 

during the hydrogelation process using infrared (IR) spectroscopy and quantum 

chemical calculations (QCCs). Time圃 resolvedin situ IR spectra of the hydrogelling 

process of a semi-crystalline PEO solid were measured using a f10w幽 cell.It was found 

from the time帽 resolvedIR study that gauche conformations around the C-C bonds in 

the crystalline四 phasePEO chain maintain their conformations even after hydrogelation， 

while at least half of the trans conformations around the C…o bonds change into 

gauche conformations upon hydrogelling. With regard to the phenomena of these 

conformation changes after contacting water， the destruction and hydrogelation of the 

crystalline phase around the C-C bonds of the hydrophobic moiety occur prior to 

changes around the C-O bonds of the hydrophilic moiety. In addition， my QCC 

confirmed that the stable hydration structure of bridging water， wherein the two 

hydroxyl groups in a water molecule donate hydrogen bonds to every other ether 

oxygen atoms in the PEO chain. 

64/169 



1. Introduction 

Poly(ethylene oxide) (PEO)， (-OCH2CH2-)n， is one of the most Ilnportant polymers 

in industrial， biotechnical and biomedical fields.1，2 A large nutnber of structural studies 

based on X幽 raydiffraction，3-7 infrared (IR)，8-11 Raman，12，13 and nuclear magnetic 

resonance (NMR) spectroscopies，14ヲ15and also nutnerical computation studies such as 

quantum chemical calculations (QCCS)16，17 and molecular dynamics (MD)18 have been 

conducted on PEO as well as poly( ethylene glycol) (PEG) and poly( oxyethylene) 

(POE) in crystalline or random幽 coilphases. Several studies have noted a preference for 

a gauche confonnation in the C-C bond of POE in not only the crystalline phase but 

also in solutions.3-15 While a trans conformation in the C-O bond has been found to be 

dominant in dried PEO with a 7/2 helical structure in the crystalline phase，3 both 

gauche and trans conformations in the C-O bond have. been known to exist in aqueous 

solutions.8，9 

Recently， PEO， which is highly water岨 solubleand has high gelability and low toxicity， 

has been applied in extended drug幽 releasesystems as a hydrogel-forming polymer in 

the pharmaceutical field.19-22 The hydrogelling phenomena of PEO lnatrix tablets have 

been explored using several visualization techniques， such as magnetic resonance 

imaging (MRI)，23，24 IR imaging，25 and visible photography?6 However， 

lnacromolecular structure changes in a PEO chain during hydrogelation have not been 

well investigated. A better understanding of the drug幽 releasemechanism frOln PEO 

hydrogel matrices will require the investigation of this compound's inherent physical 

properties and its hydrogelation phenOlnena. 

Many research groups have investigated the hydrogen bonding interactions between 
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POE and water moleculesちyexperimenta18
-
11 and computational approaches 16-18 such 

as a monodentate hydration structure， with only one OH group in a water molecule 

donating a hydrogen bond to the POE chain， and bidentate ones， with the two OH 

groups in a water molecule donating two different hydrogen bonds to the first or the 

second available oxygen atOlll from another hydrogen bonding in POE. Kitano et al.lO 

and Tasaki18 have discussed the hydrogen bonding about not only POE-water but 

water-water by using IR and NMR， respectively. Further， Wahab et al.16 have 

theoretically examined for the above all hydration structures of short chain POE 

(CH3(OC託2CH2)mOCH3，m口 1and 2)， and demonstrated the bidentate hydration 

structure where the second available oxygen atom from another hydrogen bonding in 

POE is more stable than that where the adjacent ones in the gas phase by QCC. While 

extensive research has been conducted on the most favorable conformations of POE in 

crystalline phase and aqueous solutions， little attention has been focused on the 

conformational changes of the polymer chain during hydrogelation from a dried state 

in the crystalline phase to a hydrated state in a swollen gel. 

The purpose of the present study is to explore time-resolved conformational 

variations of the PEO chain during the hydrogelling process by using in situ IR 

transmission spectroscopy with a newly designed flow帽 cell.Attenuated total reflection 

infrared (ATR-IR) spectroscopy has been widely applied in investigations of the 

hydration structure of various polymers.27
-
29 However， quantitative analysis at the 

same depth position is difficult in ATR-IR spectroscopy， as the penetration depth of an 

incident IR beam in a polymer sample depends on the IR vibrational frequency.30 Here， 

to avoid this problem， 1 used IR transmission spectroscopy to examine PEO 
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hydrogelation， as was done in previous investigations involving POE.10
，11 A f10w胴 cell

for the IR translnission spectroscopy with a headrace groove for water supply was 

newly designed for this experiment (Figure 1). There are a few studies that obtained IR 

spectra are treated with fourth derivatives to acquire reliable peak resolution of 

overlapped bands，31ぷ althoughhigh-ordered derivative spectra are not generally used 

for understanding IR spectra. In an ultraviolet同 visiblestudy， however， the fourth 

derivative processing is widely applied to improve their peak resolutions and prevent 

the intensity changes frOln a百ectingadjacent large peaks.33
，34 Therefore， in this study， 

both second and fourth derivative processing were also applied. Further， obtained 

spectra欄 structurecorrelations were examined by conducting QCCs based on density 

functional theory (DFT) using a short chain model ofPEO. 

2. Experimental 

2.1. Materials 

PEO (average molecular weight: 7.0 X 106 g.mor1
; Polyox WSR 303) was obtained 

from Dow Chemical. 1 used high圃 molecular-weightPEO in the present study to 

minimize against effects of the terminal OH group on the hydration structure. 

Ultrapure water with a resistivity of 18.2 MQ・cmwas prepared using a Milli-Q system 

(MillトQgradient A 10; Millipore). All other chemicals used were of reagent grade. 1 

prepared 10 mg'mL-1 of PEO aqueous and dichlorOlnethane solutions by stirring for 3 

days at room temperature. 

2.2. Infrared Measurements 

To obtain IR spectra of the hydrated polymer and penetrated water solely excluding 
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bulk water， 1 specially constructed a homemade flow剛 cellfor in situ IR transmission 

spectroscopy. The cell was designed with a groove to facilitate smooth medium 

penetration despite the wafer叶lindistance between the two crystal plates， as shown in 

Figure 1. The PEO film was sandwiched between two barium fluoride (BaF2) crystal 

plates with a 15圃 μmthick teflon spacer. The sample in the cell was dried at 40 oc 

under vacuum (Vacuum Drying Oven DP23; Yamato Scientific) for a day using dry 

silica gel. All IR spectra were measured at a spectral resolution of 2 cm-1 using a 

Fourier transform IR spectrometer (NEXUS 870; Thermo Fisher Scientific) equipped 

with a deuterated triglycine sulfate detector. The IR flow圃 cellwith dried PEO film was 

placed in a sample room of the IR spectrometer under a low幽 humidityenvironment 

purged by nitrogen gas. A total of 64 scans were co欄 addedto obtain each spectrum. IR 

spectra of liquid samples， including bulk water， were also measured using the same 

flow帽 cellwith a 6ボmthick spacer. Hydrogelation of the PEO film was examined by 

flowing water into the flow嗣 cell.Time圃 dependentspectra were obtained every 5 min. 

All IR spectra were defined in absorbance units as A = -lOglO( 1/ん)ラ where1 andん

represent the intensities of IR light with and without the PEO sample in the flow剛 cell，

respectively. 

The second derivatives of the IR spectra obtained were calculated by the 9剛 point

Savitzky-Golay method35 using specially developed software after the spectra were 

subjected to 7-point Kawata幽 Minamismoothing，36 and the fourth derivatives were 

obtained by repeating the second derivative processing twice. 

2.3.めmchrotronX二rayDiffraction 
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To obtain XRD data of hydrogelled PEO， a synchrotron XRD with strong beam 

intensity was applied. For this experiment， a disk圃 shapedtabletふlnmin dialneter and 

approxIlnately 1 ・・・・mmthick was prepared by compressing 50 lng of PEO powder. 

Synchrotron XRD data were obtained at the beamline BL32B2 using a Debyか Scherrer

camera equipped with a curved Ilnage plate detector at the SPring欄 8synchrotron 

facility. The PEO tablet was fixed in a tablet holder before and after hydration and set 

on the tablet measurement system (SAI). XRD data were recorded using a wavelength 

of 1.24 A and a data collection time of 3 min. 

2.4. Quantum Chemical Calculations 

Diethyleneglycol diethyl ether (CH3CH2(OCH2CH2hOCH2CH3， DGDE) was used as 

a short chain model of PEO， and it and its hydration structures were optimized their 

structures and calculated their vibrational wavenUlnbers， IR intensities， and 

self-consistent fields (SCF). In this study， not only a combinations of a DGDE and a 

water molecules but also those of a DGDE and lnulti幽 watermolecules， and those of 

two DGDEs and multi圃 watermolecules were applied to the cOlnputational sIlnulation. 

All QCCs were carried out based on DFτusing a B3LYP function and a 6-31G(d) base 

set by the Gaussian 03 program.37-39 The force fields calculated at the 

B3LYP/6岨 31G(d)level were scaled down using a single scale factor of 0.9613. The 

bonding energy via hydrogen bonds with a water molecule， defined as the energy 

difference before and after separation of each optimized free and hydrated structure， 

was calculated using their SCF energies. 
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2.5. Gravimetric Measurement. 

PEO tablets 8-mm in diameter and approximately 4-mm thick was prepared by 

compressing 200 mg of PEO powder. The hydrogelling properties of the tablet was 

evaluated via the flow-cell apparatus (DZ70; Pharma-Test AG， Hainburgラ Germany)at 

a flow rate of 4 mL/min in a closed loop circuit containing 900 mL of water at 37 oc 

following a pharmacopoeia. A metal clip was used to hold the tablet in the original 

position. Every four hours， the tablet was taken out from the flow-cell and the amount 

of water was weighed before and after water evaporation. 

3 Results and Discussion 

3.1. Infrared Spectra of Poly(ethylene oxidり

Figures 2a， 2b， and 2c show IR spectra in the 4000圃 900cm-1 region of a dried PEO 

film， a hydrated PEO film and liquid water， respectively. Further， their second or fourth 

derivatives are also shown at the bottom of each figure. The IR spectrum of the PEO 

dried film (Figure 2a) is completely consistent with 出atof the PEO tablet reported in 

my previous study?4 The 0幽 Hstretching band located at approximately 3350幽 3300

cm-1 was barely detected in the dried PEO film， because of the small molar fraction of 

the terminal OH groups (ca. 1.3 x 10・3%) in a PEO chain compared with the ethylene 

glycol units. 

