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SUMMARY:

In recent years m any biodegradable polym ers have been investigated particularly  for controlled 

delivery  o f  drugs or proteins/peptides. The m ost com m only  studied biodegradable polym ers for 

controlled drug delivery are based on poly (esters), such as poly (lactides) o f  poly (glycolic 

acid). Lim ited research o f  environm entally  sensitive and degradable system s capable o f  

contro lling  drug release in response to  a specific stim ulus has been undertaken. The present 

thesis investigates the potential application o f  a novel in telligent b iodegradable hydrogel.

A series o f  novel m ultifunctional hydrogels that com bined the m erits o f  both therm oresponsive 

and biodegradable polym eric m aterials w ere designed by varying both the com position ratios 

and the m olecular w eight o f  the precursor unit. The hydrogels w ere com posed o f  N- 

isopropylacrylam ide as a therm oresponsive unit and chem ically  m odified poly (lactic acid) 

(PL A ) as a hydrolytically  degradable and hydrophobic unit. The chem ical structures o f  the 

hydrogels w ere characterised using nuclear m agnetic resonance (N M R ), Fourier transform  

infrared spectroscopy (FT IR ) and gel perm eation chrom atography (G PC ). The hydrogels w ere 

therm oresponsive, w ith an increase in the low er critical solution tem perature (L C ST ) the higher 

the percent o f  lactic acid d iacrylate m acrom oer (FL A M ) incorporated into the hydrogels. 

Sw elling properties w ere dependant on tem perature as w ell as the FLAM  content. Increasing the 

m olecular w eight o f  FLAM  resulted in both larger pores and a decrease in the crosslinking 

density; the effect being m agnified by the higher m olar ratio o f  FLAM  to poly N- 

isopropylacrylam ide (FN IFA A M ).

The degradation behaviour o f  the three-dim ensional polym eric netw orks form ed w as dependent 

on both structural (m esh size, cross-linking density , m olecu lar w eight (M W ) distribution) and 

environm ental param eters (tem perature). Sw elling, and in vitro  biodegradation-induced 

m orphological structure changes w ere characterised  using scanning electron m icroscopy (SEM ). 

A greater rate o f  degradation and disruption  to the porous netw ork could be seen w ith increasing 

FLAM . In the case o f  hydrogel series contain ing low er M W  FLA M , degradation w as faster 

below  the LC ST due the increased hydrophilicity  o f  the netw ork leaving it m ore susceptib le to 

solute diffusion, thus increasing the hydrolytic cleavage o f  FLAM .

Increasing the M W  o f  FLAM  unit during polym erisation affected the cross-linking density  and 

therefore the resulting w ater content o f  the degradable gel. A m ore open netw ork led to  an 

increase in the hydrolytic degradation rate o f  the FLAM  ester bonds above the LC ST how ever a 

trend em erged w hereby the higher the percent o f  FLAM  incorporated into the gel the faster the 

rate o f  degradation. Folym eric system s com posed o f  low er m olecular w eight FLAM  displayed a 

faster rate o f  degradation in com parison to that o f  the larger M W  FLAM . H ow ever by co-



polym erisation, reversal in tem perature control on the rate o f  degradation w as achieved; 

w hereby the gels d isplayed faster degradation  relative to the  linear PLA at 20 '’C.

The potential use o f  these novel biodegradable therm oresponsive hydrogels w as also evaluated 

by using a range o f  m odel drugs w ith a variety  o f  physicochem ical properties. D rug release 

profiles as well as the m echanism  o f  release w ere exam ined as a function o f  both tem perature 

and com position. M athem atical m odels w ere em ployed to  fit the data and obtain model 

param eters fo r the prediction o f  drug release profiles. D rug release w as exam ined both above 

and below  the LC ST o f  the hydrogel series. The m echanism  o f  release could be tailored as well 

as the rate o f  release by altering the hydrogel com position. An increase in tem perature resulted 

in a decrease in both rate and extent o f  hydrogel sw elling  w ith an effective reversal o f  therm al 

control o f  drug release. The extent o f  therm al control depended on physicochem ical properties 

o f  the drugs used. The loaded drug w as show n to influence the sw elling  depending on solubility  

and polym er-drug interactions. The resulting release rates o f  the drugs w ere dependent on 

sw ollen state o f  hydrogel and the relationship  betw een pore size and m olecular d iam eter o f  the 

probe m olecule.

The application  o f  a therm oresponsive sem i-biodegradable gel in pulsatile release studies w as 

also  exam ined. The rate o f  sw elling w as affected by the extent o f  desw elling  or contraction on 

sw itching the external tem perature. The hydrogel shrank to 80%  its original volum e on 

tem perature sw itch indicative o f  a dense skin layer on the surface o f  the gel. The incorporation 

o f  a hydrophobic unit PLA appears to  have strengthened the dense layer, w hich is further 

dem onstrated  by the effectiveness o f  “o n -o f f ’ regulation o f  sm all m olecular w eight com pounds 

in response to external tem perature changes.

The current thesis therefore explores the use o f  a novel degradable sm art gel in the role o f  

controlled drug delivery. It can be concluded that degradation o f  hydrogels series can be 

m anipulated  by controlling  m onom er m olar ratios o f  the reactants and the tem perature at w hich 

experim ents w ere conducted. A com bination o f  characteristics such as the chem ical nature o f  

the polym er, rate o f  degradation, sw elling characteristics and therefore pore size affected  the 

release profiles o f  the m odel drugs. D rug physicochem ical properties such as solubility , size and 

pK a played an im portant role in drug delivery.
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C h a p te r  I: D esign  an d  A p p lica tio n s  o f  “ S m art” P o ly m ers  in D ru g  D elivery

1.1 INTRODUCTION

A polym er is a substance with a high molecular weight m ade up o f  m any repeating smaller 

chemical units or molecules. Hydrogels are water-swollen polymeric networks containing 

chemical or physical cross-links (Peppas, 1986). It is the inherent properties o f  the cross-linker 

that maintains the three-dimensional swollen structure. Cross-linking can be in the form o f  

covalent bonds or cohesion forces such as hydrogen bonding, Van der Waals, ionic or 

hydrophobic interactions (Qiu and Park 2001).

Intelligent drug delivery systems (D D S) demonstrate the ability to sense the environmental 

changes, judge  the degree o f  the signal and react by producing a useful effect (Kost and Langer 

2001). Such intelligent or “ sm art” DDS may be achieved by using stimuli responsive polymeric 

hydrogels, which alter their structure and physical properties in response to external stimuli. 

“ Smart” hydrogels undergo reversible volum e phase transitions upon changes in the 

environmental conditions. M any chemical and physical stimuli have been em ployed to induce 

these responses. The physical stimuli include temperature, electric fields, solvent composition, 

light, pressure and magnetic fields. Examples o f  chemical stimuli are pH, ions or specific 

molecules (Gupta  et al., 2002). Due to the dynam ic properties o f  hydrogels, they are a 

promising option in drug delivery applications.

The physical and mechanical properties o f  hydrogels are dependent upon the chemical 

composition as well as the physical structure, improved biocompatibility and flexibility by 

controlling network properties can be achieved by modification o f  the hydrogel. Such 

modifications include addition o f  monomer(s), degree o f  crosslinking and the introduction o f  

biodegradable hydrophilic and hydrophobic segments. A com bination o f  permeability, 

biocompatibility, sensitivity to environmental changes and rates o f  enzymatic and hydrolytic 

degradation o f  the hydrogels play an important role in the swelling kinetics and thereby can 

control the rate and extent o f  drug release.

In the current niche o f  drug delivery technologies, hydrogels have made an irreplaceable space 

because o f  their unique characteristics. Traditional drug delivery systems developed can 

maintain drug levels within the therapeutic range and need fewer administrations thereby 

achieving effective therapies and increasing patient compliance. While these advantages can be 

significant, in m any cases, such consistent drug release profiles may not be desirable e.g. insulin 

for diabetics, antiarrhythmics for heart rhythm disorders, gastric acid inhibitors for ulcer control, 

nitrates for angina pectoris, birth control, hormone replacement, immunisation, cancer 

chemotherapy and selective (3-blockade (Kost and Langer, 1991). Intelligent controlled release



systems are more sophisticated and can respond to environmental changes and deliver or cease 

to deliver drugs. In addition smart polymers have been developed to achieve drug targeting to a 

specific part o f  the body. These self-regulating drug delivery systems or temporal systems are 

achieved by using stimuli responsive hydrogels by o n -o ff  switches (e.g. increase or decrease in 

temperature) resulting in pulsatile drug delivery (Kikuchi and O kano 2002).

Pulsatile drug delivery is receiving a m ajor impetus towards the developm ent o f  new or 

improved drug therapies. It has the advantage o f  avoiding drug tolerance as well as reducing the 

cost o f  medication. Peptides, which easily degrade under physiological conditions and 

encounter absorption problems due to their large molecular weight, cannot be used effectively 

in conventional dosage forms. However, m aximising the therapeutic effects can be achieved by 

intelligent DDS, which protect the drug native structure and confirmation (Brom berg and Ron 

1998).

Biodegradable polymers offer two further advantages; firstly there is no need to remove residual 

biomaterial from the implantation site and secondly drug release profiles have more versatility 

and are therefore beneficial to a w ider range o f  compounds. For example hydrogels that degrade 

by microbial enzymes in the colon are used for colon specific delivery (Ghandehari et al., 1997, 

Maris et al., 2001). Hydrogels can also be fabricated as microparticles and used for injection 

(Chenite et al., 2000). The use o f  natural polymers in the preparation o f  these intelligent drug 

delivery systems are also beneficial since many natural polymers are inherently biodegradable 

and posses the ability to self-assembly, specific recognition o f  other molecules and the 

formation o f  reversible bonds (Park et al, 1993).
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Chapter I: D esign  and A pplications o f ‘‘Smart” Polym ers in Drug D elivery

1.2 PHYSICAL FORMS OF STIMULI-RESPONSIVE POLYMERS

Stimuli-responsive polymers have been utilised in various forms such as crosslinked hydrogels 

(permanently), reversible hydrogels, micelles, modified interfaces and conjugated solutions 

(stimuli responsive) (Park et al., 1993, Qiu and Park 2001,Kost and Langer 2001).

■ Hydrogels are called perm anent or  chemical gels when they are covalently cross-linked 

gels. Chemical gels will not dissolve in water or organic solvents unless covalent cross

links are cleaved. The gels may be synthesised by polymerisation or co-polymerisation 

o f  a variety o f  monom ers with minor am ounts  o f  crosslinkers. Based on these cross- 

linked networks, drug release and associated swelling characteristics o f  the hydrogels 

can be significantly changed by altering the delicate balance o f  hydrophobic and 

hydrophilic moieties (Hennink and van Nostrum 2002; Kopecek 2003). Also the 

presence o f  the stimulus responsive com ponent within the polymer network allows 

dramatic change in the swelling properties when an environmental stimulus is initiated 

(Qiu and Park 2001).

■ Associative forces capable o f  forming non-covalent cross-links form reversible gels or 

physical networks (Jeong et al, 2002). A degree o f  the polymer is involved in the 

formation o f  stable contacts within between polymer chains. Since these networks are 

not covalently cross-linked, they display w eaker and reversible chain-chain interactions 

forming solution-gelation (sol-gel) transitions. Therefore, these types o f  stimuli 

responsive polymers have been developed for a phase change rather then a dimensional 

change.

■ Polymeric micelles are another form o f  stimuli responsive systems. An AB-type 

polymer incorporating both hydrophilic and hydrophobic segments forms polymeric 

micelles. This is due to their amphiphilic  nature. The micellization/demicellization 

formed by the alteration o f  the hydrophilicity or  hydropobicity, can be modulated by 

stimuli (m ostly  temperature) (Lin and Cheng, 2001, Z hang  et al., 2002, Jeong et al., 

1999).

Alternatively a stimulus responsive polym er may be modified by the addition o f  either 

the hydrophilic or hydrophobic segment leading to an improved targeting system, 

capable o f  actively targeting due to their switchable therm o-responsive physical- 

chemical characteristics, while they maintain the passive targeting ability (Chung et al., 

1998, Kohori et al., 1998). However, it is am biguous to distinguish these micelle
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structures from reversible iiydrogeis as micelles form hydrogels above a specific 

temperature (micelle gelation concentration).

■ Matrix surfaces, such as polymer (Peng et al., 2001), silica (Ram a et al., 2002) and 

metal (Nath et al., 2001) can be functionalised with stimuli responsive polymers to 

produce intelligent interfaces between solid and liquid phases. (Extrinsic, triggered 

control o f  interfacial properties is attractive for the developm ent o f  regenerable 

biosensers and proteomic chips, interfacial control o f  microfluidics that enable the 

dynamic presentation o f  cell specific ligands on their surface). The properties o f  the 

modified interface can result in a dynamic on-off  system by changing the 

hydrophobic/hydrophilic  surface function and the pore size o f  the porous membranes.

■ Changing simuli can control the solubility o f  stimuli responsive polymers. As a result, 

their conjugates can be modulated to have stimuli responsive solubility. The conjugates 

can be obtained by a covalent bond or secondary bond (Gil and Hudson 2004, Nath et 

al., 2001). Once the conjugation o f  stimuli responsive polymer and conjugates such as 

drugs and proteins is developed, the activity o f  the conjugates depends on the 

hydrophobic and hydrophilic changes o f  the polymer chain induced by stimuli.

1.3 Smart polymers:

Delivery systems whereby a drug can be activated by external stimuli are still largely 

experimental. Enteric coating as reviewed by Dittgen, (1997), is an established method o f  

bypassing the stomach only releasing the active substance when reaching the relatively alkaline 

pH o f  the small intestine. There are only a few commercially  successful hydrogel-based drug 

delivery systems; most o f  which are over the counter dressings and surgical aids (Aquatrix II™ 

a chitosen-PVP hydrogel. Smart hydrogel™  poly (acrylic acid) and poly (oxypropylene-co- 

glycol) (Gupta et al., 2002). Some aspects o f  the various potential stimuli are discussed in the 

following section.

1.31 pH sensitive hydrogels:

The pH responsive polymers consist o f  ionisable pendants that can accept and donate protons in 

response to an environmental change in pH. Polyacids will swell to a greater extent at high pH 

as they are transformed into electrolytes resulting in electrostatic repulsion forces between 

molecular chains. On the other hand polybases have amine groups in their side chain, which
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release protons under basic conditions and gain protons under acidic conditions. This gives a 

m om entum  along with the hydrophobic interaction to govern swelling/deswelling, 

hydrophobic/hydrophilic  characteristics and volume phase transition temperature o f  the 

polymer. Drug release from such devices will display release rates dependant on pH (Gupta  et 

al., 2002, Kost and Langer, 1991, Qui and Park, 2001).

Hydrogels, which are pH sensitive and biodegradable, have also been synthesised. Poly (ortho 

esters) have shown fast degradation kinetics under mildly acidic conditions while they are 

relatively stable at physiological pH (Seym our et al., 1994). The pH responsive degradation 

profiles o f  poly (ortho esters) has been used as a hydrogel matrix for pulsatile insulin delivery 

(Heller et al., 1990) and has also been applied as triggered sustained drug release systems 

targeted to weak acidic environments (Guo et al., 2001). Attention has also been focused on the 

developm ent o f  biodegradable, pH sensitive hydrogels based on polypeptides, proteins and 

polysaccharides.

1.3.2 Light Sensitive Hydrogels:

Light sensitive hydrogels can be separated into UV-sensitive and visible sensitive hydrogels. 

The UV-sensitive hydrogels are synthesised by the introduction o f  a leuco derivative molecule, 

bis (4-di-methylamino) phenylmethyl leucocyanide into the polymer network (M am ada et al., 

1990). The light induced swelling was due to an increase in osmotic pressure within the gel due 

to an appearance o f  cyanide ions formed by UV irradiation (Figure 1.1).

Figure 1.1: Structure o f  a leuco derivitive molecule  bis(4-(dimethylamino)phenyl)(4- 

vinylphenyl)methyl leucocyanide.

H2C=CH

I I I ©
N
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V is ib le  ligh t s e n s it iv e  h y d ro g e ls  w ere  prepared b y  in trod u cin g  a ligh t se n s it iv e  ch ro m o p h o re  

(e .g . tr isod iu m  sa lt o f  co p p er  c h lo r o p h y llin )  to  p o ly  (N -iso p r o p y la c r y la m id e ) h y d ro g e ls  (S u zu k i 

and T anaka, 1 9 9 0 ). T h e ch ro m o p h o re  ab sorb s ligh t, w h ich  is then  d issip a ted  lo c a lly  as heat. T h e  

tem peratu re in crea se  a lters the sw e ll in g  b eh a v io u r  o f  the th erm o reso p o n siv e  N -  

iso p ro p y la cry la m id e  unit. In th e  a b sen ce  o f  an y  ch ro m o p h o res p o ly  (n -iso p ro p y la cry la m id e )  

h y d ro g e ls  d isp la y  a v o lu m e  p h ase  tran sition  by  th e  form ation  o f  a tem peratu re grad ien t d u e to  a 

C O 2 laser infrared beam . Y iu  et a l., 1993 ex a m in ed  th e  a p p lica tion  o f  v is ib le  ligh t se n s it iv e  

h y d ro g e ls  for  tem p ora l drug d e liv e r y  b ased  on  cro ss lin k ed  h ya lu ron ic  ac id  h y d ro g e ls  that 

u n d ergo  p h o to se n s it ise d  degrad ation  in th e  p resen ce  o f  m eth y len e  b lue.

1.3.3 Electric sensitive hydrogels:

H y d ro g e ls  se n s it iv e  to  e lec tr ic  current are u su a lly  m ad e  o f  p o ly e le c tr o ly te s , as are pH se n s it iv e  

h y d ro g e ls . T h eir  a b ility  to  co n v er t c h em ica l en erg y  to  m ech a n ica l en erg y  h ave d em on strated  

th eir  su ita b ility  for  se le c t iv e  co n tro lled  transport o f  both neutral and ch arged  co m p o u n d s  acro ss  

h yd roge l m em b ran es. In the c a se  o f  a  hydrated  p o ly e le c tr o ly te  m em b ran e su ch  as p o ly  (m eth y l  

m eth a cry la te) (P M M A ) a p p lica tion  o f  an e lec tr ic  f ie ld  g iv e s  rise to  a net force  on  th e  sp a ce  

ch arge  in th e  fluid p h a se , w h ich  co n ta in s  an e x c e s s  o f  co u n ter io n s  o v er  c o - io n s . T h is  fo rce  is 

transferred to  the so lv e n t resu ltin g  in e le c tr o sm o tic  f lu id  f l o w  re la tiv e  to  m em b ran e m atrix  

(K o st  and L anger, 2 0 0 1 ) .

in ad d ition  to  h y d ro g e l sw e ll in g  and con traction  e lec tr ic  f ie ld s  h ave a lso  b een  used  to  contro l 

the ero sio n  o f  h y d r o g e ls  m ad e  o f  p o ly  (e th y lo x a z o lin e )-p o ly  (m eth a cry lic  a c id ) (P M  A ) c o m p le x  

in a sa lin e  so lu tio n  (K w o n  and B ae , 199 1 ). T h e  c o -p o ly m e r  (fo rm ed  v ia  in term olecu lar  

h yd rogen  b o n d in g  b e tw een  the ca r b o x y lic  and o x a z o lin e  g ro u p s) d is in tegra ted  into w ater- 

so lu b le  p o ly m ers  at th e  g e l su rface  on  a p p lica tion  o f  the e lec tr ic  current. B y  a lter in g  th e  ap p lied  

e lec tr ica l st im u lu s  th e  su rface  ero sio n  o f  th is  p o ly m er  w a s  co n tro lled  in a step  w is e  or 

co n tin u o u s fa sh io n . P u lsa tile  re lea se  o f  in su lin  w a s  a c h ie v e d  b y  a p p ly in g  a step  fu n ctio n  o f  

e lec tr ic  current.

1.3.4 Biomolecule sensitive hydrogels:

B io m o le c u le - s e n s it iv e  h y d ro g e ls  u n d ergo  s w e ll in g  in resp o n se  to  sp e c if ic  b io m o le c u le s  such  as 

g lu c o s e , e n z y m e s , and an tig en s (M iy a ta  et a l., 2 0 0 2 ) . G lu c o se  se n s it iv e  g e ls  are u se fu l for the  

d e v e lo p m e n t o f  se lf-r eg u la ted  in su lin  d e liv e r y  sy s te m s, w h ic h  can  be ca teg o r ised  in to  three  

ty p es .
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Chapter I : D esign  and A pplications o f  “Smart” Polym ers in Drug D elivery

G lucose oxidase-loaded hydrogels com bine glucose oxidase with pH sensitive hydrogels to 

sense glucose and regulate insulin release. Within the pH-sensitive hydrogel glucose is 

converted to gluconic acid by glucose oxidase thus lowering the pH in the hydrogels (Ito et al., 

1989, Hassan et al., 1997). The second type o f  glucose sensitive gel involves lectin. Lectins are 

carbohydrate-binding proteins, which interact with gycloproteins and glycolipids. Concanavalin 

A (Con A) is the most frequently used glucose binding protein in modulated insulin delivery  

(Brownlee and Cerami, 1979). A stable biologically active glycosylated insulin derivative able 

to forin a com plex with con A was synthesised. The glycosylated insulin derivative could be 

released from its com plex with con A in the presence o f  free glucose based on the com petitive 

and complementary binding properties o f  glcosylated insulin and glucose to con A. The third 

exam ple o f  glucose sensitive gel involves com plex formation between a phenylboronic acid 

group and glucose as opposed to biological com ponents (proteins) as previously described 

(Figure 1.2) (Kitano et al., 1992). G lucose having pendant hydroxyl groups com petes with 

polyol polymers for the borate crosslinkages. Since glucose is m ono-functional it cannot 

function as a crosslinking agent as polyol polymer does. Thus as glucose concentration 

increases the crosslinking density o f  the gel decreases and the gel sw ells/erodes to release more 

insulin.
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Figure 1.2: Sol-gel phase transition o f  a phenylborate polymer. At alkaline pH, Phenylborate 

polymer interacts with PVA to form a gel. G lucose replaces PVA to induce a transition from the 

gel to the sol phase.
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E nzym e-sensitive hydrogels have also  becom e increasingly im portant since specific enzym es 

can d igest som e biodegradable polym ers. Enzym atically  degradable cross-links w ere introduced 

into w eak polyacid-based hydrogels for colon specific drug delivery  (G handehari et al., 1997 

M aris e t al., 2001). C ross-link ing  agents contain ing  azoarom atic m oieties are degradable by the 

azoreductase activ ity  in the colon thereby  initiating drug release.

1.3.5 Temperature responsive polymers

T herm oresponsive polym ers are the m ost ex tensively  studied class o f  environm ental sensitive 

polym ers (B rom berg and Ron, 1998). Poly N -isopropylacrylam ide is the m ost extensively  

studied in the field o f  controlled drug delivery  due to its low er critical solution tem perature 

(L C ST ). The LC ST is the critical tem perature at w hich a polym er solution undergoes a phase 

transition  from  soluble to  insoluble state above the critical tem perature. System s, w hich becom e 

soluble upon heating, have an upper critical solution tem perature (U C ST). Exam ples o f  

polym ers possessing a LC ST in w ater are tabulated below;

Table 1.1:Polymers showing an LCST in water (Jeong et al., 2002)

Polym er LC ST (“C) Polym er LCST (“O

Poly (N -isopropylacry lam ide) -3 2 Poly (siloxyethylene glycol) 10-60

Poly (vinyl m ethyl ether) -4 0 Poly (silam ine) -3 7

Poly (N -vinylcapro lactam ) - 3 0 M ethylcellulose -8 0

Poly (propylene g lycol) - 5 0 H ydroxypropylcellu lose -5 5

Poly (m ethacrylic  acid) -7 5 Polyphosphazene derivatives 33-100

Poly (vinyl m ethyl oxazolidone) -6 5

T he behaviour o f  the tem perature sensitive polym er in a solvent is a balance o f  solvent-solvent 

in teractions, so lvent-polym er in teractions and p o lym er-po lym er interactions. In w ater PNIPAM  

has w ater m olecules bonded by hydrogen bonds to the am ide side o f  the  chain as well as 

structured  w ater around the isopropyl groups. This effect o f  structured w ater is know n as the 

hydrophobic effect.

L inear Poly (N -isopropylacry lam ide) chains in dilute aqueous solutions appear to  exist as 

isolated, flexible but extended coils due to  dom inant so lvent-polym er interactions above 

polym er-polym er in teractions (Schild , 1992). A t higher tem peratures the interactions betw een 

hydrogen bonds and w ater m olecules w eaken leading to an en tropically  favoured release o f  

w ater. This leads to a phase separation w hereby the polym er-polym er interactions becom e 

stronger causing the polym er to precipitate. The tem perature at w hich the phase transition
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occurs is called the LCST. These temperature sensitive systems undergo a sol-gel phase 

transition instead o f a swelling/deswelling transition. Block co-polymers like poly (ethylene 

oxide)-poly (propylene oxide) (PEO-PPO) (Pluronics®, poloxamers®, tetronics®) possess an 

inverse temperature sensitive property based on a sol-gel phase conversion around body 

temperature (Figure 1.3) (Bromberg and Ron, 1998).

Figure 1.3: Structure o f poly (ethylene oxide)-poly (propylene oxide)(PEO-PPO-PEO) block 

copolymer; where x is the number o f repeating PEO units and y is the number o f repeating PPO 

units (Bromberg and Ron, 1998).

In the case o f a hydrogel where polymer chains are covalently crosslinked, this phenomenon 

leads to sharp volume changes at the LCST. A hydrophilic swollen polymer is observed below 

the LCST and above this temperature a collapse/deswelling in the polymer network is observed 

due hydrophobic interactions and interpolymer chain association.
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Figure 1.4: Volume phase transition in PNIPAAM gels. A t temperatures below the LCST o f 

PNIPAAM (~31°C), water is bonded to the amide side chains o f PNIPAAM, there is also 

structured water around the isopropyl group. Hence the gel is in the swollen state due to strong 

polymer-solvent interactions. A t temperatures above the LCST there is an entropically favoured 

release o f water from the interior o f the gel and polymer-polymer interactions become stronger 

thereby deswelling the gel (Nayak, 2004).
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C ovalen tly  cross-linked therm oresponsive hydrogels synthesised using PN IPA A M  are the m ost 

ex tensively  studied (H offm an et al., 1986, Bae et al., 1987, M akino et al., 2001). In the case o f  

therm oreversib le  gels, a hydrogel is form ed by placing/in jecting  the polym er solution into an 

aqueous environm ent. Jeong et a!., (1997) reported a po lym er consisting  blocks o f  poly 

(e thy lene oxide) and poly (L -Iactic acid). The polym er (at 45“C), upon subcutaneous injection 

and subsequent rapid cooling to body tem perature, undergoes a sol-gel transition. The entrapped 

drug  w as released at first by d iffusion and then at a faster rate as degradation m echanism s 

started operating.

1.3.6 Others:

O ther types o f  stim uli responsive hydrogels, w hich have been reported, include m agnetic, 

ultrasound, pressure or radiation. U ltrasound is m ostly  used as an enhancer for the im provem ent 

o f  d rug  perm eation through biological barriers such as skin, lungs, intestinal wall, and blood 

vessels. Kost et al., (1989) described ultrasound-enhanced polym er degradation  system . D uring 

polym er degradation , incorporated drug m olecules w ere released by repeated ultrasonic 

exposure. As degradation  o f  biodegradable m atrix w as enhanced by ultrasonic exposure the rate 

o f  d rug  release also  increased.

K ost e t al., (1985) investigated m agnetically  controlled drug  delivery from  a polym er m atrix 

incorporating a sm all m agnet. R elease studies o f  BSA (bovine serum  album in) increased 5 to  10 

fold by subjecting the m atrix  to an oscillating  m agnetic field. K ost et al., (1987) reported the 

exposure to an oscillating  field induced insulin delivery  to d iabetic rats.

Z hong et al., (1996) found that the phase transition o f  tem perature sensitive gels w ere pressure 

dependen t w ith potential im plications for the degree o f  sw elling.

Juodkazis et al., (2000) reported reversib le phase transitions in polym er gels induced by 

radiation. The volum e phase transitions w ere attributed to the radiation ra ther than local heating.
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1.4 Synthesis and Chemistry of Poly (N-isopropylacrylamide) networks.

Poly (N-isopropylacrylamide) (PN IPA A M ) has been synthesised by a variety o f  techniques 

resulting in m any  different architectures. Such polymerisation methods employed include free 

radical initiation in organic solution, redox initiation in aqueous media, ionic polymerisation 

and synthesis by radiation. The chemical and physical properties o f  PN IPA A M  are diverse 

depending on the process adapted and conditions em ployed (Schild 1992). Furthermore by 

addition o f  co-m onom ers, diverse labels and functional groups have been introduced.

O ne o f  the most com m on techniques used in drug delivery is redox initiation in aqueous media. 

Redox polymerisation o f  PN IPA A M  is typically carried out using either am m onium  persulfate 

(A PS) or potassium persulfate (KPS) as the initiator and either N N N N -tetram ethylenediam ine 

(T E M E D ) or sodium metabisulfite as the accelerator (Schild, 1992). N, N methylene- 

bisacrylamide is used as the cross-linker in many o f  these reactions.

NH

0 = /

HN

n - i s o p r o p y l a c r y l a m i d e

HN

HN

N . N - m e l h v l e n e b i s a c r ^  l a m i d e
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=0
NH

HN

NHHN

= 0
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P o l y  ( N - i s o p r o p y l a c r \ l a m i d e )

Figure 1.5: synthesis o f  poly (N-isopropylacrylam ide) hydrogel. The reaction is initiated using 

am m onium  persulfate (APS) and propagated with te tram ethylethylenediamine (TEM ED ). Value 

o f  integers (m ,n,o,p) depend on crosslinking density.

Free radical polymerisation in organic solution has been widely used in polym er chemistry for 

drug delivery applications. There are limitations to hydrogels com posed o f  only PNIPAAM , 

such as biocompatibility, swelling/deswelling rate and mechanical properties. The need to



improve these required properties led to other functionalities being incorporated by co

polymerisation and IPNs (interpenetrating networks), which is mainly carried out by free radical 

polymerisation in organic solution. Many hydrophobic monomers have been introduced such as 

butyl methacrylate, which necessitates the use o f organic solutions.
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Figure 1.6 shows some o f the various functional groups; hydrophobic/hydrophilic, degradable 

and ionic monomers that have been used in synthesis by free radical polymerisation to form 

PNIPAAM gels.

Reports o f ionic and radiation polymerisation have been reported. Radiation polymerisation has 

facilitated grafting N IPAAM  onto substrates o f biological interest, motivated by the subsequent 

control o f the hydrophilic/hydrophobic balance o f the resulting surface (Uenoyama, and 

Hoffman, 1988,Yamada et al., 1990).
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1.5 Designs for temperature sensitivity of poly (N-isopropylacrylamide) networks:

Architecture diversity or modification is important as properties such as 

hydrophobicity/hydrophilicity  and the degradation profile can be modified so that the role o f  

m olecules in medical technologies can thus be extended (Section 1.2).

Tem perature  sensitive hydrogels can be classified into negatively and positively 

therm oresponsive systems. The majority o f  therm oresponsive systems, including both linear and 

cross-linked system s exhibit a LCST and thus display negative temperature dependency 

(Yoshida et al., 1994). Negative tem perature  systems can be described as systems, which are 

insoluble or shrink in water above the LCST. In drug delivery this would result in a negative 

therm oresponsive release. N-isopropylcrylamide and methacrylic acid (M A A ) has been 

extensively studied. It has been found that the tem perature  response disappears with high- 

enough content o f  M AA. On the other hand bock co-polym ers with the same composition o f  

NIPA A M  to M A A  can retain both temperature and pH responsiveness which is attributed to the 

microphase separation o f  both units (Peng et al., 2001). Wu et al., (1992) prepared thermally 

reversible poly (N-isopropylacrylamide) gels with macroporous structures by polymerising gels 

at a temperature above their LCST and evacuating the reactor near the end o f  the polymerisation 

(Figure 1.7 (II)). Similarly C heng  et al., (2003) synthesised m acroporous gels for protein 

controlled release by carrying out polymerisation in aqueous sodium chloride solution. By 

controlling the temperature, the release o f  the model protein, BSA, could be modulated with 

entrapment o f  the BSA above the LCST and diffusion below the LCST. The obtained 

macroporous hydrogels  had higher swelling ratios at temperatures below the LCST and 

exhibited faster swelling/deswelling kinetics although the LC ST was the same for the 

conventional and macroporous gels.

(I) (II) (III)

Figure 1.7: Diagram o f  (I) conventional gel (II) heterogeneous structure o f  a macroporous 

LCST hydrogel and (III) Structure o f  a com b type grafted poly (N-isopopylacrylam ide) gel (Wu 

e ta l . ,  1992).
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Comb-type PNIPAAM hydrogel has been recently prepared exhibiting a fast acceleration o f the 

shrinking rate compared to that o f a linear type PNIPAAM gel (Figure 1.7). Within its novel 

architecture, dangling PNIPAAM chains in a hydrogel can easily collapse above the LCST due 

to the strong shrinking tendency o f PNIPAAM chains that bear free ends (Yoshida et al., 1995). 

Regulation o f water content o f thermoresponsive hydrogels is an important subject for 

controlled drug release. Copolymerisation o f PNIPAAM and hydrophobic butyl methacrylate 

has been widely investigated and displayed a fall in the LCST and a reduction in the degree o f 

swelling. As a technique to control the degree o f swelling without affecting the LCST, Bae et 

al., (1991) modified poly (N-isopropylacrylamide) with hydrophobic components via formation 

o f interpenetrating polymer networks (IPNs). The release o f herapin was investigated at various 

temperatures. (IPNs are formed when one crosslinked network is intertwined with another 

independent network.) IPNs o f crosslinked PNIPAAM and linear poly (ether (urethane-urea) 

have shown greater mechanical strength and faster deswelling rates than croslinked PNIPAAM 

alone (Gutowska et al., 1994). Okano et al., (1990) and Bae et al., (1991) both investigated the 

on- o ff  pulsatile release o f indomethacin from IPNs o f PNIPAAM and polytetramethylene ether 

glycol (PTMEG).