Relatively sharp peaks in the 3000幽 2700cmぺregionare due to the C-H stretching of 

PEO， and the most intense band in the 1200嗣 1000cm -1 region is assigned to the 

C-O-C stretching.8
，9 Detailed assignments for major IR bands of crystalline and 

random圃 coilphases PEO are summarized in Table 1. Further， an intense and saturated 
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O-H stretching band in the 3700-3000 cmぺregionand an O-H deformationちandin 

the 1750-1550 cm-l region are identified in the IR spectra of the hydrated PEO film 

and water. The bands assigned to water in the spectrum of the hydrogel (Figure 2b) are 

much more intense than those assigned to PEO (Figure 2a)， itnplying the presence of a 

large nUlnber of water molecules in the hydrogel which are lnore or less siInilar to 

those for bulk water (Figure 2c)， though the O-H stretching band is saturated. These 

results demonstrate the difficulty in differentiating the hydration structure of PEO from 

the bands assigned to water in the spectrum of the equilibriUln圃 swelledhydrogel， as 

bulk幽 likewater molecules co幽 existin the hydrogel. 

Figures 3a and 3b represent close-up spectra in the CH2 wagging and twisting bands 

(A: 1400圃 1250cln-l) and the C-O-C stretching band (B: 1200幽 1000cm -1) regions of 

the dried and hydrated PEO films shown in Figures 2a and 2b， respectively. The 

spectra shown in Figures 3c and 3d are difference spectra calculatedわysubtracting the 

spectra of water and dichloromethane from those of PEO aqueous and 

dichloromethane solutions， respectively. The CH2 wagging and twisting bands of the 

crystalline PEO associated with the C-C gauche and C-O trans conformations are 

located at 1343 and 1280 cm七 respectively， whereas those of the 

random圃 coil圃 associatedbands are indentified at 1350 and 1288 cm-l， respectively.9 

These observations demonstrate that the bands arising from the crystalline phase PEO 

have lower wavenumbers than those from the random幽 coilphase PEO， due to effects of 

crystal packing as well as other polYlners.40，41 Further， CH2 wagging and twisting bands 

associated with the C-C trans and the C-O gauche conformations are also detected in 

the random幽 coilstate， at 1329 and 1305 cm開 1，respectively. 
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The observed ratios ofthe band intensities at 1350 and 1329 cm-1， and at 1305 and 

1288 cm-¥arising from the gauche/trans conformations of the C-C and C-O bonds of 

the POE solution are almost identical to those reported by Begum and Matsuura.9 The 

CH2 wagging and twisting bands of the PEO hydrogel and the aqueous solution 

(Figure 3b and 3c) are located at the same wavenumbers as those of the PEO 

dichloromethane solution (Figure 3d)， suggesting that those bands are not affected and 

shifted by forming a hydrogen bonding with hydroxyl groups in water molecules， as 

dichloromethane has no hydroxyl group in its structure. 

The C-O-C asymmetric stretching band of PEO for the aqueous solution and the 

hydr・ogelobserved at 1112 cm-1 shifts to a position approximately 30 cm-1 lower than 

that for the crystalline phase， while the corresponding band of the dichloromethane 

solution shows only a small shift. These findings indicate that this band position shift 

is indeed caused by the hydrogen bond between the ether oxygen atom in PEO and the 

OH group in water or in another PEOラ asreported previously.3-10，16，lS，24 In this study， 

however， the small molar fraction of the terminal OH groups compared with the 

ethylene glycol units enables me to focus only on the hydrogen-bonding interaction 

with water. In other words， regarding high幽 molecular-weightPEO， the hydrogen嗣 bond

interaction of terminal圃 OHin PEO is negligiちle.

3.2. CηJstallographic Structure 0/ Poly(ethylene oxidlり均Jdrogel

Figures 4a and 4b depict XRD pa壮ernsof a PEO tablet after and before 

hydrogellation. The XRD pa抗ernsshowed two intensive and sharp diffractions at 2 e = 

19.20 and 23.40 and other ones at 2 e 26.40 and 27.1 0 which are characteristic 
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diffractions of aブ/2helix PEO crystalline structure.S-7 These characteristic crystalline 

peaks were observed for the dried PEO tablet but not for the hydrogelラ inwhich 1 

observed only a broad XRD pa抗ern.These results suggest that the crystalline phase in 

the dried PEO was completely altered to a random圃 coilphase by hydration. 

As described above， 1 noted evidence of helical conformation in the crystalline phase 

on examining the IR spectrum of the dried PEO fihn， given the presence of the C-O-C 

stretching band at 1061 cm-1 (Figure 3a) which was absent frOln the spectra of the 

hydrogel and the aqueous solution (Figures 3b and 3c). These results demonstrate that 

water penetration into the film disrupts the crystalline structure in the PEO chain，24 a 

notion also supported by XRD findings. Further， as discussed above， the similarities 

between the IR spectra of the PEO dried film and the tablet indicate that the 

crystallographic structures of the dried fihn and the tablet are also the same， because 

absorption profiles of the parallel bands haveちeenreported to change with crystal 

lnorphology.42ヲ43

3.3. Time酬 resolvedInfrared Spectra 

Enlarged time剛 resolvedin situ IR spectra and their second or fourth derivative ones of 

the PEO film hydration process for the 1400-1250 and 1200-1000 cmぺ regionsare 

shown in Figures 5A and 5Bラ respectively.Those overlapped bands were seen lnore 

clearly in the second or fourth derivatives of the spectra. Intensities of the bands 

located at 1343 and 1323 cmぺ(C…Cgauche and trans conformations in the crystalline 

phase， respectively) decreased with time， whereas those at 1350 and 1329 cm-1 (C-C 

gauche and trans conformations in the random嗣 coilphase， respectively) increased. The 
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band at 1280 cm“1 (C-O trans conformation in the crystalline phase) decreased， while 

those at 1305 and 1288 cm-1 (C-O gauche and trans conformations in the random幽 coil

phaseラ respectively)grew more intense. The c-o…C asymmetric stretching band 

located at 1112 cm幽 1shifted to an approximately 30 cm-1 lower wavenumber over time， 

due to hydration of the ether moiety. The C-O-C symmetric stretching band located at 

1061 cm-1 arising from helical conformation of the chain in the crystalline phase4 

disappeared during hydrogelation. 

3.4.均JdrationStructure Analysis by Quantum Chemical Calculation 

Figure 6 illustrates optimized structures for hydration by a monodentate， with only 

one OH group in a water molecule donating a hydrogen bond to the DGDE chain in 

type 1， and ones for hydration by a bidentateラ withthe two OH groups in a water 

molecule donating two different hydrogen bonds to the DGDE chains; the 03 and 06 

oxygen atoms in DGDE are hydrated in type 11， whereas 03 and 09 are hydrated in 

type 111 structures. Table 2 shows their calculated vibrational wavenumbers， IR 

intensities， and self-consistent fields (SCF). Numerous conformations are possibly 

available for DGDE， though， in view ofthe experimental results and previous studies， 1 

will discuss a portion of these cases consistent with the IR and XRD results for the 

helical (TTG+TTG十TT)and random圃 coilconformations (TTG+G十S-G-TT)of DGDE 

using QCCs， with T， G七 G-，and S- denoting the trans， clockwise and 

counterclockwise gauche， and counterclockwise skew (anticlinal) conformations， 

respectively， with the underlined conformation originating at the C-C bond. 

Calculated vibrational wavenumbers of optimized DGDEs in the C-O-C stretching 
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region are summarized in Table 2. The calculated wavenumbers of C-O-C stretching 

for hydrated DGDEs with random田 coilstructures in type 1 and 111 are shifted 

approximately 14 and 22 cm-1 lower， respectively， than those for nOtトhydratedDGDE 

with a helical structure. The hydration structure of Type 11 is somewhat unstable， and 

as a result， optitnized to that of Type 111 under the base set. An approximately 30 cmぺ

downwards band shift for the C-O-C stretching at 1112 cm-1 was observed during 

hydration， implying that the hydration structure of type 111 dOtninates over other types. 

The SCF findings demonstrate that the hydration structure of type 111 has the strongest 

hydrogen bonding energy of all assumed structures and further support the notion that 

the type 111 structure is the most favorable for the actual hydrated PEO chain (Table 2). 

In addition， the observations here regarding optimized hydration structure indicate that 

the dominant structure in a randOtn圃 coilPEO involves a skew conformation， which has 

been reported in previous polyethylene studies.44-46 Further， every oxygen atom in 

PEO and water is able to have up to two hydrogen bondings as a proton acceptor. 

Optimized structures of a several combinations of DGDEs and multi-water molecules 

are depicted in Figure 7. Figure 7 g and h illustrate optimized structures for 

additionally七ydrationby a lnonodentate to at 06 and 09 of hydrated DGDE in the 

type 111 conformation. After optimization， however， the former hydrogenちondingat 

06 is dissociated and newly created another hydrogen bonding with an oxygen atom in 

a water molecule because of its more stable form. A hydrogenもondingbetween an 

ether oxygen atOtn at 06 and a water molecule is fonned after two protons in a water 

molecule are taken by other hydrogen bondings (Figure 7i). Further， Figure 7 j and k 

shows the optimized conformations of intra圃 polymersnetworks via water molecules. 
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Calculated vibrational wavenumbers of optimized DGDEs in the C…O…C stretching 

region and their SCF energies are summarized in Table 3. The calculated wavenumちers

of C-O-C stretching for hydrated DGDEs and observed broaden IR band suggest that 

some types of hydrogen bonding structure must be created in a hydrogel. Further， the 

SCF energies indicate that the Figure 7i conformation is much stably existed via strong 

hydrogen bondings. 

Although QQC is a very useful and solid investigation tool， the experimental portion 

of the present study has enabled selection of several favorable structures. Furtherラ two

other parameters critical for calculations must be considered for the final estimation of 

the hydration structure: the difference between the oligomer and polylner， and the 

effect of environmental conditions. The former accounts for the stericちarrierof the 

polymer chain， whi1e the latter concerns hydrophobic interactions among hydrophobic 

moieties and the dielectric constant of water. In this study， however， the QCC study 

helped me not only to assign the IR bands of PEO， but also to estimate the optimal 

hydration structure. 

3.5. CηJstal Destruction and均JdrogellingBehaviors 

In order to obtain reliable peak resolution of over1apped bands and prevent the 

intensity changes from affecting adjacent large peaksラ secondor fourth derivative 

processing31-34 was applied to the obtained IR spectra. Further， to compare spectral 

intensity variations as a function of time， noωrrr町'mali包ze吋dintensity of derivative spectra 

from 0 tω0600 mi加nwas employed aωs It 制イ引n削1

are the intensities of IR light at times t and 0， respectively， and Imax and L訂m
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maximum and minimum intensities of each IR band during hydrogellation， 

respectively. 

Normalized intensities of the fourth derivative of the associated c-c bands (CH2 

wagging bands) at 1350， 1343， 1329 and 1323 cm-1 as a function oftime are shown in 

Figure 8Aa， while intensities of the second derivative of the associated C…o bands 

(CH2 twisting bands) at 1305， 1288 and 1280 cm-1 are shown in Figure 8Ab. The less 

the PEO crystal was destructed， the greater the increase in number of PEO 

random幽 coilsdue to CH2 wagging and twisting bands. Normalized intensities of the 

fourth derivative of the C-O-C stretching bands at 1112， 1080 and 1061 cm圃 are

shown in Figure 8Ac. These findings show a lack of correlation among behaviors of 

the three bands. 