Biodegradability has been given to the hydrogels, while keeping their temperature responsive 

properties. PNIPAAM chains were grafted to biodegradable biopolymers such as zein protein 

and Chitosan (Ju et al., 2001, Bromberg, 1997). Bromberg (1997) synthesised thermo and pH- 

sensitive comb type graft and semi-IPN hydrogels were prepared by using alginate and 

PNIPAAM. Comb type gel responded rapidly to changes in temperature due to the freely 

mobile PNIPAAM-NH 2 chains. In the pH sensitive swelling behaviour, the swelling ratio o f 

comb-type graft hydrogels increased continuously with increasing pH. However the swelling 

ratio o f semi IPN decreased at pH ranging between 3 and 5 because o f the compact structure 

resulting from formation o f a polyelectrolyte complex.

PNIPAAM-based networks have been chemically incorporated with enzymatically 

biodegradable poly (amino acid) or dextran. Huang et al., (2004), Zhang and Chu, (2002) 

designed a triblock polymer containing PNIPAAM, PLA and dextran which were 

thermoresponsive and partially hydrolytically degradable. Novel thermoresponsive and 

biodegradable hydrogels were designed and prepared in aqueous phosphate buffer (PB) solvent 

by copolymerisation NIPAAM and Dex-lactate-HEMA, (hydroxyethyl methacrylate) a dextran 

methacrylate macromer containing a hydrolysable oligolactate spacer with different weight 

ratios (Huang and Lowe, 2005). Two hydrophilic drugs BSA and methylene blue were loaded 

during the synthesis process into a gel consisting o f a weight ratio 5:4 NIPAAM: DEX-lactate- 

Hema. The release o f methylene blue was slower below the LCST than at 37°C, while the
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release o f  BSA at these tw o tem peratures show ed the opposite  trend. This w as attributed to drug 

release k inetics been strongly dependent on environm ental tem perature, sw elling  and 

degradation  o f  the gel and interactions o f  the loaded drugs w ithin the gel netw ork.

A few  polym eric  m icelle system s have been reported  using N -isopropylacry lam ide w ith 

degradable com ponents such as PLA , polylactide-co-g lycolide (L iu et al., 2005, Kohori et al., 

1998). Liu et al., (2005) fabricated  Poly (P N lP A A M -co-D M A A m )-b-P L G A  m icelles contain ing 

doxorubicin  (D O X ) that w ere stable at body tem perature but deform ed at 39.5°C thus triggering 

DOX release.

O ther tem peratu re  sensitive system s can disp lay  a positive tem perature dependency. The 

polym er system s disp lay  an upper critical solution tem perature (U C ST ) and sw ell at higher 

tem perature. T his results in positive therm oresponsive release w hereby drug  release is faster at 

higher tem perature. L im ited system s have been reported (K atono  et al., 1991). C oughlin  et al., 

(2004) achieved positive therm oresposive release using negative therm oresponsive gels by 

incorporating dextran  fractions into PN IPA A M . A squeezing effect w as observed on increasing 

the tem perature  and the o ff  state w as seen below  LC ST due to  the larger m olecular d iam eter o f  

the m odel d rug  in com parison to that o f  pore size. Ichikaw a and Fukum ori (2000) designed a 

positive therm oresponsive drug release m icrocapsule. Its therm osensitive coat w as com posed o f  

ethylcellu lose contain ing  PN IPA A M  hydrogel “ partic les” . The release rate o f  the m odel drug 

(carbazochrom e sodium  sulfonate) increased on increasing tem perature due to the shrinkage o f  

the therm osensitive hydrogel particles w ithin the coating  o f  the m icrocapsule. The resultant 

voids in the coating  facilitated diffusion o f  drug from  the core.

15



1.6 Designs for LCST control:

The LC ST o f  a temperature responsive polymer is influenced by hydrophobic or hydrophilic 

moieties in its molecular chain. In general, to increase the LCST o f  thermoresponsive polymers 

such as PN IPA A M , random co-polymerisation with hydrophilic monom ers will result in an 

increase in LCST. In contrast hydrophobic constituents have been reported to decrease the 

L C ST o f  PNIPAAM  (Xue and Hamley, 2002, Feil et al., 1993, Yoshida et al., 1994). Another 

aspect in the design and control o f  the LCST is introducing a hydrophobic biodegradable 

segment. A hydrolytically sensitive lactate ester side group was introduced to control the LCST 

o f  tem perature  senstitve Ni PA A M -based gels. An increase in the LCST was observed after the 

hydrolysis o f  the hydrophobic lactate groups (Huang and Lowe, 2005). Figure 1.6 displays such 

m onom ers  that may increase (acrylic acid) or decrease (buthylmethacrylate) the LCST.

Okano et al., (1990) studied the relationship between the alkyl group length in cross-linked poly 

(N,N-alkyl substituted acrylamides) and their aqueous swelling as a function o f  temperature. It 

was found that a more pronounced deswelling or gel collapse with increased temperature 

followed the trend shown in Figure 1.8. The thermosensitivity o f  the swelling was attributed to 

the delicate balance o f  hydrophobicity/hydrophilicity o f  the polymer chains and was affected by 

the size, configuration and mobility o f  the alkyl side chains.

P o ly (N -is o p ro p y la c ry la m id e )  P o ly (N ,N  d ie th y la c ry la m id e )  p ^ iy  p y rro lid in e )  P o ly (N -e th y la c ry la m id e )  Poly(N ,N
d i in e th y la c ry la m id e )

Figure 1.8: series o f  poly (N, N-alkyl substituted acrylamides) in order o f  magnitude o f  collapse 

on increasing the temperature (Okano et al., 1990).

W hen ionisabie groups such as A Ac (poly acrylic acid) or N, N-dimethylacrylam ide (D M A A m ) 

are co-polymerised with PNIPAAM , the LC ST shows a discontinuous alteration or even 

disappearance at the pK a o f  the ionisabie groups (Beltran et al., 1991). The ability o f  ionised co

m onom ers to remain charged and interact electrostatically with aqueous media and themselves 

within the copolym er network over a wide range o f  ionic strengths and pH values is proposed to 

explain significantly increased swelling and collapse behaviour in crosslinked gel systems over 

that o f  pure PN IPA A M  (Yu and Grainger, 1993).
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C o-polym erisation  o f  PN IPA A M  with d ifferent types o f  m onom ers results in hydrogels with 

m ore versatile properties such as faster rates o f  shrinking w hen heated through the LC ST and 

sensitiv ity  to additional stim uli. O kano et al., (1990) have studied the relationship  betw een 

copolym ers o f  PN IPA A M  w ith alkyl m ethacrylates. T hey  found larger alkyl g roups led to 

stronger hydrophobic interaction prom oting aggregation  o f  the polym er chains leading to  a 

sharp  phase transition  tem perature. Feil et al., (1992) exam ined the influence o f  pH and 

tem perature  on the sw elling o f  ionisable therm oresponsive poly (N lPA A m -co-B M A -co- 

D E A EM A ) hydrogels. Increasing the ionisable m onom er, D A EM A  led to  a strong increase or 

d isappearance o f  the gel collapse tem perature. In addition, the LC ST increased w ith decreasing 

pH (increasing  charge on D A EM A ) indicating charge m ay be dom inant factor in contro lling  the 

LCST.

1.7 Effect of additives on phase transition temperature:

Since the therm oresponsive behaviour depends on the solvent interaction w ith the polym er and 

the hydrophilic/hydrophobic balance w ithin the polym er m olecules, additives to  the 

polym er/solvent system  can influence the position o f  the phase transition. Such additives 

include salts, surfactan ts (Saito  e t al., 1992, Eeckm an et al., 2001) and the addition o f  co-solvent 

(L ee et al., 2000).

1.7.1 Inorganic salt:

H ydrogen bonding  plays an im portant role in the phase transition  o f  therm oresponsive polym ers 

as described in Section 1.2 and disruption o f  this hydrogen bonding  w ill a lter the phase 

transition  tem perature. The addition o f  a sim ple salt generally  results in a decrease in the LC ST 

(“ salting ou t” effect) as a function  o f  the salt concentration  (Saito , 1971, E liassaf, 1978, 

A tam an, 1987, Schild , 1990, Park and H offm an, 1993). Exceptions are know n such as certain 

th iocynates or quaternary  am m onium  salts (Saito , (1971), Suw a et al., (1998), Baltes e t al., 

(1999), Schild, (1990)). T hese exceptions result in a “ salting  in” effect increasing the phase 

transition  tem perature. The observed “ salting ou t” / ” salting  in” effect can be explained as a 

com bination  o f  several effects i.e. changes in the w ater structure in the po lym er hydration 

sheath and changes in the in teractions betw een the polym er and solvent due to the presence o f  

the salts.

A ccording to the m odel o f  Frank and W en (A tam an, 1987) for aqueous salt solutions, w ater 

consists o f  three regions: (a) is the region that is perm anently  associated  w ith the ion (b)
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c o n s is ts  o f  w a te r  m o le cu le s  p a rtia lly  o rd e red  by  the  e lec tric  fie ld  o f  th e  reg ion  an d  (c) the  

stru c tu re  o f  w a te r  is n o rm al. T h e  p ro p o rtio n  o f  (b )  is a m e asu re  o f  th e  ab ility  o f  th e  ion to  

d e s tro y  w a te r  s tru c tu re . D ep e n d in g  on  w h e th e r  th e  ion is a  s tru c tu re  b rea k e r  o r  no t, th e  norm al 

hy d ro g en  b o n d ed  s tru c tu re  o f  w a te r is e ith e r  d es tro y e d  o r re ta in ed . T h e  su d d en  rem ova l o f  the  

p ro tec tiv e  h y d ra tio n  la y er o f  m o le cu le s  e x p o ses  th e  h y d ro p h o b ic  c h a ra c te r  o f  th e  p o ly m e r 

re su ltin g  in v o lu m e p h ase  tran s itio n .

T h e  co -so lu te  e ffe c t w as o b se rv e d  in 1888 an d  c la ss ified  as  th e  H o fm e is te r  e ffec t. T he 

H o fm e is te r  e ffec t re fe rs  to  an  o rd ered  se q u en c e  o f  ions ( th e  H o fm eis te r  se rie s) ca te g o rised  in 

reg a rd  to  th e ir  “ sa ltin g  o u t” p o ten tia l to w ard s  p ro te in s  from  aq u e o u s  so lu tio n s. E eck m an  e t al., 

(2 0 0 1 ), sh o w ed  th a t the  v a len ce  and  s ize  o f  th e  an io n  p lay  an  im p o rta n t ro le  in the  sa ltin g  ou t 

p ro ce ss  in re sp e c t to  P N IP A A M  po ly m ers . A n io n s  w ere  c la ss ified  on  a m o la r co n c en tra tio n  

b as is  in a c co rd an c e  w ith  the  H o fm e is te r  se rie s  (A tam a n , 1987) w ith  re sp e c t to  the “ sa ltin g  o u t” 

e ffec tiv e n ess ;

P04'* >  H P 04  ̂ >  S04  ̂ >  0 H  >  H 2P04 >  H C 03 >  F >  C H 3 C 0 0  >  cr> B r >  r

W hen th e  m o le cu la r  w e ig h t w as used  instead  o f  th e  m o la r c o n c en tra tio n  th e  o rd er o f  ran k in g  

w as;

O H  >  F >  P04  ̂ »  S04  ̂ >  H P 04  ̂ >  H 2P04 >  H C 03 >  C H 3 C 0 0  >  CI >  B r >  I'

T h e  p h ase  tran s itio n  te m p e ra tu re  o f  P N IP A A M  p o ly m ers  w as found  to  be in d e p en d e n t o f  the 

c a tio n ic  sp ec ie s  (S a ito  e t a l., 1992).

1.7.2 Surfactants:

S u rfac tan ts , co n tra ry  to  sa lts , a re  o ften  used  to  o b ta in  s tab le  aq u e o u s  d isp e rs io n  o f  h y d ro p h o b ic  

so lu tes . S evera l s tu d ies  rev ea led  th a t su rfa c tan t m o le cu le s  ad so rb  o n to  th e  p o ly m e r by  m e an s  o f  

th e ir  h y d ro p h o b ic  ta ils  w h erea s  sa lts  a re  no t th o u g h t to  ab so rb  in to  th e  p o ly m e r n e tw o rk  but 

a ffe c t th e  p h ase  tran s itio n  te m p e ra tu re  (S a ito  e t a l., 1992). In th e  p resen ce  o f  su rfa c tan ts  both  

th e  ty p e  o f  su rfa c tan t and  its h y d ro ca rb o n  ch a in  leng th  in flu en ces  th e  ph ase  tran s itio n  

te m p e ra tu re  (E eck m an  e t al., 2001 ). In c reas in g  o r  d e c re a s in g  o f  th e  L C S T  in P N IP A A M  is 

d e p e n d a n t on  th e  h y d ro p h o b ic  ch a in  leng th  and  th e  c o n c en tra tio n  o f  su rfa c tan t used . T h is  

b eh a v io u r  has  been  ex p la in e d  as th e  resu lt o f  tw o  an tag o n is tic  p h en o m en a ; A  sa ltin g  o u t e ffec t 

d u e  to  th e  a n io n ic  c h a ra c te r  o f  the  free  su rfa c tan t m o lecu les  an d  on th e  o th e r  hand  a co n v e rs io n  

o f  the o rig in a lly  h y d ro p h o b ic  ch a ra c te r  in to  a  m ore  h y d ro p h ilic  co m p lex  by  b o n d in g  o f  the  long
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aliphatic  hydrocarbon chains o f  the surfactants w ith the polym er hydrophobic segm ents 

(E eckm an et al., 2001).

1.8 Potential uses o f drug delivery systems:

T em perature responsive polym er netw orks undergo reversib le change in properties in response 

to  environm ental conditions. T his can be in conform ation, change in solubility  o r alteration  in 

the hydrophobicity /hydrophilicity  balance. This response can be m odified to  respond to  a small 

change in tem perature as previously  seen in Section 1.6. In drug delivery , stim uli responsive 

polym ers have the potential to  m odulate drug release via tem perature control. By a ltering  the 

tem perature, o n -o ff release o f  the m odel com pound can be achieved. Thus drug delivery  

patterns can be optim ised by pulsatile  or self-regulated  delivery  by ad justm ent o f  d rug  release 

rates in response to  a physiological need. Potential uses o f  such system s are described  in the 

fo llow ing  section.

1.8.1 Constant temperature:

in conventional drug delivery, the drug concentration  in the blood rises when the drug  is taken, 

then peaks and declines. M ultiple doses are often required to keep a drug at a therapeutic plasm a 

level, above an ineffective level but below  a toxic level. Supplying the appropriate am ount o f  

d rug  to the body over a prolonged period led to the developm ent o f  constan t rate d rug  delivery  

system s. C urrent technology on sustained drug release devices has im proved to such a level that 

delivery  o f  drugs at a constant rate can be achieved for a period o f  tim e ranging from  days to 

years (Park et al., 1993). A dvantages o f  contro lled  drug release devices include delivery  to  the 

required site, delivery  at a required rate, few er applications, reduced dangers o f  overdose and 

econom ic advantages by the virtue o f  a m ore efficien t dosage at the expense o f  a m ore 

com plicated  fabrication.

A s a constant drug delivery device at body tem perature  (37°C), the properties o f  the 

therm osensitive hydrogels can be tailored to m eet the desired  release profile (Section  1.5). If the 

L C ST o f  the polym er system  is above body tem perature, the gel w ill sw ell at a rate dependent 

on m onom er com position , degree o f  crosslink ing  and/or rate o f  degradation . If  the LC ST is 

below  37°C, no sw elling  will occur. S im ilarly  in the case o f  linear polym ers, depend ing  on the 

LCST relative to body tem perature the polym er w ill e ither dissolve or precip itate delivering  

b ioactive solutes to a location in the body. “ Sm art” polym ers devices offer a feasib le route o f  

controlled  drug delivery  o f  larger m olecules such as protein or peptides w hereby the ir native 

structure can be protected from enzym atic attack.
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1.8.2 Changing temperature:

Delivery systems in which drug release can be activated by an external stimulus can be 

classified as open loop or closed-loop systems. In controlled drug delivery open-looped systems 

are known as pulsed or externally regulated and closed loop systems as se lf  regulated.

1.8.2 (a) Externally regulated delivery systems:

The use o f  external heat to modulate drug release has applications in any situation where the 

release o f  a substance is required at a critical temperature. Subdermal implants are a possible 

method o f  controlling the swelling state o f  an implanted hydrogel and subsequent release rate. 

Such an implant could be useful in patients where frequent but non-continuous drug release is 

desirable.

In anticancer therapy, it has been found that hyperthermia has a synergistic effect when used 

with chemotherapeutic  agents for destruction o f  tumours. Hyperthermia preferentially increases 

the permeability o f  tum our vasculature over normal vasculature, which further enhances 

preferential delivery to tumours (W eidner, 2001). An implant containing chemotherapeutic 

agent in the tum our region and the whole area exposed to a slightly higher temperature would 

trigger drug release. Another application may be to implant a device containing an antipyretic 

drug. A responsive system could also be designed where a unit has a small heater incorporated 

into the design. Raising the temperature by a few degrees would trigger drug release. M eyer and 

co-workers (2001) have recently reported two thermally  responsive polymeric drug carriers to 

target tumours. The LC ST o f  the thermoresponsive polym er was chosen at 40“C because this is 

higher than the body physiological temperature but lower than 42°C, a temperature that is 

regularly used for hyperthermia treatments in cancer patients.

Therm oresponsive polymers have also been proposed as carriers for DNA delivery (Hinrichs et 

al., 1999, Kurisawa et al., 2000). Polymeric gene carriers have advantages over lipid systems 

i.e. high stability against nuclease, easy control o f  hydrophilicity o f  complex by co

polymerisation, relatively small size and narrow distribution o f  the complex. These cationic 

lipid and polymeric carrier systems have a com m on dilem m a in that these systems must fulfil 

the following tw o requirements simultaneously (1) com plex formation o f  cell uptake and 

prevention o f  DNA degradation (2) com plex dissociation for transcription by RNA polymerase 

(K urisaw a et al., 2000). Since formation and dissociation are two different phenomena, an 

intelligent therm oresponsive system was used for cell entry and transcription. Kurisawa et al.,
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(2000) showed enhanced reporter gene expression by lowering the incubation temperature from 

the ordinal incubation temperature (37°C).

1.8.2 (b) Auto regulation o f drug release by change in body temperature:

The use o f  temperature as a signal has been justified by the fact that body temperature often 

deviates from the physiological temperature (37°C) in the presence o f pathogens or pyrogens. 

This deviation sometimes can be a useful stimulus that activates the release o f  therapeutic 

agents from temperature responsive drug delivery systems for diseases accompanying fever. 

Two potential drug delivery systems could be possible. Firstly, a system that can respond to an 

increase in temperature (hyperthermia) by release o f  an antipyretic drug (paracetamol) to lower 

temperature. Drug release would cease once set temperature is reached. Such causes o f 

hyperthermia may include diseased states (cancer, inflammation, stroke, blood clots, connective 

tissue disorders, central nervous system haemorrhage), drugs (antidepressants, antibiotics).

A second potential system could respond to a decrease in the body tem perature by release o f  a 

stimulant drug or a potential drug to assist the body to recover its normal homeostatic state. The 

elderly, sick, frail and immunocompromised are particularly susceptible to hypothermia.
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Chapter 2; S w ellin g  K inetics and M eciian ism s o f  Drug R elease from Biodegradable H ydrogels

2.1 INTRODUCTION

In sw ellab le  drug delivery system s such as h ydrogels, m athem atical m od ellin g  p lays an 

important role in facilitating hydrogel network d esign  by id en tify in g  key param eters and 

m olecu le  release m echanism s. In the fo llo w in g  chapter the fundam entals in hydrogel network  

d esign  as w ell as m athem atical m od ellin g  approaches related to controlled  m o lecu le  release 

from hydrogels w ill be review ed. Section  2 .2  d escrib es the network structure, w hich  determ ines  

the overall m obility  o f  encapsulated m olecu les and their rates o f  d iffu sion  w ithin a sw ollen  

hydrogel m atrix. Section  2.3 briefly  d escrib es the p rocesses o f  drug d issolu tion  and d iffusion  

relevant to the present work. T his is fo llo w ed  by the exam ination  o f  d iffu sion  in term s o f  

sw ellin g  and drug release from hydrogels (S ection  2 .4 ). F inally  section  2.5 deals w ith several 

m echanism s that have been elucidated to describe m o lecu le  release from  polym er hydrogel 

systeins includ ing d iffusion  sw ellin g  and ch em ica lly  controlled  release.

2.2 STUDY OF HYDROGEL NETWORKS

A s d iscu ssed  in Section  1.2, hydrogels are hydrophilic polym er networks, w hich  have the 

capacity o f  absorbing and retaining large am ounts o f  w ater (Park et al., 1993). T his three 

dim ensional network can be constituted o f  hom op olym ers or cop olym ers and the presence o f  

chem ical (tie  point jun ction s) and physical (en tan glem ents) crosslinker rendering thein insoluble. 

Figure 2.1 sh ow s a representation o f  the effec t o f  environm ental ch an ges on the hydrogel 

structure. In order to evaluate the feasib ility  o f  u sing a particular hydrogel as a drug d elivery  

d ev ice , it is important know  the structure and properties o f  the polym er network. The m ost 

important param eters that define the structure and properties o f  sw ollen  hydrogels are the 

polym er vo lu m e fraction in the sw ollen  state, U2,s, e ffec tiv e  m olecular w eigh t o f  the polym er

chain betw een  crosslink in g points. M e , and network m esh  or pore size,

FIG U RE 2.1 Schem atic representation o f  the cross-lin ked  structure o f  a hydrogels. M e  is 

the inolecular w eigh t o f  the polym er chains betw een crosslin k s and ^ is the network m esh size.
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T he polym er fraction o f  the polym er in the sw ollen gel is a m easure o f  the am ount o f  fluid that a 

hydrogel can incorporate into its structure (Peppas et al., 2000).

t> 2  ^ = ---------------------------------------------------------- =  — ^
volume o f  swollen gel

volume o f  polymer
Equation 2.1

This param eter can be determ ined using equilibrium  sw elling  experim ents. The m olecular 

w eight betw een crosslinks is the average m olecular w eight o f  the polym er chains betw een 

jun c tio n  points, both chem ical and physical. This param eter provides a m easure o f  the degree o f  

crosslink ing  in the gel. The correlation length (^) is a m easure o f  the space available for 

diffusion betw een tw o m acrom olecular chains. Due to  the extent o f  random ization produced 

during  the polym erization, both the m olecular w eight betw een cross-links and the correlation 

length can only be evaluated  as an average value. The determ ination o f  these param eters can be 

preform ed through theoretical m ethods and experim ental techniques i.e. equilibrium  sw elling 

studies (C anal and Peppas, 1989).

The structure o f  neutral hydrogels can be analysed by the F lory-R ehner theory. This 

com bination  o f  therm odynam ic and elasticity  theories states that a cross-linked polym er gel that 

is im m ersed in a fluid and allow ed to  reach equilibrium  w ith its surroundings is subject only to 

tw o opposing  forces: the therm odynam ic force o f  m ixing and the retractive force o f  the polym er 

chains. W hen equilibrium  is reached, the contributions o f  the tw o forces are equal and the 

physical situation can be expressed in term s o f  G ibbs free energy:

AGmixing is the contribu tion  o f  the spontaneous m ixing o f  the fluid m olecules w ith the polym er 

chains.

D ifferentiation  o f  EQN. 2.2 w ith respect to  the num ber o f  so lvent m olecules w hile keeping the 

pressure and tem perature constan t results in equation. 2.3

elastic mixing Equation 2.2

W here AGeiastic is the contribution due to  the elastic  retractive forces developed inside the  gel and

mixing Equation 2.3
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Where;

Hi is the chemical potential o f  the solvent in the polymer gel and 

|ii 0 is the chemical potential o f  the pure solvent.

At equilibrium, the differences between the chemical potentials o f the solvent outside and inside

forces must balance each other. The change o f chemical potential due to mixing can be 

expressed using heat and entropy o f mixing.

The change in chemical potential due to the elastic retractive forces o f  the polymer chains can 

be determined from the theory o f rubber elasticity. Peppas and Merrill (1977) modified the 

original Flory-Rehner theory for hydrogels prepared in the presence o f a solvent. The presence 

o f  a solvent effectively modifies the change o f chemical potential due to the elastic forces. This 

term must now account for the volume fraction density o f  the chains during cross-linking. 

According to this model the molecular weight between two subsequent cross-links in neutral 

gels prepared in a solvent can be expressed as:

Mn is the molecular weight o f  the polymer chains,

V is the specific volume o f the polymer,

V is the molar volume o f  solvent,

1 is the Flory-Huggins polymer water interaction parameter,

V 2s is volume fraction o f the swollen gel,

V 2ris the polymer volume fraction in the relaxed state (state o f  polymer after cross-linking but 

before swelling).

M e is the average number molecular weight between the crosslinks.

the gel must be zero. Therefore changes in the chemical potential due to mixing and elastic

M e Mn

1 2
Equation 2.4

Where:
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On the other hand, assuming that all cross-linker molecules used in hydrogel synthesis 

participate in forming effective cross-links, theoretical M e values o f  the hydrogels can be 

calculated by the following equation (Canal and Peppas, 1989):

  Mr
M c(theor) = -----  Equation 2.5

'2.)C

Where:

X is the cross-linker ratio (mole ratio o f  crosslinker/monomer)

Mr is the molecular weight o f one repeating unit o f  polymer.

The polymer volume fraction o f the hydrogel in both the swollen state and relaxed state can be 

evaluated from swelling studies using equations 2.6 (a) and 2.6 (b) respectively (Caykara et al., 

2005):

/ \ -1 / \
—  - I Pi ---^  -  1 P i

1 + K = 1 + I 'Wj )

Pi
Equation 2.6 (a) Pi

- -

Equation 2.6 (b)

Where;

ms is the mass o f the swollen hydrogel, 

mj is the mass o f  the dry hydrogel disc

mr is the mass o f the hydrogel after polymerisation but before swelling 

pi and p2 are densities o f the solvent and polymer respectively.

Alternatively V 2r can also be calculated from the knowledge o f the initial monomer(s) 

concentration, Co (mol mL'') (Caykara et al., 2005):

V j ^ = C o V r  Equation 2.7

Where;

Vr  is the molar volume o f  monomer(s)

After the molecular weight between cross-links is determined using the swelling theory; the 

cross-linking density o f the hydrogels can be calculated using the following relationship 

(Canal and Peppas, 1989):
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1
Equation 2.8

V Me

It should also be noted that <C> the correction factor for network imperfections resulting from 

chain ends is expressed as:

This factor reduces to one for perfect networks (Jafari et al., 2005).

2.3 Drug dissolution and diffusion in hydrogels

The release o f drugs from hydrogels results from a combination o f classical diffusion

application, the fundamental mechanism o f solute transport in the hydrogels must be understood 

completely. In this section, we focus on the mechanism o f  drug diffusion in hydrogels as well 

as the importance o f network morphology in controlling the transport o f drugs in hydrogels.

M olecular diffusion or permeation through non-porous media depends on the solubility o f  the 

permeating molecules in the bulk membrane, whereas a second process can involve passage o f a 

substance through solvent-filled pores o f a membrane and is influenced by the relative size o f  

the penetrating molecules and the diam eter and shape o f  the pores (Martin, 1993).

The transport or release o f  a drug through a polymeric controlled release device can be 

described by classical Fickian diffusion theory. This theory assumes that the governing factor 

for drug transport in the gels is ordinary diffusion. Drug delivery devices can be designed so 

that other mechanisms control the release rate such as gel swelling or polymer erosion. Pick’s 

first law is described by Equation 2.10 where J is the flux, j is the flux per unit area, A is the 

area across the diffusional field, D is the diffusional co-efficient, c is the concentration o f solute, 

X is the distance and d d d \  is the concentration gradient along the x axis.

Equation 2.9
Mn

mechanisms in the polymer network. In order to optimize a hydrogel system for a particular

Equation 2.10

27



The negative sign indicates that diffusion occurs in a direction opposite to that o f  increasing 

concentration. The chemical nature o f  the diffusant as well as temperature, pressure and solvent 

can influence the diffusional co-efficient.

The law states that the flux o f  a com ponent o f  concentration across a m em brane o f  unit area, in 

a predefined plane, is proportional to the concentration differential across that plane. In the case 

o f  diffusion without convection and unitary area, equation 2.10 could be rewritten as described 

by equation 2 .1 1, which is the starting point for numerous descriptions o f  diffusion behaviour in 

swellable polymers.

Pick’s second law o f  diffusion examines the rate o f  change o f  diffusant concentration at a point 

in the system. The law with constant boundary conditions can successfully describe much o f  the 

observed solute transport in polymers. It states that the rate o f  change o f  concentration in a 

volum e element in the membrane, within a diffusional field, is proportional to the rate o f  change 

o f  concentration gradient at that point in the field as is given by equation 2.12 where x is the 

distance o f  movem ent perpendicular to the surface o f  the barrier (Martin, 1993).

W here the boundary conditions are;

t =  0 - l /2 < x < l /2  C = C |
t > 0  x =  ± l /2  C = C o

Dissolution refers to the process by which a solid dissolves and enter the solution phase. The 

dissolution process can be diffusion controlled, surface reaction controlled or a combination o f  

both processes. Diffusion controlled process is the standard in most cases o f  dissolution o f  

solids in liquids. In this case, the liberation o f  the solute molecules at the interface is much 

faster than the diffusion o f  the solute from the interfacial boundary to the body o f  solution.

The first attempt to explain the dissolution rate o f  a solid was developed by N oyes and Whitney 

(1897). They claimed the dissolution rate to be proportional to the difference between bulk 

concentration and concentration at the dissolving interface. N em st and Brunner (1904) 

introduced the diffusion layer model. They assumed that dissolution at the solid-liquid interface

Equation 2 .1 1

—  =  D  —  

dt dx 2
Equation 2.12
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is rapid and transport o f  tiie solute to the bulk is com pletely detennined by diffusion through a 

stagnant boundary layer surrounding the dissolving interface. They applied Pick’s law and 

developed Equation 2.13 (a) to describe the dissolution process at steady state:

(C.v -  G ) Equation 2.13 (a)
dt Vh

dC DA ^
 =  C  Equation 2.13 (b)
dt Vh

Where:

dC/dt= rate o f change o f concentration with respect to time 

Cs= saturation solubility o f the solid

Q =  concentration o f the solute in the bulk solution at time t 

D= diffusion co-eftlcient 

A= surface area

V=volume o f dissolution medium 

h =diffusion layer thickness

When the concentration o f solute in the bulk solution is much less than drug solubility, sink 

conditions occur and C, becomes negligible in comparison with Cj. In such circumstances, 

equation 2.13 (a) can be written as equation 2.13 (b).

Hixon and Crowell (1931) modified the above equation to develop an equation that expresses 

the rate o f dissolution o f uniformly sized spherical particles based on the cube root o f  the weight 

o f  particles:

— W = kt Equation 2.14

Where:

Wo= initial powder weight 

W= powder weight at time t

29



T h is  is i<nown as the  H ix so n -C ro w e ii  cu b ic  roo t law  w h e re  k is the  cu b e  root d isso lu tion  rate 

cons tan t .

S ince  the  f raction  d isso lved  is r  =  — — -----  (0<  F<1), then  equa t ion  2 .14  can  be ex p re ssed  as

(R o s t  and  Q uist,  2003):

F = 1
kt

W ,
1 / 3

E quation  2.15

E q ua t ion  2.15 g ives  the  f raction  d isso lv ed  o f  a n u m b e r  o f  partic les ,  each  hav ing  the  initial 

w e ig h t  Wo and  can  be used  fo r  no n - l in e a r  f it t ing  o f  the  cu b e  roo t law  to d isso lu tion  profi les  

(R o s t  and  Q uis t ,  2003).

D iffu s ion  con tro l led  sys tem s  can  be d iv ided  into rese rvo ir  sy s tem s  and  m ono li th ic  sys tem s.  In 

re se rv o ir  sy s tem s,  the  d rug  co re  is e n c ap su la te d  by  an  inert m e m b ran e .  T h e  nature  o f  the  d rug  

and  m e m b ra n e  d e te rm in e s  the  d ru g  d if fus ion  p rocess  as d esc r ib ed  by P ic k ’s laws o f  d iffus ion .

In the  m ono li th ic  dev ice ,  the  d ru g  is d isp e rsed  o r  d isso lv ed  in an  inert po lym er .  V ar io u s  

co n f ig u ra t io n s  such  as slab, cy lindr ica l  and  spherica l  are  c o m m o n ly  used  fo r  con tro l led  re lease  

dev ices .  S im ila r  to  tha t  o f  rese rvo ir  sys tem s,  d ru g  d if fu s ion  th ro u g h  the  p o ly m e r  m a tr ix  is the  

ra te - l im it ing  step. T h e  re lease  rates  are  d e te rm in e d  by the  n a tu re  o f  the  po lym er ,  d if fus ion  and  

th e  parti t ion  co -e ff ic ien t  o f  the  d rug  w ith in  the  po lym er .

M a th em atic a l  t r ea tm e n t  o f  d if fu s ion  d e p e n d s  on w h e th e r  the  d ru g  is d isso lv ed  or  d ispe rsed  in 

the  po lym er .  In a m a tr ix  sys tem , w h e re  the  d ru g  is d isso lved  in the  p o ly m e r  m atrix ,  re lease  

fo l lo w s  P ic k ’s law  o f  d if fus ion .  H iguch i (1961 ,  1962) d ev e lo p e d  several theore tical  m o d e ls  to 

s tu d y  the  re lease  o f  w a te r -so lu b le  and  d ru g s  o f  low  so lub i l i ty  inco rpo ra ted  into sem i-so lid  and  

/o r  so lid  m atr ixes .  M a th em atic a l  ex p re ss io n s  w e re  o b ta in ed  fo r  d rug  par t ic les  d ispe rsed  in a 

u n ifo rm  m a tr ix  b eh a v in g  as the  d if fus ion  m edia .
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To study the dissolution from a planar system having a hom ogeneous matrix, equation 2.16 was 

proposed;

Q =  [D (2 C o  Equation 2 . 1 6

Q = {2C^DCj)'^^ Equation 2.17

= (CqDC^ Equation 2.18

Where;

Co= total concentration o f  drug per unit volume dissolved or  undissolved in the matrix 

Cs=solubility or  saturation concentration o f  drug within the matrix

The drug in the inside is thus dissolved first and can diffuse out from the surface o f  the matrix. 