1 also evaluated the behavior of the PEO hydrogelation from an alternate point of 

view， and Figure 8Ba and 8Bb shows the normalized intensity changes of the crystal 

destruction and hydrogelation of PEO about the C-O and the C-C bands plotted in 

Figure 8A. 1 found that the normalized intensity variations around the C-C lTIoiety 

change prior to those about the C-O moiety， indicating that water molecules interact 

with the C-C moietyちeforethe C-O moiety in the PEO chain. Further， although the 

crystal C…O…C band at 1112 cm-1 is destructed together with the C-C band at 1343 

cm-1 (Figure 8Ba)， my observation that the hydrated C-O-C band at 1080 cmぺ

ちehaves differently from the others (Figure 8Bb) indicates that the 

hydration/hydrogellation process of PEO is comprised of several steps. In contrast to 

the crystal C-O-C band at 1112 cm圃 1，another crystal C-O-C band at 1061 cm-1 

corresponding to the helical conformation changed as fast as the crystal C-白白一一一一.凶町一一帥叩ω
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1280 cm幽

Figure 9 illustrates the IR intensity ratio changes of random圃 coilC-O trans and 

gauche bands at 1288 and 1305 cm・1 A large majority of random幽 coiltrans 

conformations gradually transition to gauche ones at an early stage， and the speed of 

this conformation change increases with enhancing flexibility of PEO molecules in the 

hydrogel. in accordance with swelling and hydrogelling， until eventually， nearly three 

quarters of C-O trans conformations are shifted to gauche ones， which structure 

transition behavior corresponds approximately to the intensity changes of the hydrated 

C-O-C band at 1080 cm-1， particularly in the second stage (120 to 240 min). The 

multiple幽 stephydrogelling behavior will be discussed below. 

3.6.均JdrogellationMechanism 

The hydrogelation process of PEO solid with crystal destruction is likely to be 

composed of several steps. After water penetrationラ thehydrophobic ethylene unit 

(-CH2-CH2-) and hydrophilic ether oxygen atom (…O…) seek out conformations more 

stable than the crystal packed state and adopt a stable， hydrated random圃 coilform with 

water molecules via hydrogen bonding. The hydrophobic units rapidly shift to 

random-coil gauche conformations as water molecules approach the PEO molecule 

(see Figures 8B)， whereas hydrophilic units hydrogel more slowly and shift from 

crystal trans conformations to random圃 coilgauche， trans， or skew conformations. In 

addition， during the hydration of the ether oxygen atoms， mono幽 hydratedstructures 

like the type 1 form in figure 6 are first quickly created with water molecules following 

the water penetration， and after acquiring mobility as a hydrogel， the every other 
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oxygen atoms combineらridgedand bトhydratedconformations like type 111 form to 

fonn an even more stable structure. Further， the bridged and bトhydratedwater 

molecules must be create two other hydrogen bonds with other water molecules. 

Furthermore， the gravimetric result after soaking a tablet in water for 4， 8 and 12 

hours are shown in Figure 10. The finding demonstrates that a large number of water 

molecules are absorbed each ethylene oxide unit in a PEO hydrogel tablet， indicating 

that there are a lot of free water molecules which are not hydrated with the ether 

oxygen atoms in the hydrated PEO and create hydrogen bondings with other water 

molecules. Consequently， the majority of water molecules create hydrogen bondings 

among them and make water clusters like bulk water. 

4. Summary 

In this investigation into the process of hydrogelation of a PEO fihn using 

time幽 resolvedin situ IR spectroscopy， new insights into the hydrogelation behavior of 

a semicrystalline PEO solid have been provided. The time-resolved IR study has 

revealed that C-C bonds with hydrophobic moieties rapidly shift to a random-coil 

gauche conformation after water penetration， whereas C-O bonds with hydrophi1ic 

moieties hydrogel more slowly， with at least half of these bonds changing from trans to 

gauche conformations after hydration. In addition， 1 identified two main steps in 

hydration during PEO hydrogelation: First， the ether oxygen atoms in PEOちecome

hydrated as mono嗣 hydratedstructures are created with water molecules following rapid 

water penetration. Thenラ theyconvert to the bridged hydration form as the most stable 

structure. 
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The calculated wavenumちersand interaction energies obtained by QCC using a 

model oligomer of DGDE instead of an actual PEO chain supported my estimation of 

the spectra岨 structurecorrelation of the hydrated PEO. The C-C gauche structure is 

important in maintaining a bridged hydrogen bonding network with water molecules. 

IR spectroscopy with a f10w幽 cellis well suited to investigating hydration mechanisms 

of PEO hydrogel matrix tablets. Conducting such a study as performed here may 

eventually allow me to understand the physical properties of pharmaceutical drug 

delivery products in water. 
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Figure 1. Schematic illustration of in situ transmittance IR flow-cell used in the present 

study 
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Figure 2. IR spectra in the 4000幽 900cmぺregionof (a) dried PEO film， (b) hydrated 
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PEO film， and (c) liquid water. 
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Figure 4. XRD patterns of dried and hydrated PEO tablets. 
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Figure 5. Time-resolved IR spectra and their second and fourth derivative ones of PEO 

film hydration， taken every 5 min from 0 to 600 min after initiation， in (A) the 

CH2 wagging and twisting band region (1400・1200cm-I
) and (B) C-O-C 

stretching band region (1200・1000cm-I
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Helix Random-coil 

Type 1 

a b 

Type 11 

c d 

Type 111 

e f 

Figure 6. Schematic illustrations of helical and random-coil diethyleneglycol diethyl 

ether (CH3CH2(OCH2CH2)20CH2CH3; DGDE) structures. Type 1， 

mono-hydrated DGDE at the 03・position;type 11， bi・hydratedDGDE at the 

03，06・position;type 111， bi-hydrated DGDE at the 03，09・position.Helical 

structure: TT正TTG+TT;random-coil structure: TTG+G+S-G-TT， where T， G¥ 

G-and S-denote the trans， clockwise and counterclockwise gauche and 

counterclockwise skew (anticlinal) conformations， respectively， and the 

underlined conformation originates at the C-C bond. 
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C2 

g h 

k 

Figure 7. Schematic illustrations of hydrogen bonding structures between random-coil 

diethyleneglycol diethyl ether and water molecules. (g) bi-hydrated DGDE of 

one bridged form at the 03，09・positionand another water hydrogen bonding 

network， (h) tri-hydrated DGDE of one bridged form at the 03，09・positionand 

another hydration at 09・position，(i) tri・hydratedDGDE of one bridged form at 

the 03，09中ositionand another hydration at 06・positionand two water 

hydrogen bonding network， U) two DGDE and two water molecules hydration 

network， (i) two DGDE and three water molecules hydration network. 
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Figure 8. A; Time-dependent normalized intensity changes of (a) the CH2 wagging 

bands， (b) the CH2 twisting bands， and (c) the C-O-C stretching bands in Figure 

5. B; Time-dependent normalized intensity changes of (a) crystal and (b) 

hydrogel conformation change behaviors.凪 crystallinetrans C-C bond due to 

the CH2 wagging band at 1323 cm-
1
;ロ，random-coil trans C-C bond due to the 

CH2 wagging band at 1329 cm-1
;・，crystalline gauche C-C bond due to the CH2 

wagging band at 1343 cm-1
; 0， random-coil gauche C-C bond due to the CH2 

wagging band at 1350 cm-1
; A， crystalline trans C-O bond due to the CH2 

twisting band at 1280 cm-1
; s， random-coil trans C-O bond due to the CH2 

twisting band at 1288 cm-1
;マ，random-coil gauche C-O bond due to the CH2 
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twisting band at 1305 cm-1
; ，crystalline C-Q-C symmetric stretching band at 

1061 cm -1; .， crystalline C-Q-C asymmetric stretching band at 1112 cm -1; and 

0， hydrated C-Q-C asymmetric stretching band at 1080 cm・
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Table 1. Band assignments of infrared spectra of poly( ethylene oxide) with different 

conditions. 

Wavenumbers [cm-1] Assignments 

Hydrated film/ Dichloromethane 
Dry film 

Aqueous solution solution 

1467 1473 1473 CH2 asymmetric bending 

1451 1455 1455 CH2 symmetric bending 

1343 135011349 1350 CH2wagging 8ヲ9

1323 1329 1329 CH2 wagging 8，9 

1305 1305 CH2 twisting 8，9 

1280 1288 1288 CH2 twisting 8，9 

1150 1142 1140 C-C stretching8 

1112 1080 1093 C-Q-C asymmetric stretching8 

1061 C-Q-C symmetric stretching 4 
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Table 2. Calculated wavenumbers of a C-O-C stretching band of DGDE， and hydrogen醐 bondenergy calculated by QCC. Indices of (a)-(t) 

correspond to the optimized structures shown in Figure 6. s， strong intensity band; w， weak intensity band. 

DGDES位uctures Calculated wavenumbers Calculated SCF Calculated hydrogen bonding 

of C-O-C stretching. energy energy (DGDE and water) 

(cm-1
) (kcal/mol) (kcal/mol) 

Non-hydrated DGDE Helix 1119 s 醐 339565.5

Random coil 1133 s 醐 339562.3

(a) Mono-hydrated DGDE at 03 Helix 1105 s， 1120 w 輔 387504.6 -8.8 

(b) (Type 1) Random coil 1090w， 1105s， 1123w 幽 387500.2 輔 7.5

(c) Di寸lydratedDGDE at 03 and 06 Helix 

(d) (Type 11) Random coil 

(e) Diト-圃七. Helix 1099 s， 1113 w -387507.7 醐 11.9

(。 (Type 111) Random coil 1071 w， 1097 s， 1117 w 幽 387506.5 -13.8 
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Table 3. Calculated wavenumbers of a C-O-C stretching band of DGDE， and hydrogen幽 bondenergy calculatedちyQCC. Indices of (g)圃 (k)

correspond to the optimized structures shown in Figure 7. s， s柱ongintensity band. 