In a non-swellable  system, this process continues between the boundary o f  the bulk solution and 

the receding depletion zone, which moves towards the centre o f  the tablet as the drug is released. 

Normally  Q  is a lot greater than Cg and the equation can be reduced to equation 2.17. This 

equation states that the amount o f  drug released is proportional to the square root o f  time. The 

rate o f  release (dQ/dt) can be derived from equation 2.17 to give 2.18. Therefore the rate o f  

release can be altered by increasing or decreasing the d ru g ’s solubility, Cg, in the polymer by 

complexation or  by changing the total concentration o f  the drug available, C q.

Higuchi developed a second form o f  the diffusional model where the release o f  a solid drug is 

from a granular matrix. Then release o f  the solid drug involves the simultaneous penetration o f  

the surrounding liquid, dissolution o f  the drug, and leaching out o f  the drug from the interstitial 

channels or pores. The volume and length o f  the opening is accounted for in the diffusional 

equation below;
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Equation 2.19

Where;

T = the tortuosity o f  the capillary system 

s = porosity o f  the matrix

Equation 2.16 differs from equation 2.19 only in the addition o f  8 and t . Equation 2.16 is 

applicable to release from a hom ogeneous system that gradually erodes and release the drug into 

the bathing medium. Equation 2.19 applies instead to a drug-release m echanism based on 

entrance o f  the surrounding medium into the polymer matrix where it dissolves and leaches out 

the soluble drug, leaving a shell o f  polym er and empty pores.

Higuchi (1962) proposed the following equation for the am ount o f  drug released into the 

solution from a single surface o f  a homogeneous ointment;

Equation 2.20 

Equation 2.21

Where;

Q =  am ount o f  drug released per unit surface area 

D= diffusion co-efficient o f  the drug in the matrix 

Co= initial concentration o f  the drug in the ointment 

t= time

Q = 2C,{— f ^  
n

Q = 2sC,{— y^
xn
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This equation holds for a hom ogeneous phase where the fraction released is less or equal to 

60%. Equation 2.20 can be modified to describe drug release from a heterogeneous phase to 

give Equation 2.21.

In a general way it is possible to apply the Higuchi models to the following expression 

(generally  known as the simplified Higuchi model, 1961);

Q=kt'^^ Equation 2.22

A plot o f  the am ount o f  drug released versus the square root o f  time will be linear if  the release 

o f  the drug from the matrix is diffusion controlled.

2.4 Drug release mechanisms from swellable devices

Drug release can be controlled by several means, such as diffusion through a rate limiting 

m em brane or a matrix, osmosis, ion exchange or degradation o f  a matrix or part o f  a matrix 

(Park et al., 1993). In biodegradable hydrogels, drugs are in contact with w ater and thus the 

drug solubility is an important factor in drug release. In swelling drug delivery systems such as 

hydrogels, the release o f  water-soluble drugs from initially dehydrated hydrogel matrices 

involves the diffusion o f  the surrounding medium into the hydrogel containing the dispersed 

drug resulting in swelling o f  the system. The dissolved drug then diffuses through the swollen 

hydrogel into the external medium. However, expressions derived for diffusion-controlled and 

swelling controlled drug release can be used to describe drug release from biodegradable 

hydrogel systems provided the duration o f  the drug release is significantly faster with respect to 

the rate o f  the degradation o f  the matrix.

2,4.1 Diffusion and hydrogel Swelling

in the swelling process, following penetration o f  water into a glassy matrix, the following three 

steps are proposed to occur in succession (Yoshida et al., 1994(c));

Step I : diffusion o f  water molecules into the polymer network 

Step 2: relaxation o f  polymer chains with hydration

Step 3: Expansion o f  the polymer network into the surrounding bulk water upon relaxation.
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A com plicated  process results, w here the drug diffusion is coupled to the sw elling kinetics o f  

the system . The sw elling  behaviour d iffers depending on w hich step becom es dom inant in 

de term ining  the rate. D epending on the dom inant factor, the m echanism  o f  transport o f  the 

solvent penetrating  m edia into the polym ers can be classified as either Fickian diffusion (C ase I) 

o r Case jj d iffusion or non-F ickian/ anom alous diffusion. M uch o f  the w ork on drug release 

described below  has been undertaken on C ase [ o r Fickian diffusion w hen the rate o f  diffusion 

is m uch less than that o f  the relaxation. The significance o f  this classification is that both C ase j 

and C ase H diffusion can be described in term s o f  a single param eter. The diffusion in case J 

system s is described by the d iffusion co-efficient. The constant velocity  o f  the advancing 

w aterfront, w hich m arks the boundary betw een the sw ollen hydrogel and the g lassy  core, 

describes case |j  d iffusion. N on-F ickian  or anom alous system s need tw o or m ore param eters to 

describe release resulting  from  both diffusion and polym er relaxation. The above classification 

o f  the diffusion o f  perm eant can also be used to  classify  the drug release profiles from  the 

sw elling  polym er (Park, 1993).

W hen the drug is loaded into the hydrogel by equilibrium  sw elling  in the drug  solution, drug 

release from the sw ollen gel follow s P ick’s law. T hus the rate o f  release from  the equilibrated 

slab device can be described by equation 2.23 proposed by C rank (1975);

A t  Dt - 1/2
=  4 ( — - )  Equation 2.23

W here;

Mt/Moo = is the fraction drug released at tim e t 

D= the diffusion co-efficient o f  the drug in the m atrix 

l=the thickness o f  the slab device 

t=  tim e

hi th is case, it is noted again that drug release from  case I system s are dependent on t'^^. This 

equation  is valid for the release o f  the first 60 percent o f  the drug total (early  tim e 

approxim ation (B razel and Peppas, 1999)).

In case II sytem s, d iffusion o f  w ater through the previously  sw ollen shell is rapid com pared 

w ith the sw elling-induced relaxations o f  polym er chains. Thus, the rate o f  w ater penetration is 

controlled  by the po lym er relaxation. If the hydrogel contains a w ater-soluble drug, the drug is
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essentially immobile in a glassy polymer, but begins to diffuse out as the polymer swells by 

absorbing water. Thus, the drug release depends on two simultaneous rate processes, water 

migration into the device and drug diffusion through the swollen gel. The mathematical analysis 

o f  Case II drug transport from a thin polymer film can be presented by the following equation:

M   ̂2 k .
 =  ( )t Equation 2.24
A /q o  C qI

Where;

ko= the relaxation constant

Co= equilibrium concentration o f  solvent in polymer

As indicated by the equation 2.22 drug release is characterised by square root o f  time. However, 

in many systems, the release rate is controlled by diffusion and some other physical 

phenomenon such as swelling and/or degradation, in order to determine whether a particular 

device is diffusion-controlled, the early-time release data can be fit to the following empirical 

relationship.

, n
 = kt Equation 2.25

Where;

k= kinetic constant characteristic o f  the drug polymer system 

n= diffusional exponent characteristic o f the release mechanism

It predicts that the fractional release is exponentially related to the release time and it adequately 

describes the release o f drugs from slabs, spheres, cylinders and discs from swellable polymers. 

The slope (n) o f the amount drug released versus time is 0.5 for pure Fickian diffusion. An 

anomalous non-Fickian diffusion pattern (n=0.5-l) is observed when the rates o f  the solvent 

penetration and drug release are in the same range. Zero order drug release can be achieved (n= 

1) when drug diffusion is rapid compared to the constant rate o f solvent induced relaxation and 

swelling in the polym er (Case II transport). Use o f  this equation to analyse data o f  drug release 

from a porous system will probably lead to n < 0.5 since the combined mechanisms (diffusuion 

through the matrix and partially through water filled pores) will shift the release exponent n 

towards sm aller values (Peppas, 1985).
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T able 2.1: T ransport m echanism s o f  penetrant through a polym er slab. The table sum m aries a 

list o f  possible transport m echanism s w ith their characteristic  n values and tim e dependence.

D iffusional Exponent, n T ype o f  T ransport T im e D ependence

0.5 Fickian diffusion t,/2

0.5 < n <  1 A nom alous transport t"-'

1 Case 11 transport tim e independent

n >  1 Super case 11 transport t„-,

A graphical representation o f  the each solute transport d iffusion m echanism  in sw ellable 

polym ers in show n in Figure 2 .2.T he pow er-law  m odel (E Q N .2.25) generally  accom m odates 

only for Mt/Moo < 0.6. Thus w here it is im portant to  model the entire sw elling  or release curve 

m ore sophisticated  m odels are used (R itger and Peppas, 1987).

s  0.8

0.6

I  0.4
( j

 ̂ 0.2

T im e

FIG U R E 2.2: C om parison  o f  the release profiles o f  system s exhib iting  (------) classical Fickian

diffusion behavior, (-------- ) anam olous release behavior and (------- ) zero-order release or Case I!

transport.

H opfenburg and Hsu, (1978) observed that a g lassy polym er w hich absorbed liquid at a constant 

rate (C ase II transport) also release a drug at a constan t rate. They proposed that the m echanism  

w as analogous to  that o f  surface eroding delivery  system s in w hich the drug delivery  was 

contro lled  by the chem ical relaxation such as hydrolysis or dissolution o f  the polym er.

For Fickian release from  a slab, fractional release can by characterised  by som e constant 

m ultip lied  by the square root o f  tim e. T herefore H iguchi’s diffusional equation can be expressed 

in term s o f  the fraction released (f) from  a dosage form:
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F=kt''^ Equation 2.26

The generahsed empirical equation (EQN.2.25) has been widely used to describe the water 

uptake through swellable glassy polymers as well as drug release from these devices whereby 

the weight gain (Mg) is replaced by Mt/Moo.

Swelling ratios have been used to characterise the swelling o f hydrogels. The swelling ratio 

(S.R.) is the weight o f the absorbed water per weight o f dried polymer disc and has been defined 

in several ways. In the current work equation 2.27 was employed (Gutowska et al., 1992 and 

Mandel 2000)

W. - W
S.R = — -̂------— Equation 2.27

Where;

Ws= weight o f  swollen membrane at time t 

W(|= weight o f dry polymer disc

In each case, the swelling ratio produces a value for the actual swelling o f  the hydrogel relative 

to its original dry weight.

2.5 CLASSIFICATION OF DRUG RELEASE FROM HYDROGELS

The properties o f a hydrogel network as well as the selection o f drug loading techniques will 

determ ine the mechanism(s) by which the loaded drug is released from the cross- linked matrix. 

The incorporation o f drugs into hydrogel delivery matrices can be undertaken by two methods; 

post-loading or in-situ loading.

Post-loading involves absorption o f drugs after the hydrogel networks are formed. If an inert 

hydrogel system is used, diffusion is the major driving force for drug uptake and release and 

will be determined by diffusion and/or swelling. In the presence o f  hydrogels containing drug- 

binding ligands, bioerodible or pendant chain groups, the mechanism can be controlled by 

diffusion and/or degradation and drug-polym er interaction.

In-situ loading involves the drug or drug polymer conjugates mixed with polymer precursor 

solution and hydrogel network formation and drug encapsulation are accomplished
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simultaneously. In these systems, drug release can be controlled by diffusion, hydrogel swelling, 

reversible drug-polym er interactions or degradation o f  labile bonds.

Both sophisticated and simple models have been previously developed to predict the release o f  

an active agent from a hydrogel device as a function o f  time. These models are based on a rate- 

limiting step for controlled release and can be classified as follows or as a combination o f  one or 

more mechanism s (Goperfich, 1997).

2.5.1 Diffusion/swellable controlled release

The release o f  water-soluble drugs from dehydrated hydrogel matrices generally involves the 

simultaneous absorption o f  w ater and desorption o f  drug via a swelling-controlled diffusion 

mechanism, in swelling-controlled release systems, the drug is dispersed within a glassy 

polymer. Upon contact with biological fluid, the polymer begins to swell. No drug diffusion 

occurs through the polymer phase. As the penetrant enters the glassy polymer, the glass 

transition o f  the polymer is lowered allowing for relaxations o f  the macrom olecular chains. The 

drug is able to diffuse out o f  the swollen, rubbery area o f  the polymers. This type o f  system is 

characterized by two moving fronts; the front separating the swollen (rubbery) portion and the 

glassy regions which moves with velocity, (u), and the polymer/tluid interface (Figure 2.3). 

The rate o f  drug release is controlled by the velocity and position o f  the front dividing the glassy 

and rubbery portions o f  the polymer.

For true swelling-controlled release systems, the diffusional exponent, n, is I. This type o f  

transport is known as Case II transport and results in zero-order release kinetics. Flowever, in 

some cases, drug release occurs due to a combination o f  m acrom olecular relaxations and 

Fickian diffusion. In this case, the diffusional exponent is between 0.5 and I .

Yoshida et al., (1991) achieved zero order release o f  indomethacin by using hydrophilic 

polymeric matrices. Regulating the ze ro -o rde r  release kinetics was achieved by using high 

swelling polymeric matrices and loading a large am ount o f  hydrophobic drug.

G utow ska et al., (1992) studied the release o f  heparin from PN IPA A M  based hydrogels 

containing hydrophobic or hydrophilic monomers. The study showed the release profiles 

correlated with the swelling kinetics governed by solute diffusion within the collapsed matrix at 

37“C. Yoshida et al., (1994) showed that swelling o f  PN IPA A M -co-B M A  gels above the phase 

transition temperature resulted in w ater uptake due to diffusion o f  water molecules into the 

polymer network. H ow ever below the phase transition temperature the swelling kinetics were
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contro lled  by relaxation o f  the polym er chains (C ase 11 transport) y ie ld ing  a constant sw elling 

rate. A t 20°C, sw elling increased linearly w ith tim e due to  C ase II transport m echanism . A t 

10°C a sigm oidal release pattern w as observed. The d ifference in the sw elling  patterns below  

the LC ST w as attributed to d ifferent constra in ing  forces fo r sw elling.

A theoretical concentration profile o f  the solvent and the solu te during  the sw elling-controlled  

release processes are show n in Figure 2.3 (b)-(c). W ater concentration  in the  rubbery region 

increases w ith d istance from  the centre o f  the system . A corresponding  drug concentration  

grad ien t w ould exist in the rubbery region and w ould depend on properties o f  the drug. Sink 

cond itions are assum ed in the bulk region.
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FIGURE 2.3: Schematic representation o f the behavior o f  (A): a one-dimensional swelling 

controlled release system. The medium (M) penetrates the glassy polymer (P) to form a gel (G). 

The drug (D) is released through the swollen layer. A theoretical concentration profile o f  (B): 

the solvent where Ci“ is the concentration o f medium at time zero, C],e medium concentration 

normalized with respect to the equilibrium concentration, C| is the boundary assumed to remain 

constant during the swelling process and d g  is the distance from the center o f the sample to the 

swelling front (C): the solute during the swelling controlled release process at a time t where the 

glassy/rubbery front still exists where C}° is the initial drug concentration in the system (Brazel 

and Peppas, 2000).
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2.5.2 Chemically-controlled Release Systems

T here are tw o m ajor types o f  chem ically  contro lled  release system s; erodib le  drug delivery  

system s and pendant chain system s. In erodible system s, drug release occurs due to  degradation 

o r d issolution  o f  the polym er. In pendant chain system s, the drug is affixed to the polym er 

backbone through degradable linkages. A s these linkages degrade, the drug is released.

E rodible drug delivery  system s, also  know n as degradable  or absorbable release system s, can be 

e ither m atrix  or reservoir delivery  system s. In reservoir devices, an erodible m em brane 

surrounds the drug core. If the m em brane erodes significantly  after the drug release is com plete, 

the dom inant m echanism  for release w ould be d iffusion. Predictable, zero-order release could 

be ob tained w ith these system s. In som e cases, the erosion o f  the m em brane occurs 

sim ultaneously  w ith drug release. A s the m em brane th ickness decreased due to erosion, the 

d rug  delivery  rate w ould also increase.

For erodible m atrix  devices, the drug is dispersed w ithin the three-dim ensional structure o f  the 

hydrogel. Drug release is controlled by drug diffusion through the gel or erosion o f  the polym er. 

In true erosion controlled devices, the rate o f  d rug  diffusion will be significantly  slow er than the 

rate o f  po lym er erosion and the drug  is released as the polym er erodes.