Number of molecules Number of Calculated wavenumbers Calculated SCF Calculated hydrogenもonding

DGDE Water Hydrogen bonds of C-O-C stretching Energy energy (DGDE and water) 

(cm・1) (kcallmol) (kcal/mo1) 

1133 s 開 339562.3

(g) 2 3 1108 s 開 435453.8 ー28.2

(主) 2 3 1109 s 圃 435446.3 帽 20.7

(i) 4 5 1193 s 欄 531335.2 圃 48.9

。) 2 2 4 1112 s 幽 775026.1 圃 35.8

(k) 2 3 6 1118 s 幽 822972.9 幽 52.1
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Chapter 3: Design of In Vitro Dissolution Test for Exte目ded

Drug-release Matrix containing Poorly嗣 waterSoluble Indomethacin 

日tilizingFlow幽 throughCell Apparat日sunder Perfect Sink 

Condition 
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Abstract 

The objective of this study was to develop an appropriate in viか'0 dissolution 

method for an extended drug帽 releasematrix containing a poorly water欄 solubledrug 

under the perfect sink conditions， which are defined as the necessary and sufficient 

conditions for the drug幽 dissolvingand releasing in terms of the drug solubility. The 

present study demonstrated that flow-through cell dissolution， one ofthe compendial 

in vitro dissolution methods， enables to maintain the perfect sink conditions for an 

extended release matrix formulation containing a poorly water皿 solubleindomethacin 

(lDM) during the in vitro dissolution study. The open欄 loopconfiguration should be 

paid attention to maintain the perfect sink conditions in a flow幽 cell，which is the 

drug-dissolving and releasing fieldラ duringdissolution test. On the other hand， the 

closed圃 loopconfiguration should be considered not only for the regional but also for 

the overall perfect sink conditions. In order to discuss the appropriate testing 

conditionsラ the drug帽 release mechanism 仕om the extended-release matrix 

formulation combined hydrophobic and hydrophilic polymers was also investigated， 

and since hydrophilic hydroxypropyl methylcellulose (HPMC) showed its ability to 

enhance the solubility of IDM in water， the contribution of HPMC圃 releasingto the 

drug-solubility was quanti日edusing size岨 exclusionchromatography (SEC). It has 

confirmed that the flow-through cell should be well欄 suitedto be applied to an in 

vitro dissolution method for an extended release matrix containing a poorly 

water-soluble drug. 
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1. Introduction 

Recently， with the increase in the number of poorly water-soluble pharmaceutical 

compounds， formulational technologies such as solid dispersion， nanoparticle and 

self嗣 emulsifyingdrug delivery systelns (SEDDSs) play increasingly important roles 

to itnprove their bioavailability.I-7 Solid dispersion technologies where an active 

pharmaceutical ingredient is atnorphized using a variety of carrier polymers like 

polyethylene glycol (PEG)， polyvinylpyrrolidone (PVP)， hydroxypropylcellulose 

(HPC) and hydroxypropyl lnethylcellulose (HPMC) have been widely investigated 

to enhance the solubility and the oral absorption.1人7Further， in an effort to improve 

quality of life among patients， a lot of extended欄 release technologies of 

water欄 insolublecoatings/matrices using hydrophobic polylners like ethylcellulose 

(EC) and poly( ethyl acrylate-co園 methyl methacrylate幽 co-trimethylammonioethyl

methacrylate chloride )8-10 and hydrogel forming matrices using hydrophilic 

polymers such as HPMC and polyethylene oxide (PEO)11-14 have been reported， and 

they were also evaluated in terms of their in vitro release behaviors using a 

compendial paddle dissolution apparatus. 

In an in vitro drug田 releasingstudy of a pharmaceutical product containing a poorly 

water幽 solubledrug， an appropriate dissolution method should be developed under 

the sink conditions to evaluate the drug幽 releasingproperty precisely. There are still a 

lot of discussion aちoutthe sink conditions， where is the drug solubility be ten times 

the total concentration of drug in the vessel， or at least greater than three or five 

times，15-17 though， in general， the sink conditions are defined three times the drug 

concentration based on the solubility in The United States Pharmacopeia (USp).18 
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However， in a dissolution method for a poorly water岡 solubledrug by using a basket 

and paddle apparatus (USP apparatus 1 and 2) whose medium volumetric圃 constraint

is 1 L in the capacity of the vessel， it is sometimes difficult to develop the 

dissolution test under the sink conditions due to a poor drug solubility. Furtherラ the

perfect sink conditions， which are defined as the necessary and sufficient conditions 

for the drug幽 dissolvingand releasing in terms of the drug solubility， may not be 

coincided with the sink conditions described in USP. In order to improve their 

solubilities and then to achieve the perfect sink conditions during an in vitro 

dissolution test， some kinds of surfactants such as polysorbate 80 and sodium lauryl 

sulfate (SLS) may be necessary to be applied，19，20 however， the use of a surfactant 

must diminish the drug-release discrimination due to its exceeded solubility， and 

also sometimes make it difficult to achieve the in vitro/in vivo correlation (lVIVC). 

A flow-through cell apparatus， which hasちeendescribed in USP and European 

Pharmacopoeia (EP) in 1990， and The Japanese Pharmacopoeia (JP) in 1996， allows 

using an unbounded medium volume. Therefore， it has a huge advantage to maintain 

the perfect sink conditions during a test， and then it makes possible to select a type 

of dissolution media more flexibly. In general， the relation between the solubility 

and the dissolution rate of a drug has been given by the Noyes幽 Wyitneyequation 

ぺノ
E

，
 

、‘，ノ
'aa-a 

/，‘、、

dM AD(C.¥. -C，) 
dt h 

ヲ
ー，/

唱

2
・A

/・
1

where dM/dt is the dissolution rate， A is the specific surface area of the drug 

particlesラ Dis the dissolution coefficientラ his the diffusion layer thickness， Cs is the 

saturation solubility and Ct is the drug concentration of a dissolution medium at time 
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t. Howeverラ theopen-loop configuration， which is constantly帽 delivereda fresh 

dissolution medium， is able to eliminate an influence of an cumulating drug 

concentration in a medium C{， and the Noyes圃 Wyitneyequation could be revised as 

follows; 

紙一
h

似
一
出

(2)， 

It has attracted attention as one of the cOlnpendial lnethods due to not only 

above醐 mentionedlnaintainable the sink conditions for any poorly water-soluble 

drugs with a large medium volume， but also its flexibility to many kinds of dosage 

forms and easily lnedia changeable， which allowed to apply biorelevant medium set 

of fasted sitnulated small intestinal fluid (FaSSIF) and fed state simulated intestinal 

fluid (FeSSIF) for IVIVC studies.22ラ

23Further， the flow-through cell dissolution has 

a variety of testing options to a司justtheir in vivo drug-release characteristics and/or 

excellent discrimination capability; a volumetric medium flow rate， mediU1n flow 

speed in a flow欄 cellusing a large or a slnall cell， single or lnulti dissolution media， 

with or without 120 pulse/min sinusoidal pulsation， and laminar or turbulent 

hydrodynamic flOW24，25 and open or closed-loop configurations. The open圃 loop

configuration， which is one way medium sending， is able to consistently supply a 

fresh medium which helps to maintain the perfect sink conditions， while the large 

medium volume must be necessary when a long圃 termdissolution test is performed 

with a large volumetric medium flow rate. On the other hand， closed-loop 

configuration， which is circulating lnedium sending， is able to apply an arbitrary and 

an appropriate medium volume due to a drug solubility， even though a medium 

containing released drug is used a subsequent dissolution test as the same as basket 
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or paddle method. 

There haveちeensome repo口son the sink condtion on flow-through cell dissolution. 

Langenbucher
16 

has concluded only two apparatuses parameter are essential to the 

dissolution process， I.e. the liquid velocity and the mass specific area， which are 

defined by the volumetric flow rate and the cell diameter， respectively. Futher Posti 

and Speiser
26 

have pointed out the effect of the active surface area. However they 

did not focus on regional medium conditions in a flow-cell from the solubility point 

of view. Here， in order to design of an appropriate dissolution method by using a 

compendial flow圃 throughcell apparatus with open and closed幽 loopconfigurations 

under the perfect sink conditions， in this study， an extended drug幽 releasematrix 

consisted a solid dispersion of hydrophoic EC and hydrophilic HPMC and contained 

a poorly water幽 solubleindomethacin (IDM) was used as a model formulation. Ohara 

et al. 28 reported that water圃 insolublepolymer kept its three圃 dimensionalmatrix 

structure during the dissolution test， while the water帽 solublepolymer in the matrix 

dissolved and diffused quickly into dissolution medium. Further， as reported by 

Ozeki et al.，29 the behavior of water幽 solublepolymer during dissolution test has a 

key factor in the drug帽 releasemechanism from a solid dispersion prepared with 

water-insoluble and water-soluble polymers. Henceラ inorder to comprehensively 

examine and reveal the unique drug幽 releasemechanism from EC hydrophobic 

matrix， the release behavior of hydrophilic HPMC was also assessed using 

size幽 exclusionchromatography (SEC)， which was the most common way to obtain 

information about the moleCIliar mass distribution ofpolyITIers-30-32 
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2. Experimental 

2.1 Materials 

IDM was purchased from Wako chelnical (Osaka， Japan). HPMC (TC圃 5E)with 

average viscosity of 3 mPa. s was obtained from Shinetsu Chemical Industry (Tokyo， 

Japan)， EC (ETHOCEL STD 10FP) was purchased from Dow Chemical (MI， USA). 

All other chemicals used were of reagent grade. 

2.2 Preparation 0/ solid dispersion 

Solid dispersion consisting of IDM， EC and HPMC (1: 1: 1， weight ratio) were 

prepared the solvent evaporation method 1 as follows. IDM of 5 g， EC of 5 g and 

HPMC of 5 g were dissolved in a mixture of ethanol and dichloromethane (1: 1) of 

200 tnL， and then the solvents were evaporated under reduced pressure using a 

rotary evaporator at 30 oC. Solid dispersion was dried for three nights under vacuum 

at 40 oC， and then milled and sieved with three particle size fractions; A， 75-150 

μm; B， 150-250μm; C， 250-355μm. After being dried in a desiccator， the solid 

dispersions were used for the following studies. 

2.3 Solubility stu砂

The solubilities of IDM in water and HPMC solutions were determined at 

37土0.5oC using a paddle apparatus (NTR欄 6100，Toyatna， Osaka， Japan).18，33，34 The 

paddle rotation speed was 200 rpm. An excess of active ingredient， equivalent to 

approximately 100 mg of IDM， as a y-crystalline powder， an amorphous solution in 

lnethanol (10 mg.mL-1) and the solid dispersion described in section 2.2 were added 
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to 500 mL ofwater， and 0.5 and 2 mg.m仁1HPMC solutions. 10 mL of each media 

was taken at 1， 2， 3， 6， 24 and 48 hoursラ andfiltered using 0.2μm membrane filter 

(DISMIC欄 25HP，0.2μm; ADVANTEC， Tokyo， Japan) and discarding the first 5 mL. 

The drug concentration of each fraction was measured by using ultraviolet圃 visible

(UV-VIS) spectroscopy at 265 nm (UV帽 2400PC;Shimadzu， Kyoto， Japan) after 

added to the same amount of ethanol. In this study， the concentration of IDM after 

48 hours was used as the solubility of the drug. 

2.4 Disso/ution test 

The in vitro drug圃 releaseproperties of the solid dispersion granules were evaluated 

via a flow剛 throughcell apparatus (DZ70; Pharma-Test AGラ Hainちurg，Germany) at a 

flow rate of 4， 12， 16 and 24 mL.min-1 in an open-loop configuration and 16 mL. 

min-1 in a closed欄 loopconfiguration. A flow圃 throughcell was filled with トmmglass 

beads， and sample granules were mixed with them to avid the aggregation， and 

applied a glass microfiber filter (GF/F， 0.7μm; Whatman， Kent， UK). Water at 

37土0.5oC was used as the dissolution medium after degassed by heating at 47 oC 

before use. In the open欄 loopconfiguration， their effluent media were collected every 

five minutes in the first one hour.ラ andthen every 30 minutes until six hours. On the 

other hand， in the closed嗣 loopconfiguration， the circulated medimTI was collected at 

1， 2， 3， 5， 8 and 20 hours containing 600， 1，200， 1，800 and 3ラ000mL of water. The 

drug concentration of each fraction was measured by using UV圃 VIS spectroscopy at 

265 nm. In addition， the amounts of HPMC released from the matrix were quantified 

by SEC，31 with a high performance liquid chromatography (HPLC) system (1200 
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series; Agilent Technologies， CA， USA) equipped with a charged aerosol detector 

(CAD， Corona; ESA Biosciences， MA， USA) and a SEC column (TSK-GEL 

Alpha圃 3000;Tosoh， Tokyo， Japan; 7.8 lnm i.d. x 30 cm， 7 11m). Purified water was 

used as a mobile phase for HPLC analysis， and the flow rate was 1 mL "lninぺ.

2.5 X-ray powder diffraction 

X-ray diffraction patterns of y-ID孔1crystal， EC， HPMC and the solid dispersion 

described in section 2.2 were collected by using a X-ray powder diffraction system 

(RINT圃 TTR111; Rigaku， Tokyo， Japan). The radiation was generatedちYCu.K at 50 

kV and 300 lnA. The instruments was operated in the continuous scan mode with 

the scanning speed at 20・lnmぺ.

2.6 Fourier tranザorminfrared spectroscopy 

All infrared (IR) spectra of each raw material and the solid dispersion were 

lneasured at a resolution of 4 cm-1 using a Fourier transform嗣 IR (FT-IR) 

spectrometer (NICOLET 6700; Thermo Fisher Scientific， MA， USA) equipped with 

a diamond圃 attenuatedtotal reflection (ATR) accessory and a deuterated triglycine 

sulfate detector. A total of 64 scans were co幽 added，and all of the IR spectra were 

defined in absorbance units as 

A=叫 of (3)， 

where R and Ro are the intensities of IR light from a sample and a reference 

compound， respectively. The second derivatives of the obtained IR spectra were 

calculated by the Savitzky-Golay method35 after Kawa印刷Minamismoothing-36 
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3 Results and Discussion 

3.1 Solubility 01 indomethacin 

Solubilities of IDM in some dissolution media were shown in Table 1， and the 

change of IDM concentration in each medium was illustrated in Figure 1. 

Solubilities of IDM added by crystalline and amorphous states in water were 

approximately 9.1 and 15.6μg.mL-1， respectively， as almost the same as previous 

solubility studies by Higuchi and Connors method.37
，38 Therefore the sink conditions， 

which needed three times the drug concentration based on the solubilityラ requlfes

approximately 6，577 mL and 3，837 mL of water for 20 mg of IDMラ respectively

(Table 1)， indicating that it is difficult to develop a dissolution method under the 

sink conditions by using a basket or a paddle apparatus with 1 L of the 

volumetric-constr沿nt，when water is used as a dissolution medium. However， the 

solubility of IDM from the solid dispersion in water was much improved， and it was 

approximately 35.8μg・mL・1 Further， the higher concentration of HPMC in the 

media， the higher solubilities of crystalline and amorphous-IDM， indicating that 

HPMC has an ability to improve the IDM solubility in water， as the same as 

previous studies which have been reported that HPMC showed its ability not only to 

enhance the water帽 solubilityof poorly water-soluble drugs but also to prevent ones 

from recrystallizing in aqueous dissolution media.39-41 Furthermore， the amount of 

HPMC in 0.5 mgomL・1HPMC solution is almost the same as that in water after 

dissolving all HPMC from the solid dispersion though， the solubility of IDM from 

solid dispersion showed much higher than the others， indicating that HPMC has an 
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ability not only to enhance the drug solubility， but also to keep the stable structure of 

IDM in water after releasing. The finding suggests that the state of IDM in a 

medium plays an itnportant role of the solubility depending on the added state of 

IDM; crystal， amorphous solution and solid dispersion (Table 1). Therefore， the 

lnolecular structure of IDM in the solid dispersion will be discussed below. Here， in 

order to develop a dissolution lnethod for this formulation， the value of IDM 

solubility can be applied to 35.8μg.mι1 as the solubility of IDM from the solid 

dispersion in water. 

3.2 Crystal and molecular structure 01 indomethacin in the solid dispersion 

XRD pa抗ernsof y-form IDM and the solid dispersion are depicted in Figure 2. 

Characteristic 千formcrystalline peaks were observed in the diffraction pa仕ernsof 

IDM drug substance but not for the solid dispersion， in which a broaden pattern was 

observed， suggesting that IDM in the solid dispersion was completely altered to an 

amorphous phase. IDM has been welトknownconsisting of cyclic dimer structure of 

a pair of carboxylic acid groups in the 千form，whereas benzoyl carbonyl group does 

not create hydrogen bonding with another IDM molecule.42 Further， their ATR-IR 

spectra in the 1800圃 1550cm-1 region (the C=O stretchingちandregion) are 

illustrated in Figure 3. Two peaks observed for y-form IDM observed at 1713 and 

1689 cmぺ areassigned to C=O stretching bands of a cyclic dimer in carboxylic 

acids and benzoyl， respectively.42，43 Detailed assignment for carbonyl IR bands of 

IDM atチcrystallineand the solid dispersion state are summarized in Table 1. In the 

IR spectrum of IDM in the solid dispersion， a band with similar intensity of cyclic 
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dimer of IDM is detected at 1716 cmぺ， but another weak band at 1732 cm-1 is also 

observed， indicating that most IDM molecules keep their cyclic dimer structures in 

the solid dispersion， but the blue幽 shiftedband indicates that some cyclic dimers 

between IDM molecules are dissociated and newly created another structure. Further， 

the benzoy 1 C口 ostretching band at 1691 cm開 1is shifted to 1680 cm七suggesting

that non岨 hydrogenbonding benzoyl C=O group also forms another structure in the 

solid dispersion. Since a cyclic dimer structure of carboxylic acid group is generally 

a much stable form， and it has been welトknownto dominate in a pure liquid or a 

solid state of carboxylic acid.44-46 My previous study demonstrated IR幽 frequency

shifts of carboxylic acid of propionic acid due to the hydrogen bonds by using a 

quantum chemical calculation in chapter 1. The calculated wavenumber of C=O 

stretching band in carちoxylicacid via two hydrogen bonds as a cyclic dimer was 

shifted approximately 56 cm-1 compared to free C口 oband. The blue-shift was much 

larger than that of carboxylic acid via one hydrogen bond with hydroxyl group from 

another carboxylic acid or water.47 Therefore， the computational simulation supports 

the assignment of C=O stretching band at 1732 and 1680 cm七whichare formed 

hydrogen bonding between carbonyl groups of carboxylic acid/benzoyl and the 

hydroxyl groups in IDM or EC or HPMC (Table 2). These resu1ts find that the 

crystal la1tice of IDM in solid dispersion was destroyed， even though most IDM 

molecules still maintain cyclic dimer structure in the solid dispersion. However， 

certain cyclic dimmers of IDM are dissociated， and then the free carboxylic acid and 

benzoyl carbonyl groups create new hydrogen bondings with hydroxyl groups from 

another IDM or EC or HPMC in the solid dispersion. 
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3.3 Dissolution stu砂bya flow-through cell 

In the open嗣 loopconfigurationラ cumulatedpercent drug-release profiles and 

time岡 resolveddrug concentration changes of the effluent are shown in Figure 4a and 

4b， respectively. When the volumetric medium flow rate is not lnore than 16mL. 

min-1， the larger volumetric medium flow rateラ thefaster drug田 releasing(Figure 4a). 

On the other hand， the drug幽 releasingbehavior at the volumetric lnedium flow rate 

of24 mLomitず1demonstrated that it is the same as that at 16 lnL' min-1 (Figure 4a). 

Since the larger volumetric medium flow rate， the larger hydrodynamics effect， the 

polymeric erosion behavior will be discussedちelow.In the early stage of dissolution， 

approximately 10 % of the drug was released within the first 30 min， and the first 

effluent included much high drug concentrations， especially when small medium 

flow lnade the highest concentration of 45.4μg' mL-1 at the 4 mL 'lnirず1vOlUlnetric 

lnedium flow rate (Figure 4b). When the solubility of IDM from the solid dispersion 

is applied 35.8μg' mL-1 (Table 1)， supersaturation in a flow圃 celllnustoccur at only 4 

mL. min-1 of volumetric medium flow rate， and with 24 mL' min-1 of volumetric 

medium flow rate enables to maintain the sink conditions in a flow田 cellduring the 

dissolution test. However， as aちovかdiscussed，HPMC was actually released from 

the solid dispersion， and enhanced the solubility of IDM. Henceラ inorder to 

comprehensively examine the unique drugィeleasemechanism from EC hydrophobic 

matrix， the release behavior of hydrophilic HPMC was also evaluated. The 

cumulated percent release profiles and time-resolved HPMC concentration changes 

of the effluent are shown in Figure 5a and 5b， respectively. As in the case of the 
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release behavior of IDM， the larger volumetric medium flow rate， the faster HPMC 

releases (Figure 5a). Moreover， the release phenomenon of HPMC at 24 mLamin-1 

showed the same one at 16 mL 0 minぺ(Figure5a)ラ suggestingthat the release kinetic 

of HPMC from the solid dispersion plays an important role in the releaseらぬaVlOr

of IDM. However， whole HPMC containing the solid dispersion was released within 

the first 30 min regardless of volumetric medium flow rate， and approximately 500 

μg・mL-1of HPMC existed in a flow-cell at the 4 mL 0 min-1 of the volumetric 

medium flow rate (Figure 5b). Therefore， even if the solubility of IDM in 0.5 mgo 

m仁1of HPMC solution is applied as 37.7μgomι1 (Ttable 1)， supersaturation in a 

flow圃 cellat the smallest volumetric medium flow rate must be inevitable. 

On the other hand， in the closed-loop configurationラ cumulated percent 

drug酬 releaseprofiles with 600， 1，200， 1，800 and 3，000 mL of dissolution media are 

shown in Figure 6. The drug嗣 releasebehaviors of closed-loop configuration at 16 

mL 0 min-1 are the same one of open圃 loopconfiguration at the same volumetric 

medium flow rate until 50 % of the drug-releasing (Figure 4a and 6). HPMC 

concentration in each dissolution medium on the closeιloop configuration after 

released whole HPMC is 33.3， 16.7， 11.1 and 6.7μgomL-¥respectively. It indicates 

that there is little enhancing effect of the drug solubility by HPMC according to an 

above solubility study. 