In an erodib le  system , there are three m ajor m echanism s for erosion o f  the polym er. The first 

m echanism  for erosion is the degradation o f  the crosslinks. T his degradation  can occur by 

hydro lysis o f  w ater labile linkages, enzym atic degradation  o f  the junctions, o r d issolution o f  

physical crosslinks such as entanglem ents o r crystallites in sem i-crystalline polym ers. T orchilin  

et al., (1977) prepared hydrogels crosslinked w ith BIS. The polym er degraded slow ly by 

hydro lysis o f  the crosslinker and degradation w as sensitive to  the concentration o f  BIS used in 

the hydrogel. C hym otrypsin  w as incorporated into the gel by physical en trapm ent during 

polym erization. The gels w ith very  low crosslink  density  w ere unable to  retain the entrapped 

chym otrypsin  due to  the ir high porosity . A s a result the drug w as rapidly  release v ia  a diffusion 

m echanism  rather than degradation. Shalaby et al., (1992) loaded Flavin m ononucleotide (FM N ) 

in to  album in crosslinked PVP gels by sw elling  the gels in an FM N saturated solution. A fter the 

initial burst effect the drug  release w as zero order up to 300 hours.
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The second m echanism  for erosion is so lubihzation o f  insoluble or hydrophobic polym ers. This 

could occur as a result o f  hydrolysis, ionization o r protonation o f  pendant groups along the 

polym er chains. Z ero-order release can be obtained w ith these system s, provided that the 

cleavage o f  the drug is the rate-contro lling  m echanism .

T he final m echanism  o f  erosion is the degradation  o f  backbone bonds to produce sm all 

m olecular w eight m olecules. T ypically , the degradation products are w ater-soluble. This type 

o f  erosion can occur by hydrolysis o f  w ater-labile  backbone linkages o r by enzym atic 

degradation o f  backbone linkages. The m ost com m only  studied erodible po lym er system s are 

poly (lactic acid) (PL A ), poly (g lycolic acid) (PG A ) and copolym ers o f  PLA and PGA. 

G allagher et al., (2000) studied the release o f  levam isole HCI, at low drug loadings from  Poly- 

D L-Lactide-co-glycolide m atrices. The loading exhibited a significant burst release phase 

fo llow ed by a polym er degradation  contro lled  phase.

Z hang and C hu, (2002 (b)) investigated the controlled release o f  insulin from a series o f  

b iodegradable hybrid hydogel netw orks contain ing dextran derivative o f  allyl isocyanate (dex-ai) 

and poly lactide d iacrylate m acrom er over a w ide range o f  com position ratios, insulin release 

from these hydrogels w as regulated by the (dextran allyl isocyanate) dex-ai to PD LLA M  

com position  ratio. As the PD LLA M  com position  ratio increased insulin dispersion w ithin the 

hydrogel becam e less hom ogeneous and the degradation extent o f  the hydrogi increased. This 

led to an initial burst effect follow ed by a higher insulin release rate due to the form ation o f  a 

m ore open and lose 3D  netw ork structures at a later stage. The release kinetics involved a 

com bination  o f  d iffusion and degradation  controlled  m echanism s.

H eller et al., (1983) prepared hydrogels in w hich degradable polyester prepolym ers w ere 

crosslinked w ith PVP chains. The release o f  the physically  entrapped BSA from  these hydrogels 

w as regulated by the am ount o f  PVP w hich inturn depended solely on the rate o f  degradation. 

H ow ever the release kinetics w ere tailored by varying the crosslinking density  o f  the gel o r by 

the addition o f  electron w 'ithdrawing groups ad jacent to the carboxyl groups. The duration  o f  the 

BSA release could then be varied from  10 days to  m ore than 12 weeks.
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2.5.3 Environmentally Responsive Systems

Environmentally  responsive materials show drastic changes in their swelling ratio due to 

changes in their external pH, temperature, ionic strength, nature and composition o f  the swelling 

agent, enzymatic or chemical reaction and electrical or magnetic stimulus, in most responsive 

networks, a critical point exists at which this transition occurs.

Responsive hydrogels are unique in that are m any different mechanism s for drug release and 

m any different types o f  release systems based on these materials. For instance, in most cases 

d rug  release occurs when the gel is highly swollen or swelling and is typically controlled by gel 

swelling, drug diffusion, or a coupling o f  swelling and diffusion. However, in a few instances, 

d rug  release occurs by a squeezing mechanism. Also, drug release can occur due to erosion o f  

the polym er caused by environmentally  responsive swelling.

Another interesting characteristic about many responsive gels is that the m echanism causing the 

netw ork structural changes can be entirely reversible in nature. The ability o f  these materials to 

exhibit rapid changes in their swelling behavior and pore structure in response to changes in 

environmental conditions lend these materials favorable characteristics as carriers for bioactive 

agents, including peptides and proteins. This type o f  behavior may allow these materials to 

serve as self-regulated, pulsatile drug delivery systems. This type o f  behavior is shown in 

Figure 2.4 for pH or temperature-responsive gels. Initially, the gel is in an environm ent in 

which no swelling occurs. As a result, very little drug release occurs. However, when the 

environm ent changes and the gel swells, rapid drug release occurs (either by Fickian diffusion, 

anam olous transport or case II transport). W hen the gel collapses as the environm ent changes, 

the release can be turned o f f  again. This can be repeated over num erous cycles. Such systems 

could be o f  extreme importance in the treatment o f  chronic diseases such as diabetes.
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FIGURE 2.4: Cyclic change o f pH, T or ionic strength (I) leads to abrupt changes in the drug

release rates at certain time intervals in some environm entally responsive polymers.

Much o f  the work to date involving temporal drug release from thermoresponsive systems has 

been carried out on heterogeneous PNIPAAM gels using hydrophobic monomers such as BMA 

and RMA (Yoshida et al., 1992). Changing the length o f  alkyl side chains can control the gel 

skin formation process resulting in the formation o f an “ enhanced dense surface layer” . This 

skin layer can be used in surface- regulated “o n -o ff’ release while the core remains swollen. 

O n-off release profiles o f indomethacin have been described in response to stepwise 

tem perature change (Bae et al., 1987, Yoshida et al., 1992, Okano et al., 1990).
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C oughlan  et al., 2004 exam ined tiie effect o f  drug physiochem ica! properties on 

sw eiling /desw elling  i<.inetics and drug release from  hom ogeneous PN IPA A M . A dense layer 

w as form ed on the PN IPA A M  gels upon tem perature  change above the LC ST. T w o series o f  

d rugs o f  con trasting  hydrophilicity  and physicochem ical p roperties w ere exam ined. D rug 

release w as contro lled  by diffusion below  the LC ST w hile so lubility  dependant drug pulse 

re lease on tem perature  sw itch w as observed for the hydrophobic series. E ffectiveness o f  therm al 

contro l o f  hydrophobic drug release increased with increasing solubility . The hydrophilic  series 

(D extran) produced a m olecular size dependant drug pulse on tem perature  sw itch above the 

LCST.

K aneko et al., (1995) reported a new  m ethod to  accelerate sw elling /desw elling  kinetics based on 

the m olecular design o f  the gel structure. Free m obile linear PN IPA A M  chains w ere grafted 

w ithin the PN IPA A M  hydrogels. PNI PA A M -grafted gels show ed rapid desw elling  kinetics 

w ithou t the form ation o f  a skin layer on the gel surface. The m olecular w eight o f  the graft 

chains had a sign ifican t effect on the desw elling  kinetics and also on the drug release profiles 

especially  for large m olecular w eight drugs. Sodium  salicylate and dextran M W 9300 show ed a 

burst release on tem perature increase w ith graft-type gels w ith a m olecular w eight o f  9000 

w hereas incorporating  graft type gels o f  M W  4000 form ed a skin layer suppressing drug release.

B iodegradable tem peratu re  sensitive polym ers have an advantage that the drug release rate can 

be contro lled  by chang ing  the tem perature. A hydrophilic  drug, ketoprofen and a hydrophobic 

d rug  sp iro lactone w ere incorporated into PEG and PLGA tribolck  copolym ers w ith 

therm osensitive  properties. The hydrophilic  d rug  w as p redom inately  diffusion released w hereas 

the hydrophobic d rug  show ed a degradation controlled release after the in itially  diffusion 

dom inant release (Jeong  et al., 2000).

2.6 Influential factors in swelling controlled release systems:

T he release o f  d rug  substances from  initially  dehydrated  but sw ellable devices has been show n 

to fo llow  m echanism s ranging from  Fickian to  case II through to  super case II w here the 

d iffusional exponent is n > l. M aterials and netw ork fabrication  governs the rate and m ode o f  

drug release from  hydrogel m atrices. D epending on the synthesis o f  a hydrogel m atrix  and the 

ra te-lim iting  step  for controlled drug  release for a specific  drug carrier, the desired  release 

k inetics can be ta ilo red  considering  the physical properties o f  the drugs and the loading level.
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2. 6. 1 Ejfecl o f  polymer composition;

The composition o f  the polymer defines its nature as a neutral or ionic network and furthermore 

its hydrophobic/hydrophilic characteristics. The presence o f  hydrophilic components in the 

polymer network enhances the swelling characteristics o f the polymer. Hydrophobic moieties 

on the other hand reduces the swelling (Peppas and Khare, 1993) In addition the physical 

properties such as molecular weight and polymer/initiator concentrations influence swelling 

behaviour and degradation (Lin and Metters, 2006).

2.6.2 Effect o f  cross-linking density:

An increase in the cross-linking density through addition o f crosslinking agents such as divinyl 

glycol, divinyl benzene, N-N m ethylenebisacrylamide or tripropyleneglycol diacrylate is known 

to reduce the equilibrium swelling (Peppas, 1986). Reduced swelling is often marked with a 

reduced diffusion co-efficient. Lee et al., (1978) in their study on the diffusion co-efficients in 

cross-linked PHEMA hydrogels found a reduction in the diffusion co-efficient values with 

increased cross-linking density.

2.6.3 Effect o f  the nature and size o f  the drug

The size and nature o f the incorporated drug play a very important role in determining the 

efficiency o f its release from the carrier. Yoshuda et al., (1968) (1969) found a linear 

dependence o f the solute diffusion co-efficient in the swollen polymer system on the molecular 

size o f  the solute and the reciprocal o f  the degree o f  swelling. An increase in the m olecular size 

o f  the drug reduces the drug release rate (Brazel and Peppas 1999, Peppas, 1986)

Swami, 2003 investigated the release o f the model drug (vitamin b) in ionic hydrogels. It was 

found that the nature o f  the drug also affects the release properties o f  the carrier. They suggest 

that the columbic interactions between the charges borne by the vitamin and the hydrogel 

m atrices are also influential in the release pattern o f  the drugs.

M akino et al., 2001 studied the release o f dibucaine HCI, sodium benzoate and theophylline at 

25°C from the homo-polymer PNIPAAM. Differences in the release rates were attributed to 

electrostatic, attractive or repulsive forces between the polym er chains and drug molecules.
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Origin and Scope

B iodegradable controlled  d rug  delivery  system s present unique advantages in d rug  delivery 

such as im proved b iocom patib ility  as well as im proved flexibility  in contro lling  stability  and 

diffusion properties o f  m odel drugs.

M uch o f  the research to  date in our lab on b iodegradable drug delivery  system s has em ployed 

w ater-soluble po lym ers such as poly (g lycolic acid) or poly (lactic acid). F itzgerald and 

C orrigan (1996) investigated the contro lled  release and degradation behaviour from  poly 

(lactide-co-g lycolide) m icrospheres. Levam isole release profiles w ere sigm oidal and fitted to a 

m odel indicative o f  degradation-contro lled  release. Interestingly, once polym er hydrolysis had 

reached a critical M W , o ligom er d issolution and drug release proceeded. G allagher and 

C orrigan (2000) investigated  the release o f  levam isole hydrochloride from  poly (lactide-co- 

g lycolide) com pacts and found release profiles significantly  d ifferent to  those using the base 

form o f  the drug. A b iphasic release pattern w ith an initial fast release follow ed by a slow  

degradation  contro lled  release w as observed.

Previous w ork undertaken in our lab explored the use o f  PN IPA A M ; a tem perature sensitive 

polym er, for d rug  delivery. S tim uli-responsive polym ers show  a sharp change in properties 

upon a sm all o r m odest change in environm ental condition  (e.g. tem perature, pH etc.) (H offm an, 

(1987), Gil and H udson (2004), K ost and Langer, (1991)). Such behaviour can be utilised for 

the preparation o f  so-called “sm art” drug delivery  system s (D D S), w hich m im ic biological 

response behaviour to a certain  extent.

C oughlan and C orrigan (2004) investigated the potential use o f  PN IPA A M  com posed hydrogels 

in pulsatile d rug  delivery. T hey  found drug release at 25°C w as approxim ately  proportional to 

the square root o f  tim e w hile a so lubility  dependent drug pulse w as observed on tem perature 

sw itch. E ffectiveness o f  therm al control or “o n -o f f ’ drug delivery  w as dependent on the m odel 

d ru g ’s physiochem ical properties. N ot much w ork has been conducted  on sm art biodegradable 

hydrogel system s. Due to  the unique properties o f  hydrogels, biodegradable gels are expected to 

find w ide application in the im provem ent o f  ex isting  dosage form s and the developm ent o f  new 

and better drug delivery  system s.
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The aim o f  the present woric w as to  synthesise a novel “ sm art” biodegradable hydrogel and to 

exam ine the ability  o f  therm al contro lled  release from  the heterogeneous gel. M uch o f  the w ork 

exam ining drug release from therm oresponsive system s have focused on PN IPA A M  hydrogels 

contain ing BM A as a hydrophobic m onom er (O kano et al., 1990, Bae et al., 1987, Y oshida et al., 

1994). Pulsatile drug delivery  o f  indom ethacin (ID M ) has been achieved by G utow ska et al., 

(1997) due to  the dense skin layer form ed on tem perature sw itch attributed to BM A. In the 

present w ork a hydrophobic and degradable m onom er, PLA will be incorporated into the 

PN IPA A M  netw ork in an attem pt to  achieve a surface regulating system  w ith sem i-degradable 

properties. C o-polym erisation o f  a therm oresposive unit (PN IPA A M ) and hydrolytically  

sensitive unit PLA w as carried out by varying m olar ratio com positions o f  the m onom ers. By 

varying the com position; the netw orks can be altered to  accom m odate drugs w ith different 

hydrodynam ic radii, w ater affin ity  and desired release profiles.

In order to understand the m echanism  o f  degradation , m echanism  o f  sw elling  and drug  release 

the fo llow ing objectives w ere defined:

>  To investigate the effect o f  m onom er com position  on the structural param eters o f  the 

hydrogel netw orks and in turn their influence on the rate o f  sw elling  as well as the 

therm al properties o f  the three d im ensional netw orks.

>  To exam ine the sw elling kinetics and pore size in relation to hydrolytic degradation o f  

the gels. In addition to exam ine the effect o f  both environm ental param eters 

(tem perature) and structural param eters (m esh size, crosslinking density , com position, 

m olecular w eight) on the rate o f  degradation.

>  To investigate the m echanism  o f  release both above and below  the LCST. A study o f  

the effect o f  a range o f  drug m olecules on the sw elling  and release patterns from the 

m atrices. In addition to exam ine the influence o f  PLA com position and the effect o f  

increasing the M W  o f  the PLA  unit on the release profiles.

>  To investigate the potential o f  the drug delivery  system  as “o n -o f f ’ regulation system s 

for controlled drug delivery.
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Chapter 3: M aterials and Experim ental M ethods

3.1 Materials 

Materials (abbreviation)

Acetone

Acryloyl chloride 

Azobisisobutylonitrile  (AIBN)

2-Aminoethanol

Chloroform

Deionised water

Deuterated Chloroform (CDCI3)

Diltiazem Hydrochloride (DH)

Disodium hydrogen phosphate (anhydrous)

1,3-dicyclohexylcarbodiimide (D CC) 

D im ethylformamide (D M F)

Dichloromethane (D CM )

Diltiazem base (DB)

Ethanol

FTIC-Dextran M W  4000 (D4)

FTIC-Dextran M W  9,500 (DIO)

FTIC-Dextran M W 42000 (D40)

FTIC-Dextran MW  77000 (D70) 

l-hydroxybenzotriazole  (HOBT)

Hexane

Indomethacin (IDM)

Nitrogen Gas

N, N, N, N Tetram ethylenediam ine (T EM ED ) 

N -isoproplacrylamide (N IPA A M )

N, N m ethylenebisacrylamide (M B A ) 

Polylactic acid M W  2000 (FLA 2000) 

Polylactic acid M W  12000 (PLA  12000) 

Potassium bromide (KBr)

Phenolphthalein

Polystyrene molecular weight standards (GPC) 

Sodium Chloride

Supplier/Manufacturer

Trinity  stores 

Aldrich 

Aldrich 

Sigma

Trinity stores

Aldrich

Elan Pharmaceutical

Merck

Aldrich

Trinity stores

Trinity stores

Elan Pharmaceutical

Trinity stores

Sigma

Sigma

Sigma

Sigma

Aldrich

Trinity stores

Sigma

Sigma

Aldrich

Aldrich

Aldrich

Boehringer Ingelheim 

Boehringer Ingelheim 

Aldrich 

Sigma

Polymer Laboratories 

BDH
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Materials (abbreviation) Supplier/Manufacturer

Sodium dihydrogen phosphate (anhydrous) M erck

Sodium H ydroxide pellets Aldrich

Salicylic acid (SA) Sigma

Tetrahydrofuran (TH F) Trinity stores

Triethyiamine (Et3N) Aldrich
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3.2 METHODS OF SYNTHESIS 

3.2.1 Introduction:

A series o f hydrogels were synthesised by changing the composition ratio o f  PNIPAAM / PLA 

and the molecular weight o f  the precursor, PLA (Table 4.2). To prepare the hydrogels designed 

in this study, PLA (1) had to be chemically modified so that the unsaturated functional groups 

could undergo cross-linking (See Figure 3.1). The hydrogel synthesis consisted o f  three steps.