All release curves were almost the same， indicating that the whole medium volume 

does not affect drug-releasing behavior until 20 hours， even though 25 % of 20 mg 

of IDM in the solid dispersion was not still released. 600 mL of the medium volume 

may not be satisfied to release the drug completely a仇er20 hours， because of the 
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solubility. However， for the 50 % of the drug， the finding indicates that 600 mL of 

the medium volume is enough to the drug幽 releasebehavior from the drug solubility 

perspective. Therefore， 1，200 lnL of the medimn volume mayちeenough for 60 mg 

of the solid dispersion containing 20 mg of IDM， and 1，800 mL of the lnedium 

volmne， which is the ahnost sink conditions， lnust be a sufficient lnedium volume. 

The flow幽 throughcell could minIInize the effect of cumulated dissolved drug 

concentration; Ct in the Noyes幽 Wyitneyequation (1 )，21 but it could not be zero in the 

flow-cell. Therefore， the equation (1) shouldちealso applied to open酬 configurati on 

on flow圃 throughcell. 

3.4 Release mechanism 01 indomethacin from the extended release mαtrix 

Most oral pharmaceutical formulations control the drug圃 releasingby the matrix 

erosion and/or self圃 diffusion.Hence， in order to estimate the contribution frOln the 

hydrodynamic effect to IDM and HPMC releasing in a flow圃 cell，large and small 

cells whose inside diaIneter were 22.6 and 12 mm， respectively， could be used. The 

slnall cell has an almost half diameter and then creates approximately four times 

faster medium flow speed in the flow圃 cell.Therefore， the combination of small cell 

and 4 mL. min-1 of volumetric medium flow rate makes ahnost the SaIne 

hydrodynamic force applied for per unit of area as that of large cell and 16 mL. 

min-1 of volumetric lnedium flow rate. Further， four times larger volumetric lnedium 

flow rate also makes the four times faster flow speed in a flow帽 cell，as the same size 

flow-cell is used. The comparison resu1ts among a pair of large cell and 4 mL・min-l

flow volume whose lnedium flow speed in the flow幽 cellis 8 lnm . min"七
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cell and 4 mL' min-1 f10w volume whose medium f10w speed in the f10w圃 cellis 28 

mm . min-1， and that of large cell and 16 mL' mirず1f10w volume whose medium f10w 

speed in the f1ow-cell is 32 mm' min-1 are shown in Figure 8. As above-discussed， 

there is little effect of hydrodynamics not only on HPMC dispersion but also on 

IDM releasing， indicating that the hydrophilic EC matrix could drown out the effect 

of the f1uid dynamics. Therefore， from a comprehensive standpoint including 

above圃 discussed medium concentration in a f10w幽 cell，the drug嗣 release was 

controlled by volumetric lnedium f10w rate. Here， the perfect sink conditions on the 

f10w醐 throughcell， which is defined as the necessary and sufficient conditions for the 

drug柵 dissolvingand the releasing in terms of the drug solubilityラ willbe discussed 

below. 

Further， the drug-releasing behaviors of the present study indicate that 

drug幽 releasingis mainly dominated by two rate圃 limitingsteps as the same as the 

previous report.28 In the early stage， release of HPMC occurs when the testing 

solution begins to penetrate into the matrix. As mentioned above， the contribution of 

HPMC releasing to the drug圃 releasingis revealed by using HPLC-SEC， and the 

drug圃 releasemechanism from the extended-release matrix is strongly controlled by 

the dispersion of hydrophilic HPMC in the early stage (Figure 4b and 5b). In 

contrast， in the late stage; after released whole HPMC in the solid dispersion， the 

drug幽 releasingis dominated by the self圃 diffusionof IDM through the hydrophobic 

EC matrix. Further， the release curves for the matrices of individual particle size 

fractions; A， 75-150μm; B， 150-250μm; C， 250…355μm， are shown in Figure 7. 

The smaller the particle size of the matrix granule， the faster drug幽 releasing，
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suggesting that the drug幽 releasebehavior from the EC lnatrix depends on the 

particle size， in other words， surface area of the matrix and drug diffusion length 

following the Noyes幽 Wyitneyequation (1 )?1 

3.5 Perfect sink condition on a jlow-through cell 

A schematic illustration of the critical factors in open and closed-loop 

configurations on f1ow-through cell was illustrated in Figure 9. 1n the open幽 loop

configuration， the medium concentration in the f10w圃 cellaffects the drug-releasing 

behaviors. Therefore， sufficient medium volume should be delivered to the f10w酬 cell

during the dissolution test to prevent the eff1uent from supersaturation， even though 

opelトloopconfiguration which keeps supplying medium without cumulated drug to 

a f10w圃 cell.For this solid dispersion， 16 mL' min-1 of the volumetric medium f10w 

rate is enough for the drug嗣 releasing.1n the closed田 loopconfiguration， on the other 

hand， enough lnedium volume must be required in the f10w田 cellas in the case of the 

open幽 loopconfiguration. However， not only volumetric lnedium f10w rate but also 

overall medium volume circulated should be also paid attention and be kept 

sufficient medium volume， because the drug concentration increases over time in the 

closed圃 loopconfiguration. 1n this study， those finding indicates that 1，800 mL of the 

dissolution medium which satisfies the sink conditions for 20 mg 1DM from the 

solid dispersion， must be enough for the drug幽 releasingof the solid dispersion. 

4. Summary 

Here， in order to develop an appropriate in vitro dissolution test method for an 
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extended release matrix containing a poorly幽 watersoluble drug under the perfect 

sink conditions， the drug帽 releasemechanism should be shed light on firstly. Further， 

sometimes understanding the release behaviors of not only a drug but also excipients 

is really important to design a desirable in vitro dissolution method， because some 

excipients have an ability like enhancing a drug solubility. In this studyラ HPMC

showed the abilities of not only keeping the drug in amorphous state in the solid 

dispersion but also prompting to the drug圃 releasingwith its dispersion and 

improving the drug soluちility.

The key factors for the in vitro dissolution method by using a flow幽 throughcell 

apparatus are described below. In open幽 loopconfiguration，“enough medium volume 

in a flow圃 cellduring the test" must be paid atlention to evaluate the drug幽 release

ability accurately. On the other hand， in closed欄 loopconfiguration， not only “enough 

medium volume in a flow幽 cellduring the test" but also“Enough medium volume in 

a flow酬 throughcell system during the test" should be considered. 

The flow帽 throughcell could achieve in vitro drug欄 releasetest under the perfect sink 

conditions， even though a basket and paddle apparatus (USP apparatus 1 and 2) 

could not use sufficient dissolution medium due to the 1 L of volumetric幽 constraint.

Therefore， the flow-through cell is well suited to evaluate the drug-release 

characteristic of oral pharmaceutical products， especially including a poorly幽 water

soluble drug. 
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Figure 9. Schematic illustration of the critical factors in open and closed-loop 

configurations on flow-through cell. 
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Table 1. The solubilities of indomethacin in water， 0.5 and 2 mg. m仁1HPMC 

solutions， and each necessary volume to maintain their sink condition for 20 mg of 

indomethacin. 

Solubility of indomethacin Sink medium volume* 
Solvent Sample state 

(μgom仁 1) (mL) 

Water γ剛 crystalpowder 9.1 0.1 6，577 

ethanol solution 15.6土 0.3 3，837 

solid dispersion 35.8土 0.4 1，675 

0.5 mgom仁1 γ圃 crystalpowder 11.6土 0.1 5，168 

HPMC ethanol solution 24.1土 0.3 2，486 

solution solid dispersion 37.7土 0.5 1，592 

2mgom仁 I γ欄 crystalpowder 28.6土 0.1 2，097 

HP恥1C ethanol solution 40.8 0.1 lラ470

solution solid dispersion 52.1土 0.7 lラ151

*: Three times medium volume to dissolve 20 mg of indomethacin. 
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Table 2. Band assignments of infrared spectra of carbonyl stretching bands of 

indomethacin in千crystallineand solid dispersion. 

Wavenumbers (cm-1
) Assignments 

γ-crystalline IDM IDM in solid dispersion 

1732 hydrogen bonded acid 

1713 1716 cyclic dimer acid42ヲ43

1689 1691 non-hydrogen bonded benzoy142ヲ43

1680 hydrogen bondedちenzoyl
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Chapter 4: Release Mechanism of Acetaminophen from 

Polyethylene oxide/polyethylene glycol Matrix Tablets utilizing 

Magnetic Resonance Imaging 
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Abstract 

Release mechanism of acetaminophen (AAP) from extended圃 releasetablets of 

hydrogel polymer matrices containing polyethylene oxide (PEO) and polyethylene 

glycol (PEG) were achieved using flow皿 throughcell with magnetic resonance 

iInaging (MRI). The hydrogel forming abilities are observed characteristically and 

the layer thickness which is corresponding to the diffusion length of AAP has a good 

correlation with the drug圃 release profiles. In addition， polymeric erosion 

contribution to AAP releasing frOln hydrogel matrix tablets was directly quantified 

using size-exclusion chromatography (SEC). The matrix erosIon profile indicates 

that the PEG erosion kinetic depends primarily on the composition ratio of PEG to 

PEO. The present study has confirmed that the combination of in situ MRI and SEC 

should be well suited to investigate the drug-release mechanisms of hydrogel matrix 

such as PEO/PEG. 
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1. Introduction 

In an effort to improve quality of life among patients， researchers have developed 

controlled幽 releasetechnologies using hydrogeトformingpolymers. Hydroxypropyl 

methylcellulose (HPMC) is the most common material as a hydrogel matrix for 

controlled圃 releasetablets and capsules due to its safety， chemical stability， and 

compatibility with many drugs. The drug-release characteristics of HPMC matrices 

have been extensively investigated.1
-
7 Recently， polyethylene oxide (PEO)， which is 

highly soluble in water and has high gelability and low toxicity， has been proposed 

as an alternative hydrophilic polymer to HPMC for use in extended酬 releasesystems 

controlled by the drug self帽 diffusionand the polymeric matrix erosion.8
-
13 Sako et 

a1.11 developed enhanced PEO hydrogel matrix tablets containing polyethylene 

glycol (PEG)， which can be used as a hydrophilic component to promote the uptake 

of water into tablets and accelerate complete gelation within a few hours. They 

revealed that the combined use of PEO and PEG has enabled the stable， sustained 

release of drugs throughout the gastrointestinal tractラ includingthe colon， where 

water availability is limited. Further， there has also been a number of studies on the 

drug-release behavior from PEO matrices.14
-
16 

Evaluation of a drug幽 releasemechanism generally involves characterization using 

drug嗣 releaseprofiles， which are determined by collecting fractions of the dissolution 

media and measurement using high-performance liquid chromatography (HPLC) or 

ultraviolet酬 visible(UV幽 VIS)spectroscopy. However， for more complex systems 

comprised of a number of functional polymeric excipients， thorough comprehension 

of the drug-release mechanism is difficult using drug-release profiles alone. In 
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particular， hydrogel matrix tablets are required a certain amount of time before the 

testing fluid reaches the tablet core， and subsequently they swell characteristically. 

Maggi et al. 17 reported that PEO matrices take approxiInately eight hours to reach 

the maximum swelling. Such previous findings have lent support to the belief that 

the kinetics of water ingress into tablets plays an important role in controlling 

drug田 releasefrOln hydrogel matrices. 

In recent years， magnetic resonance imaging (MRI) has been used to explore the 

hydration phenomenon in phannaceutical products using hydrophilic polymer 

matrices such as HPMC and PEO.18
-
25 BaU1ngartner et al.19 used MRI to 

quantitatively describe the swelling process seen in HPMC and hydroxypropyl 

cellulose (HPC) hydrogels on the basis of the concentration and mobility of water 

and the polymer as functions of time and distance. AbrahlnsetトAlamiet al.18 have 

developed a slnall release cell fitted in the MRI equipment， and revealed 

qualitatively and quantitatively the swelling and erosion behavior of PEO matrix 

tablet. Further， when MRI is combined with a flow圃 throughcell apparatus for use in 

compendial analysis26-28 (Fig. 1)， the physical changes in solid dosage forms can be 

examined in a dissolution test.20ヲ

29-31 Indeed， Fyfe et al.20 used such a combined 

system to assess drug delivery devices and thereby 0おtaina better understanding of 

drug delivery systelns based on diffusion， dissolution， and osmosis mechanisms. 

Further， Doro勾rlIskiet a1.29 and Kulinowski et a1.30 carried out the compendial 

flow.欄throughcell dissolution lnethod for a HPMC matrix using two different 

solutions; fasted state simulating gastric fluid (FaSSGF) and fed state simulating 

gastric fluid (FeSSGF)ラ underthe continuous flow conditions to simulate in vivo 

137/169 



conditions as closely as possible. However， the integrated investigation of the 

drug幽 releasemechanism from PEO hydrogel matrix tablet among the cumulative 

drug-release profiles， the contribution of hydrogel matrix erosion and the 

conformation changes of the hydrogel under the compendial f10w幽 throughcell 

dissolution lnethod have not been reported. 

Here， to comprehensively examine the unique drug圃 releasemechanisms from 

PEO/PEG hydrogel matrix tablets， I used the combination of f1ow-through cell 

equipped with an MRl device to simultaneously evaluate the cumulative 

drug帽 releaseprofiles and internal states of tablets over time in a non圃 invasiveand 

non-destructive manner. Further， the effect of polymeric erosion was assessed using 

size酬 exclusionchromatography (SEC)， which was the most common way to obtain 

information about the molecular mass distribution of polymers-18232333 

Acetaminophen (AAP) was used as a water圃 solubledrug， thereby enabling me to 

ignore the rate圃 determiningstep and instead focus on examining the drug圃 release

mechanism from PEO/PEG hydrogel matrices. 

2. Experimental 

2.1. Materials 

AAP was purchased from API Corporation (Tokyo， Japan)， and two kinds of PEO 

with average molecular weights of 7.0 x 106 (Polyox WSR 303， PEO圃 7M)and 2.0 x 

106 g/mol (Polyox N60K， PEO・2M)were obtained from Dow Chemical (MI， USA). 

PEG with an average molecular weight between 7.3 x 103 and 9.3 x 103 g/mol 

(Macrogol 6000) was purchased from Sanyo Chemical Industries (Kyoto， Japan). 

All other chemicals used were of reagent grade. 
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2.2. Preparation o[ Testing Tablets 

To avoid aggregation， the AAP and polylners (PEO and PEG) were passed through a 

sieve (355ボmaperture) before mixing. In total， six tablets were prepared with the 

concentration of AAP in each fixed at 10% (w/w). PolYlner matrices of PEO and 

PEG mixtures were blended at weight ratios of 5: 1， 1: 1ラ and1 :5， respectively， and 

the tablets were designated Aラ Bラ C，D， E and F in Table 1. AAP was manually 

mixed with PEO and PEG in separate mortars for 5 min， and the resultant lnixtures 

were compressed into 200幽 lngtablets in an autograph oil press (AGふ20kNG;

Shimadzu， Kyotoラ Japan)using 8 kN in applied force and a round田 faced8.0幽 mm

diameter tooling. 

2.3. Dissolution Test 

The in vitro drug圃 releaseproperties of the tablets were evaluated via the 

flow圃 throughcell apparatus (DZ70; Pharma-Test AG， Hainburg， Gennany) at a flow 

rate of 4 mL/min in a closed loop circuit containing 900 mL of dissolution test 

medium at 37 oC following the pharmacopoeia?6-28 A flow聞 throughcell was filled 

with トlnlnglass beads to create laminar flow， and a metal clip was used to hold the 

tablet in the original position. Distilled water was used as the medium， and was 

degassed by filtration in a vacuum before use， as described in the protoco1.28 Every 

two hours， the dissolution medium was withdrawn from the dissolution vessels and 

the amount of AAP released from the tablets was measured using UV-VIS 

spectroscopy at 280 nm (UV酬 2400PC;Shimadzu). In addition， the atnounts of PEO 

1391169 



and PEG eroded from the matrices were quantified by SECラ usinga HPLC system 

(1200 series; Agilent Technologies， CA， USA) equipped with a charged aerosol 

detector (Corona CAD; ESA Biosciences， MAラ USA)and a SEC column (TSK酬 GEL

Alphか 3000;Tosoh， Tokyo， Japan; 7.8 mm i.d. X 30 cm， 7μm). Purified water was 

used as a mobile phase for HPLC analysis， and the flow rate was 0.75 mL/min. 

2.4. Magnetic Resonance Imaging Scanning during the Dissolution Test 

My experiment combining MRI with a flow-through cell method was conducted 

using a bench-top MRI system (MARAN幽 iP;Oxford Instrumentsラ Oxfordshire，UK) 

equipped with a 0.5 tesla permanent magnet system stabilized at 37 oC and 

operating at 20.6 MHz for 1日圃NMR imaging. The testing conditions for 

日ow岨 throughcell were described in 2.3. MRI images were collected under the 

continuous medium flow conditions. To maintain the tablet in its original slice 

position for image acquisition~ a plastic holder with a rubber retainingもandwas 

used instead of the original metal Pharmacopoeia clip， since a metal clip would have 

caused distortions in the magnetic field. TJ・weightedimages were produced in the 

spin echo method. The signal intensity of the MRI pictures was defined as 

嗣 TE 欄 TR
S=Mo X叫 τx(1ー叫τ) 、‘，ノ

咽

'E且/，‘、、

where Mo is magnetization， TJ and む arerelaxation times， and TR and TE are 

repetition time and echo time， respectively. The imaging parameters were as 

follows: TR， 1 s; TE， 10 ms; the number of accumulations， 2; single image 

acquisition time， 4.3 min.; and temporal resolution of MRI data， 30 min. Resolution 

for the 128 x 128 pixel 2D images was 250μ.m， with a slice thickness of 3 mm. In 
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the present study， the image processing and analysis were carried out as with 

previous works using Image analysis and ImageJ software?2，23 

2.5. Fourier tranザormInfrared Spectroscopy 

All IR spectra were measured at a resolution of 2 cm-1 using a FT-IR spectrometer 

(NICOLET 6700; Thenno Fisher Scientific， MAラ USA) equipped with a 

diamond欄 ATRaccessory and a deuterated triglycine sulfate detector. In order to 

acquire the IR spectra of both hydrogelling and nOtトhydrogellingparts， Tablet A was 

taken one hour after starting dissolution test. Tablet A was measured as a 

representative hydrogel matrix， because the two states are expected to be the same 

among six tablets. It was peeled and divided into the hydrogel layer and 

norトhydrogelcore to understand the differences between the two states. A total of 64 

scans were co-added to obtain spectra for each layer， the dried Tablet A， and water. 

All of the IR spectra were defined in absorbance units as 

A z-ioglof (2) 

where R and Ro are the intensities of IR light from a satnple and a reference 

cOlnpound， respectively. 

3 Results 

3.1. Dissolution Stu砂byFlow-through Cell 

Photos were taken every two hours during the flow欄 throughcell dissolution test for 

Tablet A (Fig. 2). These photos clearly show gradual swelling ofthe tablet over time， 

due to gelling of the hydrophilic matrix， and complete gelling within approximately 
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four hours. 

Cumulated drug幽 releasecurves for the tablets used in the present study indicated 

that the lower the concentration and molecular weight of PEO， the faster AAP 

released (Fig. 3). In particular， Tablet F showed much faster AAP releasing than the 

other tablets. These findings therefore suggested the possibility that the release 

mechanism of Tablet F differed from those of other tablets. 

3.2. Infraredやectra

1 investigated the types of water and the interaction between water and PEO/PEG 

matrix in the hydrogel using F下IRspectroscopy. Fig. 4a showed IR spectra in the 

4000幽 750cm-
1 
region of dried Tablet A， water as a dissolution medium， and the 

surface of both the hydrogel layer and nOIトhydrogelcore of Tablet A which was 

taken one hour after starting dissolution test. Figures 4b and 4c depicted enlarged 

spectra in the 3700♂700 and 1200-980 cmぺ regions，respectively. A relatively 

intense 0幽 Hstretching band (3700同 3000cmぺ)， due to water penetration， could be 

seen in the hydrogel layer (blue line) and appeared strikingly similar to that for bulk 

water (light欄 blueline)， indicating that much of the free water existed in the hydrogel 

layer， Interestingly， this O-H stretching band can also be observed in the 

non圃 hydrogelcore (red line)， although not in the dried tablet (green line)， in a higher 

wavenumber (approximately 3500 cmぺ)than that for bulk water (light幽 blueline). 

This observation suggests the presence of nOIトfreezingwater in the non-hydrogel 

core，34，35 indicating incomplete hydrogelling transformation. Further， as the 

dissolution medium penetrated into a tablet， a C柵ostretching band at 11 02 cm圃 1(red 
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line) shifted by approximately 20 Cln・1to a lower wavenumber (blue line) caused by 

the formation of hydrogen bonds between the C欄 ogroups of PEO/PEG and water 

lnolecules (Fig. 4c). The C岡 O回 Casymmetric stretching band at 1061 cm-1 assigned 

to a helical conformation of crystalline PEO/PEG36 disappeared in the spectrum of 

the hydrogel layer (blue line)ラ indicatingthat the crystalline hydrophilic matrices 

were completely altered to an amorphous state by water penetration. 

3.3. Magnetic Resonance Imaging Monitoring 

lH回NMRimages of each tablet during the flow幽 throughcell dissolution test were 

shown in Fig. 5. In each image， norトhydrogellinglayers were shown in black 

(extremely short む relaxationtime)， hydrogelling layers in white (Tl relaxation 

time: <1 s)， and dissolution medium in gray (Tl relaxation time: approximately 3 s). 