3.2.2 STEP 1: Synthesis of the PLA diol:

The objective o f this step was to prepare PLA with -O H  end groups so that the resulting PLA 

diol could be converted to the PLA diacrylate macromer (Figure 3.1). The original PLA 

polymer (I6g ) was dissolved in a round-bottomed three-neck flask in THF (240ml) under a 

nitrogen purge. Once all o f  the polylactic acid was dissolved, the solution was cooled to 0°C in a 

chilled ice-bath. The calculated amount o f l-hydroxybenzotriazole (HOBT) (1:1 molar ratio 

HOBT/PLA) and 1,3-dicyclohexylcarbodiimide (DCC) (1:1 molar ratio DCC/PLA) were 

carefully added and the reaction was allowed proceed with continuous stirring for 30min at 0°C. 

The mixture was then allowed to reach room tem perature before the calculated amount o f  2- 

aminoethanol ( l . h l m o l a r  ratio 2-aminoethanol/PLA) was added dropwise. The reaction was 

allowed proceed for another 30 min before the precipitated by-product, cyclohexylurea salt, was 

filtered o f f  The PLA diol product was obtained by pouring the filtrate into an excess o f hexane 

and was purified by dissolution and precipitation in THF and hexane respectively. The PLA diol 

was dried under vacuum at room tem perature for I day (Zhang et al., 1999).

3.2.3 STEP 2: Synthesis of the PLA diacrylate macromer:

The objective o f this step was to introduce unsaturated vinyl groups into the PLA diol so that 

the resulting PLA diacrylate macromer could be used as a hydrophobic com ponent to undergo 

cross-linking to form the hydrogel network. The PLA diol (Figure 3.1(2)) was dissolved in THF 

in an ice chilled round bottomed flask under a nitrogen purge. The calculated amounts o f 

triethylamine (4 :1 molar ratio EtsN /PLA diol) and acryloyl chloride (4 :1 m olar ratio acryloyl 

chloride /PLA diol) were then added respectively. The mixture was stirred for three hours at 0°C 

and then at room temperature for 18 hours. The triethylammonium hydrochloride by-product 

was removed by glass filtration. The PLA diacrylate m acrom er (Figure 3.1 (3)) was collected by 

pouring the filtrate into an excess o f hexane. Purification o f  the macromer was carried out by 

dissolution and precipitation in THF and hexane respectively. The product was dried for 1 day 

under vacuum.
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Figure 3.1: Synthesis o f PLA diol (2) and PLA diacrylate macromer (PLAM ) (3) from PLA ( I )

3.2.4 STEP 3: Synthesis of the PNIPAAM-PLA hydrogels:

A series o f PNIPAAM-PLA hydrogels were synthesised by varying the molar ratio o f 

PNIPAAM to PLA (Figure 3.2). The hydrogels were synthesised in a cylindrical plastic tube 

(internal diameter 15mm) in DMF in the presence o f a magnetic stirrer at 70°C by solution 

polymerisation for 4 hours using AIBN (1% mol) as the initiator, N, N ’ -methylene 

bisacrylamide (4% mol) as the cross-linker and N, N, N, N ’ -tetramethylethylenediamine (9 % 

mol) as the accelerator (Appendix I).

The resulting hydrogels were first washed with DMF several times before a layer o f water was 

added to obtain hard gels suitable for cutting into cylindrical discs o f 15 mm diameter. The 

prepared hydrogels were washed repeatedly by swelling in a mixture o f water and ethanol (50-
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50 v/v) and dried in a vacuum oven at 50°C for 48 hrs. The dried discs had a diam eter o f 10- 

12mm.

PLA diacrylate macromer [PL/M]

N P m A
N-N methylene bisacrylarride [MB/^

Nipaanr-PLA hydrogel

=M BAofPUVyl

Figure 3.2: Schematic diagram o f reaction forming the cross-linked hydrogel networks, where 

symbolizes the crosslinking agent, PLAM (Figure 3.1 (3)) or MBA in the hydrogel 

networks.

3.2.5 Linear polymers

Linear polymers were synthesised in a similar manner to the hydrogels but without the cross- 

linker. After the solution polymerisation process, the polymer was collected by precipitation in 

dichloromethane. The polymer was collected by filtration washed in hot water and then 

dissolved in cold water. This process was repeated several times to purify the polymer. The 

collected polymer was dried in a vacuum oven at 50°C for 48hours.
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3.3 METHODS OF CHARACTERISATION

3.3.1 Nuclear Magnetic Resonance (NMR)

The chemical structures o f the polymers were determined by NMR. 'H -NM R and '^^C-NMR 

spectra were recorded on a Varian Unity spectrophotometer at 400.130 MHz. The ' H-NMR 

acquisitions were performed under the following parameter settings: SW 20.5524 ppm, TD 

32,768 and TE 300.0 K. The sample concentration in the deuterated chloroform was -2 5 %  

(w/v). All chemical shifts were reported in parts per million (ppm). The central chlorofonn-d| 

resonance was set at 77.23 ppm in the 13C-NMR analysis. The peak o f  chloroform -d| at 7.27 

ppm in the 'H-NM R analysis was used as the reference line.

3.3.2 Fourier Transform Infrared (FTIR)

FTIR spectra were recorded on a Nicolet Magna-IR 560 spectrometer. Spectra were obtained by 

averaging 64 scans in the spectral range 4000-400cm ''. PLA, FLA diol and PLA macromer 

were prepared by grinding a calculated amount o f  the sample (2 mg) with 220 mg o f KBr in a 

mortar and pestle followed by compression in a 13 mm diameter punch and die set under 10 

tonnes o f  pressure for 5 minutes (Zhang et al., 2000).

FTIR spectra o f  the linear polymers were obtained by casting a thin film on Zinc Selenide 

(ZnSe) salt discs from a THF solution (1% w/v) and further dried in a vacuum oven for 24 hours 

at room temperature to remove any residual solvent (Huang et al., 2004(a)).

FTIR spectra o f the contents o f the degradation medium after swelling studies were obtained 

using Zinc Selenide (ZNSE) salt plates (Specac Limited U.K.). A sample o f 0.1 ml o f the media 

was applied to the plates. Plates were then dried under vacuum at room tem perature for 24 hrs.

3.3.3 Gel Permeation Chromatography (GPC)

The m olecular weights o f the linear polymer systems were determined by gel permeation 

chromatography. Samples were evaluated against a series o f  polystyrene standards (Aldrich). 

Solutions o f the polymers were prepared in DMF and 50^1 was injected into the system 

consisting o f a W aters Styragel® HR column, a W aters 510 pump and a Waters 410 Differential 

Refractometer (elution rate Iml/min). M illennium® 2010 software was employed to integrate 

the peaks. Samples were injected in triplicate and elution time compared with the calibration 

curve given in Appendix 11.
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3.3.4 Acid- Base Titrations

A cid base titra tions w ere conducted  on the linear polym ers to  confirm  all o f  lactic acid 

m onom er had been chem ically  incorporated  into the backbone o f  the hydrogel. Sodium  

hydroxide solu tion (0 .025M ) w as placed in a burette and titrated against a concentration  o f  

polym er solution dissolved in deionised w ater. Phenolphthalein  w as used as an indicator to 

determ ine the equilivence point during  the titration. S im ilarly  acid base titra tions w ere 

preform ed on the degradation m edium  follow ing sw elling  studies to  calculate the am ount o f  LA 

present (C aulfield  e t al., 2003, C hiellini et al., 2002).

3.3.5 Glass transition temperature (Tg)

All d ifferential scanning calorim etry  (D SC ) analysis w as preform ed using a M ettler T oledo 820^ 

DSC. T em perature calibration w as preform ed using an indium  sam ple standard.

The glass transition  tem perature  o f  the freshly m ade linear polym ers and hydrogels system s 

w ere determ ined using 6-9 m g o f  dried sam ples. The sam ples encased in sealed alum inium  

crucibles w ere analysed under a N 2 atm osphere with three pierced vent holes in the lid. All 

sam ples w ere in itially  heated to  180°C at 10°C/min, cooled  to 25'’C at 20"C/m in follow ed by 

heating to 260“C at 10°C/min. The role o f  the first heating  cycle w as to  rem ove all residual 

m oisture/ so lvent and to  erase the effect o f  previous therm al history. R esults w ere analysed 

using S T A R ' softw are. Each sam ple w as analysed in duplicate and the glass transition  

tem perature w as taken as the m idpoint o f  inflection.

3.3.6 Phase Transition temperature (LCST)

3.3.6.1 DSC (LCSTa)

The LC ST o f  the linear polym ers (0 .5%  w /v) w as determ ined using an aqueous sam ple (30-40 

m g by w eight). T he sam ples w ere run in a sealed alum inium  crucible under a nitrogen purge at 

2°C/m in unless otherw ise stated. Sam ples w ere analysed in the range o f  20”C to 50°C. The 

transition tem perature has been defined in previous studies as either the tem perature  o f  onset 

(O take et al., 1990) o r the  peak tem perature (E eckm an et al., 2001). In the curren t w ork the 

phase transition  tem peratu re  w as defined as the m axim um  o f  the endotherm ic transition  peak 

(average o f  the tw o m easurem ents).
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T he hydrogel netw orks w ere sim ilarly  analysed using a solid sam ple (30-40m g by w eight).

J. 3.6.2 Transmittance measurements (LCST,)

The LC ST o f  the linear polym er w as m easured by determ ining turbid ity  o f  polym er solution as 

a  function o f  tem perature (Eeckm an et al., 2001). The transm ittance o f  0.5%  w/v o f  the 

PN IPA A M /PL A  polym er solutions in PB w as m easured at 500 nm w ith the tem perature 

contro lled  by a single cell peltier tem perature contro ller (T herm o Electron C orporation, U .K.). 

T he %  transm ittance o f  each solution w as determ ined at specified tem perature intervals at a 

heating  rate o f  2°C/m in. V arious authors have defined the LC ST differently , usually  as a percent 

o f  transm ittance o f  the polym er solution during the heating process. T achibana et al., (2003) 

defined the LC ST as 90%  transm ittance, in the present study the LC ST is defined as 50%  

transm ittance o f  the polym er solution during  the heating process (W ang et al., 2002).

3.3.7 Drug solubility studies

Solubility  studies w ere carried out either at 20°C or 37°C in a jacketed  w ater vessel containing 

phosphate buffer PB7.4 (iso tonic) (PB ) (Pharm aceutical handbook, 1980). Excess drug was 

added and solutions w ere agitated using an overhead stirrer at 300rpm . The solution was then 

assayed in trip licate at appropriate tim e intervals until equilibrium  solubility  w as reached.

3.3.8 Swelling studies

All sw elling studies w ere preform ed in phosphate buffer 7.4 (isotonic) (PB). To determ ine the 

sw elling  ratio the dry disc w as placed into an excess o f  the sw elling m edium  at a specific 

tem perature  and the disc w as allow ed to  swell to  equilibrium . Sw elling studies over tim e were 

preform ed in a sim ilar m anner. The sw ollen hydrogel w as briefly  rem oved from  the m edium  at 

specific  tim e intervals and blotted w ith filter paper to rem ove any excess o f  surface m oisture 

before w eighing. This procedure w as preform ed in trip licate in each case. A t the end o f  all 

sw elling  studies (2 m onths) gels w ere rem oved and dried under vacuum  before rew eighing. The 

fraction m ass loss w as determ ined as percent o f  the original freshly  m ade dry sam ple.

T he sw elling behaviour o f  the tw o different types o f  PLA (M W  2000, M W  12000) discs, 13mm 

in d iam eter w ere prepared by com pressing  200 m g o f  sam ple under 5 tonnes o f  pressure for 5 

m inutes in a 13mm punch and die set and these w ere im m ersed in 50ml o f  phosphate buffer pH 

7.4. The specim ens w ere incubated at both 20°C and 37°C. A t appropriate intervals the pre-
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weighed tablets were removed, gently blotted to remove surface moisture and reweighed. The 

degree o f swelling was calculated using EQN 2.22 below similar to studies under taken by 

Andreopoulous et at., 2001;

The phase transition temperature (LCSTj) o f  the hydrogel systems were determined by

temperature. The LCST was defined as the tem perature at which the hydrogel showed a 

significant increase in swelling from the baseline value.

In other experiments the pH o f  the medium was monitored (Olewnik et al., 2007). A decrease in 

pH was taken to signify degradation o f the PLA component.

The swelling o f  the hydrogels and was then examined using the swelling ratio equation:

Equation 2.22

decreasing the tem perature o f  the media daily to allow equilibrium swelling at that particular

Equation 2.27

Where,

Ws= weight o f  hydrogel at time t 

Wd=weight o f  dry disc
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3.3.9 Calculation of solubility parameter

The square root o f cohesive energy density is called solubility parameter and it is a measure o f 

the interatomic/molecular interactions. Hansen’s basic assumption (Van Krevelen, 1990) o f the 

partial solubility parameter stated:

Where 8 is the total solubility parameter and 8d, 8i„ 8p are the contributions from the dispersive 

forces, hydrogen forces and polar forces components respectively. The solubility components 

may be predicted from group contributions using the following equations:

Where F<j Fp and E|, refer to the functional group contributions to the dispersion, polar and 

hydrogen components respectively and V is total molar volume (Van Krevelen, 1990). The 

values calculated for Fd,, Fp and Eh for the functional groups were obtained from values 

compiled by Van Krevelen and the total molar volume from values compiled by Fredors (Van 

Krevelen, 1990).

^d^ct+S\ + S \ Equation 3.1

Equation 3.2a
V

5 Equation 3.2b
p V

Equation 3.2c
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3.3.10 Scanning Electron Microscopy

The freshly polymerised hydrogels were allowed to equilibrate for 48 hrs at specified 

tem perature (20 °C and 2>TC) in an excess o f PB before flash freezing using liquid nitrogen. 

SEM was also carried out on the hydrogel systems to investigate the morphological effect o f 

degradation over time. The swollen hydrogels, after 2 months incubation in PB at 20°C and 

37°C were removed from the media and immediately frozen in liquid nitrogen to retain the 

swollen structure. All frozen hydrogel samples were subsequently dried for 2 days in Virtis 

Bench Top Freeze Dryer under vacuum at a tem perature o f -80°C.Sam ples were fractured, 

mounted on aluminium stubs and sputter coated with gold for examination using SEM Hitachi 

S-35500.

Approxim ate pore size in the SEM scans were obtained using Imagetool for windows ® version 

3.0. Twenty measurem ents were obtained at random on n = 3 SEM images (magnification x 

I 500)(PNP-PLA.2 systems), x 500 (PNP-PLA -12 systems).

3.3.11 Determination of hydrogel structural parameters; Me and Px

In order to characterise the hydrogels, the polymer volume fraction in the swollen state (V 2s), 

the polymer volume fraction in the relaxed state (V 2r), the m olecular weight between cross-links. 

Me and the cross-linking density, P  ̂ were calculated. The pathway followed to calculate these 

param eters was explained in Section 2.2. To determine these parameters it was necessary to 

experim entally measure V^s (Caykara et al., 2006) which was calculated as follows:

Equation 2.6 (a)

W here mg the mass o f  the swollen hydrogel, md is the mass o f  the dry gel and p2 and pi are 

densities o f the polymer network and solvent respectively. The density o f  the polym er network 

was determined by a pycnom eter (Section 3.3.13).

The polym er volume fraction in the relaxed state (V 2r) vvas calculated from the knowledge o f 

the initial monomer concentration Co as defined by equation 3.5;

- 1 P2
1 + -
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V^^=CoVr Equation 2.7

Where,

Vr is the molar volume o f  monomer (m l/m ol'').

Having determined the polymer volume fractions, the m olecular weight between cross-links. 

Me, could be determined. Initially, an equation to predict the Me for highly swollen membranes, 

developed by Peppas and Merrill, (1977) was used.

Equation 2.4
Me Mn

V.. ^ 2 s

Where

V is the specific  volum e,

Mn is the molecular weight o f  the polymer (M n) (GPC section 3.3.3)

The Flory interaction parameter x, was determined from the Hildebrand solubility parameters 

(5a and 5b) (section 3.3.9) where:

x = v {5a-5b)  
RT

(Flory, 1953) Equation 3.3

Where

R is the gas constant,

T is the temperature

V is the molar volume o f the solvent (ISm olcm '' for water)

5a is the solubility parameter o f  the polymer and 6b is the solubility parameter o f the solvent.
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3.3.12 Solute Exclusion Technique

The pore size distributions o f  the hydrogels synthesised were characterised by the solute 

exclusion technique using a range o f m olecular probes (W u et al., 1992). The initially weighed 

dry gels obtained by drying the hydrogel discs under vacuum overnight were first equilibrated at 

either 20 or 37°C for 72 hours and then weighed.