The high-intensity areas of the hydrogels in MRI images (white part， Fig. 5) had a 

smaller relaxation time (Tj) than bulk water (gray region， Fig. 5) due to the 

hydrogen bonds between the hydrophilic polymers and water，37 as verified by IR 

study. Further， the IR study additionally indicated that the zero intensity region 

(black area) was a non幽 hydrogellinglayer. 

The tiIne圃 dependenceof the gelling process was quantified by plotting the changes 

in the nOlトhydrogellingregions (black area， Fig. 5) during the dissolution test (Fig. 

6a). Changes in hydrogel thicknesses (white part， Fig. 5) during the dissolution test 

were shown in Fig. 6b. MRI studies suggest that the norトhydrogelarea (black part) 

was reduced as the fluid was penetrated into a tablet (Fig. 6a). In the present study， 

all nOlトhydrogelportions of all tablets disappeared within approximately three hours， 
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indicating that all of the tablets' matrices were hydrated and gelled. Further， from a 

different viewpoint， the MR1 data shown in Fig. 6a indicate the f1uid ingress 

behavior. For both the PEO幽 2Mand PEOヴM formulations， the greater the 

concentration of PEG in tablets， the faster the penetration of dissolution medium. 

However， no significant difference in penetration process is observed between the 

two formulations. 

Evaluation of changes in hydrogel layer thickness during the dissolution test 

indicated that their thicknesses increase with time， except in Tablets C and F (Fig. 

6b). The differing findings with Tablets C and F are believed to be due to the higher 

content of PEG in these tablets when compared with the other tablets， as 

water幽 solublePEG tends to accelerate tablet erosion. Further， tablets containing 

PEO-7M retained a much thicker hydrogel portion than tablets with PEO-2M. Taken 

together， these results suggest that the greater molecular weight and tangled 

structure of PEO-7M will allow it to form a more rigid hydrogel structure than 

PEO-2M. 

Given the MRI findings of the present study， 1 hypothesize that the hydrogelation 

kinetics of the tablets depends only on the composition ratio of PEG to PEO. 

However， the behavior of hydrogel formation was not completely controlled by the 

concentration of PEG， on the other hand， the shape retention capability were 

strongly affected by the concentration of PEG as well as the molecular weight of 

PEO. 

3.4. Erosion Behavior 0/ Hydrogel Matrices 
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Figures 7a and 7b show the erosion profiles of PEO and PEG quantified by SEC， 

respectively， for each formulation during flow欄 throughcell dissolution study. These 

profiles appear to indicate that the accumulative erosion profiles of PEG depend 

primarily on the composition ratio of PEG to PEO， given that tablets with higher 

compositions of PEG showed quicker erosion of hydrogel matrices than those with 

lower compositions; similar pa抗ernswere also observed for PEO. Considering that 

PEG is more soluble and releasable than PEO， erosion of PEG should initiate and 

subsequently accelerate the erosion of PEO from the hydrogel. 

Findings also showed that accumulative erosion profiles of PEO-2M exceeded those 

of PEO-7Mラ dueto the differences in the molecular weight lnentioned before. The 

characteristic erosion profiles observed for Tablet F may らe explained by 

considering that the erosion effect of Tablet F's fonnulation， which included a 

relatively high concentration of PEG and the relatively low-molecular weight 

PEO.・2M.

4. Discussion 

4.1. Correlation between Fluid Ingress and Acetaminophen Release Behaviors 

MRI findings in the present study suggest that the dissolution medium perfused the 

whole tablet within the first few hours (Fig. 6a)， suggesting complete dissolution of 

AAP in the tablet within 3 hours. However， as shown in Figure 3， AAP was not fully 

released frOln the hydrogel matrIces within the expected period， even though the 

tablet was completely infused with testing medium within the first few hours (see 

Fig. 2 and 6a). Indeed， the amount of drug欄 releasedfrOln Tablets A圃 Frange between 
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40% and 80% at the sampling point of 4 hours， indicating that there is no correlation 

between f1uid ingress behavior and the cumulative drug圃 releaseprofile. Therefore， 

the contributions of both the drug self-diffusion and the matrix erosion which are 

well known controlling factors will be discussedちelow.

4.2. Dijfusion of Acetaminophen斤om局JdrogelMatrices 

To discuss the diffusion mechanism of AAP from PEO/PEG matrices， the 

relationship between hydrogel layer thicknesses and cumulative AAP release 

profiles was evaluated， with results showing a good correlationちetweentheir 

accumulated layer thicknesses measured by MRI every 30 min. and the amount of 

drug幽 released(Fig. 8). In the early phase of dissolution test， up to around two hours 

after starting dissolution testラ therewere little differences in the amount of AAP 

released whose drug molecules were originally located near the surface of each 

tablet. On the other hand， after aわoutfour hours， the amount of drug圃 released

decreases with increasing drug diffusion length corresponding to the thicknesses of 

their matrix layers， prompting the conclusion that hydrogel layer thickness may 

affect the cumulative AAP release profile. Thus， the hydrogel layer thickness is 

regarded as the primary factor of controlling drug欄 releaseby diffusion from the 

PEO/PEG matricesラ exceptfor in Tablet F， the erosion mechanism of which will be 

discussed below. 

4.3. Erosion of Hydrogel Matrices 

In the present study， I were able to precisely detect changes in hydrogel thicknesses 
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during the dissolution test using MR1 (Fig. 6b). However， estimating the 

contribution of hydrogel erosion to the drug四 releaseprofile based solely on the MR1 

data proved difficult. Therefore， 1 used SEC to directly define the erosion profiles of 

each hydrophilic polymer over time in the dissolution test (Fig.ブ).

Typically， hydrogel matrices constructed using high-molecular weight polymers do 

not show lnuch erosion， particularly at early stages of dissolution， as their helical 

chains tend to form rigid interactions among polymer molecules. With regard to 

PEO， the crystalline portion was transformed into an amorphous (random) state， 

which improved the lnolecular and chain interaction when the cOlnpound was 

soaked in water (see Section 3.2). However， erosion and diffusion of both PEO and 

PEG were observed even for tablets with a high ratio of PEO to PEG (Fig. 7). SEC 

data suggest that once portions of PEO or PEG begin to erode， large pores form in 

the hydrogel matrix， possibly contributing to subsequent further erosion. The large 

amount of PEG and infusion of low幽 molecularweight PEO岡 2Min Tablet F may 

therefore explain the significantly faster release of not only AAP but PEO and PEG 

observed with this tablet in comparison with other tablets. These results indicate that 

SEC is useful for quantifying the aInount of eroded lnatrices in discerning the 

release mechanism for controlled圃 releasetaちlets.

4.4. Release Mechanisms on Poly(ethylene oxide)/Poly(ethylene gかcol)均Jdrogel

M atrix Tablets 

A schematic illustration of the release mechanisms of AAP from PEO/PEG matrix 

tablets was presented in Fig. 9. As with the MR1 images， the dark gray areas 
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represent portions of the n01トhydrogelcore， while the white areas indicated portions 

of the hydrogellayer. Black， blue， and red particles represented n01トdissolvedAAP， 

dissolved AAP， and AAP released from the matrix， respectively. 

Results from the present study indicate that the drug四 releasemechanism of Tablet F 

is strongly controlled by the erosion of its hydrogel matrix (depicted as“Erosion" in 

Fig. 9). For this tablet， the erosion of PEG and PEO欄 2Moccurs when the testing 

solution begins to penetrate into the matrix， and the erosion profiles of their 

hydrophilic materials are completely consistent with the release profile of AAP. 1n 

contrast， the AAP release in the other tablets (A， B， C， D， and E) is faster than their 

matrix erosion， indicating that the release mechanism of AAP is not controlled by 

matrix erosion， and is primarily dominatedちythe self-diffusion of AAP through the 

hydrogel layers (depicted as“Diffusion" in Fig. 9). Further， the cumulative 

drug圃 releaseprofiles are restrained with increasing hydrogel layer formation which 

is dependent on the composition of hydrogel matrices (depicted as “Fluid ingress" in 

Fig.9). 

With regard to Tablets A幽 E，1 suspect that erosion of hydrogel matrices did indeed 

occur， as a measurable amount of PEO/PEG is found to be removed from the 

matrices (see Fig. 7). 1n the late stage of the dissolution test in particular， 1 suspect 

that the thinner the hydrogel layer becomesラtheshorter the diffusion length for AAP. 

Thusラmatrixerosion also affects the drug圃 releasebehavior indirectly. 

5. Summaη 

The AAP release mechanism from Tablet F which contains high PEG ratio to PEO 
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and low molecular weight PEO is found to be strongly controlled by the erosion of 

the hydrogel matrix by SEC. On the other hand， the mechanism from the other 

tablets whose ratios of PEO to PEG is higher than that of Tablet F is not dominated 

by matrix erosion， and the contribution of the drug self-diffusion through the 

hydrogellayers is demonstrated by MRI. 

Flow幽 throughcell equipped with MRI and SEC are well suited to investigate the 

release mechanisms of hydrogel matrix tablets. With further development， this sort 

of cOlnbination study may aid in better understanding of the release mechanisms of 

pharmaceutical drug delivery system products. 
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Figure 1. Schematic illustration of flow-through cell apparatus fitted with a MRI. 
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Figure 4. ATR-IR spectra of dried Tablet A， water， and the surface of the hydrogel 

layer and non-hydrogel core parts of Tablet A， at one hour after the dissolution 

test in the 4000・750cm-l region (a)， close-up spectra in the Q-H stretching 

region (b)， and close-up spectra in the C-Q stretching region (c). Green line: 
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Table 1. Formulations ofhydrogel matrix tablets loaded with AAP. 

Formulation 

Tablets AAP (mg) PEO (mg) PEG (mg) 

A PEO-7M/PEG (5: 1) 20 150 30 

B PEO・7M/PEG(1 :1) 20 90 90 

C PEO-7M/PEG (1 :5) 20 30 150 

D PEO-2M/PEG (5:1) 20 150 30 

E PEO・2M/PEG(1:1) 20 90 90 

F PEO-2M/PEG (1 :5) 20 30 150 
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Co阻clusion

In this investigation into the processes of hydrogelation of PMAA and PEO films 

using time帽 resolvedin situ IR spectroscopy， new insights into the hydrogelation 

behaviors of their solids have been provided. Further， the calculated wavenUlTIbers 

and interaction energies obtained by QCC using short chain models instead of actual 

polymers supported my estimation of the spectra同 structurecorrelation of the 

hydrated PMAA and PEO. IR spectroscopy with a flow-cell is well suited to 

investigating hydration mechanislTIS of hydrophilic polymers. It seems reasonable 

conclude that water molecules in hydrogel play important roles to keep their 

hydrogel states. Conducting such a study as performed here may eventually allow 

me to understand the physical properties of pharmaceutical drug delivery products in 

water. 

Furtherラ theflow圃 throughcell equipped with MRI and SEC are well suited to 

investigate the release mechanisms of hydrogel forming matrix tablets using 

hydrophilic polymers. With further developlTIentラ thissort of combination study lTIay 

aid in better understanding of the release mechanisms of pharmaceutical drug 

delivery system products. 
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