After equilibration the gels were placed into solutions (5 ml) o f  known concentrations o f a 

m olecular probe (DH 0.025|ig/m l, Dextran fractions; (0.01|ig/m l). The gels were left for 

exhaustive extraction for a week. The concentrations o f  FITC dextrans and DH solutions after 

equilibration, (Co)(mg/ml) and after exhaustive extraction, Ce (mg/ml) were determined. The 

volume o f  pores accessible to each m olecular probe (V,ml) was estimated by the equation:

W here Co is the initial concentration o f drug present (expressed in mg/ml) after equilibration o f 

the gels and Ce is the drug concentration (mg/ml) after exhaustive extraction (Wu et al., 1992). 

The volume fraction o f  pores (VP) with sizes larger than the probing molecule is expressed by

Helium pycnometer (M icromeritics AccuPyc 1300). Powdered samples were dried overnight in 

a vacuum oven.

3.3.14 M elting point determination

The melting points o f  the various crystalline drugs and the pre-polymers, (PLA, the PLA diol 

and the PLA macromer o f  various molecular weights) were determined by DSC in an open pan. 

5-lOmg o f  sample was heated at a rate o f 10“C/min from 25°C to a suitable temperature above 

the melting point. The melting point was taken to be the average onset o f  melting o f  three 

sample runs.

Equation 3.5

VF = — 
V

Equation 3.6

Where V, is the total volume o f medium in the gels determined gravimetrically.

3.3.13 Density determination

The density o f the powdered model drugs and the linear co-polymers were determined using a

6 1



3.4 Drug loading and release studies:

3.4.1 Drug loading technique

The dried hydrogel d iscs w ere loaded with m odel drugs by sorption o f  a drug solution o f  known 

concentration and volum e. This w as follow ed by solvent evaporation in a dessicator at room  

tem perature  to  entrap the com pounds w ithin the hydrogel m eshw ork. Loading o f  each 

crystalline drug w as 10% w /w  based on each dried  hydrogel disc. T hese loading contents were 

controlled  by com plete sorption o f  a know n aqueous or e thanolic drug solution for 48 hrs in 

suitable glass vial before drying out.

3.4.2 Controlled drug release studies

C ontrolled  drug release experim ents w ere conducted in trip licate for each hydrogel system s. 

Each hydrogel w as placed in 900 ml PB at 20°C or 37“C in a USP paddle m ethod dissolution 

bath (Sotax A T7, 50 r.p.m .). In the case o f  pulsatile drug release, the discs w ere transferred 

betw een identical baths m aintained at 20°C and 37“C. Sam ples (5m l) w ere m anually  w ithdraw n 

periodically  at appropriate intervals from  the sam e position in the d issolution bath. Each sam ple 

w as replaced w ith an equal volum e o f  fresh m edia, w hich w as m aintained at the same 

tem perature as the bulk m edia. The periodic rem oval o f  the release m edium  w as carried out 

until the change in the concentration o f  the released d rug  w as neglig ible or had reached 

equilibrium . Sam ples w ere filtered through 0 .5^m  filter and analysed.

Results w ere plotted as the cum ulative am ount release or fraction released against time. 

C alcu lations w ere based on the am ount o f  drug released at each tim e interval div ided by the 

total am ount released for that sam ple. T he profiles are the average o f  the three determ inations 

w ith error bars indicating the standard deviation o f  these values.
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3.4.3 Drug assays M ethods

A Shimadzu UV was used to calculate the amount o f  each o f  the smaller m olecular weight 

drugs present during release studies. The working wavelength range for analysis o f  each 

compound was determined by their individual absorption bands. Indomethacin and salicylic 

acid were detected at 318 nm and 296 nm respectively. Diltiazem HCl and its base were 

detected at 238nm. Calibration curves were prepared using five known concentrations o f  each 

model drug and plotted against absorbance (Appendix II).

The dextrans were assayed by detection o f  a dextran probe (FITC-Dextran) incorporated within 

the bulk dextran. The concentration o f FTIC-dextran released was measured at room 

temperature using a Turner Quantech Digital filter Fluorometer at an excitation wavelength 490 

nm and emission wavelength o f  520 nm (Dong et al, 1994). A calibration curve was established 

for each o f the fluorescent probes in the range o f 0-0.025mg/ml (Appendix II).

3.4.4 Dissolution studies on pure drug discs

Pure drug discs were prepared by compressing 100 mg o f  drug under 5 tonnes o f pressure for 5 

minutes in a 8mm punch and die set. The rate o f dissolution was determined in 900 ml PB at 

20°C and 37°C in a USP paddle method dissolution bath (Sotax AT7, 50 r.p.m.) using an 

identical method to that described in previous section (3.4.2)(Appendix III).

3.4.5 Statistical significance testing

Statistical significance between two parameters was evaluated by an independent 2-sample t-test 

(0.05 probability level) using M initab® statistical software version 13.32.
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Chapter 4: Polymer, Hydrogel and Drug Characterisation

4.1 INTRODUCTION

The objective o f  this study was to synthesise a new series o f biodegradable polymer network 

hydrogels. A series o f multi-functional therm oresposive-co-biodegradable polymer networks 

were synthesised composed o f PNIPAAM and PLA. To prepare the hydrogels, PLA had to be 

chemically modified so that it had unsaturated functional groups to undergo cross-linking as 

described in Section 3.2.

The PLA, its diol and macromer o f  different m olecular weights in the present study were 

characterised in Section 4.2. Characterisation o f the linear PNIPAAM based polymers is 

described in Section 4.3. In addition, the PNIPAAM based hydrogels used in the present study 

are characterised in Section 4.4 in relation to their swelling properties, thermal properties and 

pore size distribution. The model drugs are also described in Section 4.5.

4.2 Pre-Polymer Characterisation

To confirm the success o f the syntheses, the chemical structures o f  PLA, the diol and its 

m acrom er were characterised by studying their infrared absorption bands as described in 

Section 3.3.2. In addition the chemical shifts o f  PLA, the PLA diol and its macromer were 

analysed using proton nuclear magnetic resonance ('H -N M R ) and carbon nuclear magnetic 

resonance (''^C-NMR). DSC as described in Section 3.3.5 measured thermal properties and 

polymer molecular weights were determined by GPC (Section 3.3.3).

4.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

The absorption band spectrum o f  PLA was classified into five regions, which correspond to the 

following bands; -CH- stretch (2995 cm '', 2944cm '), -C = 0- carbonyl (1759cm '), -CH- 

deformation including both symmetric and asymmetric bends (1453 cm '', 1382 cm '', 1362 cm ''), 

-C-O- stretch (1268 cm '', 1194 cm '', 1130 cm '', 1093 cm '', 1047 cm '') and the -C-C- stretch 

(868 cm '')(K ister et al., 1998). These peaks assignments and corresponding positions are shown 

in Figure 4.1 (a) for PLA with a m olecular weight o f  2000 daltons. The spectrum o f  PLA 12000 

was sim ilar only with higher intensity o f  the absorption bands were visible due to the increase in 

molecular weight.

The PLA diol was synthesised by coupling o f  2-aminoethanol onto the PLA in the presence o f a 

powerful dehydrating agent (DCC) and an auxiliary nucleophile (HOBT) to improve reaction 

rates and suppress any side reactions (Figure 3.1).

65



-C=0* stretch
-C-0- ester

-CH- stretch

-CH- deformation

-C-C- stretch

3 .6 0 E + 0 3 3 .1 0 E + 0 3 2 .6 0 E + 0 3 2 .1 0 E + 0 3 1 .6 0 E + 0 3 1 .1 0 E + 0 3 6 .0 0 E + 0 2

wavenumber (cm ')

B.

hydroxyl stretch

amide bands ( I and II )

3.60E+03 3 10E-*-03 2.60E+03 2.10E+03 1 60E+03 1.10E+03 6.00E

wavenumber (cm'^)

hydroxy) stretch CH2 cf the viny) in plane scissor deformation

C=C stretch]
=CH2 vinyl wag

3.60E+03 3.10E+03 2.60E+03 2.10E+03 1.60E+03 1.10E+03 6.00E+02
wavenumber(cm'^)

Figure 4.1(A) FTIR spectrum of PLA (M W  2000), (B): PLA diol (M W  2000) and (C) PLA 

acrylate macromer (MW2000).
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The FTIR spectrum o f  the PLA diol demonstrated the successful incorporation o f  the 2- 

aminoethanol into the carboxylic chain end o f  PLA (Figure 4.1(b)). A comparison o f  both the 

PLA and the PLA diol absorption spectra clearly showed the addition o f  the two-am ide bands at 

1670 cm"' and 1540 cm"' respectively. The -NH- stretch band was observed at 3300cm ’'. A  

broad stretch vibration o f  the hydroxyl chain end group is also seen at 3400cm  '.The -O H  peak 

intensity o f  the PLA diol increased compared to the original PLA diol due to the addition o f  

another hydroxyl end group.

The FTIR spectrum o f  the PLA diacrylate macromer is shown in Figure 4.1(c). Compared to the 

PLA absorption band, the PLA diacrylate macromer showed the addition o f  five new peaks; 

1670, 1640, 1540, 1420 and 810cm  ' due to the characteristic absorption bands o f  the amide 1(- 

C =0 stretching), C=C stretching band, the amide 2 absorption band (N-H bending), =CH 2 o f  the 

vinyl in-plane scissor deformation and the =CH 2 o f  the vinyl wag respectively. The presence o f  

these additional peaks indicates the successful modification o f  PLA to the diacrylate macromer.

All peak assignm ents and positions in the spectra were similar for PLA o f  both molecular 

w eights, however the effect o f  the molecular weight on the extent o f  the conversion o f  the -  

COOH chain end group to the -O H  group and the -O H  group to -C H =C H 2 was apparent in the 

FTIR spectra (Table 4.1).

In the case o f  the PLA diol the amide band at 1670cm ' in the FTIR spectra can be used to 

represent the amount o f  the -O H  end group introduced onto the PLA chain via coupling o f  2- 

aminoethanol onto the polymer. The carbonyl band represents the repeating unit o f  the PLA 

backbone. Since no additional carbonyl group was introduced into the PLA diol, the ratio o f  the 

peak intensity o f  the amide 1 band and the carbonyl band can be used to indicate the extent o f  

the conversion o f  the -C O O H  chain end group to the -O H  group (Zhang et al., 2000).

In the case o f  the diacrylate macromer, the FTIR peak intensity at 3400cm  ' can be related to the 

intensity o f  the remaining -O H  end-group after the reaction. Since no additional methylene (- 

CH2-) or methyl (-CH3) groups were introduced in this step except for the acrylate group 

(CH2=CH-), the peak intensity in the region o f  2880-2995cm  ' (relating to the -CH2 and -CH3 

absorption band) w as used as the reference o f  the PLA backbone. Both peak intensity ratios at 

1638 cm ' (CH2=CH-) to 3400 (-0 H) and 1638 to 2880-2995 cm ' (-CH2- and -CH3) were 

calculated to estim ate the number o f  -O H  end groups o f  the diol which were converted to -  

CH=CH 2 representative o f  the PLA acrylate macromer (Zhang et al., 2000). These results are 

presented in Table 4.1 and will be discussed in Section 4.2.3 in relation to the MW o f  each 

precursor unit.
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4.2.2 Nuclear M agnetic Resonance (NMR)

'H-NMR and the '^C-NMR spectra shown in Figure 4.2 (a) and 4.2 (b) further confirmed the 

success of each step from the PLA to the PLA diacrylate macromer. The assignment o f 'H- 

NMR and '^-CNMR were as follows:

PLA (MW 2000):

‘ H-NMR (CDCh) .

6  5.19 (m, HI and H5 ) 5 4.3 (m, H3), 5 1.5 (d, H2 and H6 ) and 5 1.4 (d, H4).

'^C-NMR (CDCh): ^

5169.18 (-C=0, C l, C8  and C9), 568.55 (-CH, Cl and C5), 568.30 (-CH, C3), 520.05 (-CH3 , 

C4), 516.19 (-CH3 , C l and C6 ).

The most intense signals o f the PLA were those located at 5 5.19 (-CH groups) and 5 1.5ppm ( -  

CH3 groups) in the 'H-NMR spectrum, which correspond to the central protons in the backbone 

of the polymer. The methine proton and methyl group at 5 5.19 and 5 1.4 respectively represent 

the chain end group of the polymer.

6 2

PLA diol (MW 2000): Q c h ,  0  c h . O
8 7

- C  C-
H, H, H H '  H '  H

I

‘H-NMR (CDCh): h o — c — c ------- n — c — c — o - ( - c — c — o - | - c — c — o h

5 5.19 (m, HI and H5 ) 5 4.3 (m, H3), 5 3.7 (m, H8 ) 5 3.4 (m, H7), 5 1.5 (d, H2 and H6 ) and 5 

1.4 (d, H4).

^C-NMR (CDCI3): 8 7
6 2 4

Q O (jIHg O

HO C C N C C ----- O— H e -------C-----0 —H e ------ 0  OH
H. Hj H H \ H /^-l ^

" 5

5 169.18(-C=0 , C l, C8  and C9), 568.55(-CH, Cl and C5), 568.30( -CH, C3), 562.3 (-CH2 

CH8),542.6 (-CH2 , CH7) 520.05 (-CH3 , C4), 516.19 (-CH3 , C2 and C6 ).
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Figure 4.2(a) ' H-nmr Spectra o f PLA MW 2000 (i) and its corresponding PLA diol (ii) 

and PLA macromer (Hi) and 4.2 (b) '^C-NMR o f PLA MW 2000 ( i),and its corresponding PLA

diol (ii) and PLA macromer(iii)
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The PLA diol in tiie 'H-NMR showed a new peai<. at 53.79 ppm in the PLA diol, which was 

attributed to the protons of CH2 next to the OH end group of the 2-aminoethanol segment, and 

the peak at 53.39 was due to the protons of CH2 next to the NH group of the 2 amino segment. 

The C-NMR spectrum of the PLA diol shows the additional chemical shifts at 542.6 ppm and 

5 62.3 ppm; these were assigned to the carbon atoms of CH2 -NH and CH 2 -OH of the 

2aminoethanol respectively. These peaks were absent from PLA spectrum.

PLA acrylate macromer (MW2000):

10 6 2 4

'H-NM R (CDCls): \  ?  s  7 ^  ?  /
^ c = c  — C — 0 — H , c  — C —  N — c  — C - o H - C  — C - O H — c  — c  — 0 “ C - C = C  H  ̂ H H  ̂ H Vi H \

11 9  5 1 3  9  H

10

11

5 6.70- 5.75 (m, H9, HlOand HI 1) 5 5.19 (m, HI and H5) 5 4.3 (m, H3), 5 3.7 (m, H 8 ) 8  3.4 (m, 

H7), 8  1.5 (d, H2, H4and H6 ).

13
6 2 4

C-NMR (CDCU)- ^ P 0  CH, 0  CH3 o 9 H3 o h
'• 3 7 -  \ 1 6  1 4  II 8  7 I I  I " ,  II I " ,  II I  I I  1 4  1 5 /

c = c —C O C H , — C— N—c —C - 0 —H e —C - 0 - ) —c —c —0 —c - c = c
h/  ^ 1 3   ̂ 11  ̂ ^ 0  ^3 -  " \

5 132.2 and 127.6 (CH=CH2 , C14 and C15 respectively) 5 169.18(-C=0, C9-C13), 568.55 (-CH, 

Cl and C5), 568.30( -CH, C3), 862.3 (-CH2 CH8),842.6 (-CH2 , CH7) ,816.19 (-CH3 , C2 ,C4 

and C 6 ).

The ' H-NMR of the PLA diacrylate macromer shows small peaks for the protons o f the acrylate 

group in the region o f 85.75 to 6.70ppm that are not found in the diol indicating successful 

incorporation of the acrylate groups into the PLA acrylate macromer. In addition the '^C-NMR 

(Figure 4.2 (b)) displayed chemical shifts at 5127.6 ppm and 5 132.2 ppm, which are 

characteristic of two carbon atoms of a double bond.

The use of 'H-NMR in calculating the molecular weight has been reported by others [Han et a i, 

7997]. Theoretical molecular weights were estimated using 'H-NMR and compared to that of 

the GPC results for each polymer. The results are listed in Table 4.1. The modified structure of 

PLA MW 12000 had similar results to PLA 2000.
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4.2.3 Molecular Weight

The molar ratio o f  the reactants was identical for both PLA units (MW 2000, MW 12000) in all 

reactions as well as the duration allowed for the completion o f the reaction. The molecular 

weights o f the PLA, PLA diol and PLA m acrom er o f  each batch was determined by gel 

permeation chromatography (GPC), the extent o f  conversion measured by FTIR peak intensities 

as well as their thermal properties are shown in Table 4.1. Crystallinity o f PLA (M W  2000) was 

confirmed by XRD (Appendix V).

Table 4.1 Comparison ofproperties o f  PLA precursors.

MW Glass Melting (Mn) Mn FTIR Peak intensity Ratio
2000

transition point (g/mol;GPC) (g/mol;'HNMR)

temperature (Mp)(“C)

(Tg)(°C)

PLA 88 149 1900 1818

PLAdiol 57 143 1300 1092 I670cm '/I750cm ' 0.67

PLAmac 54 148 1600 1308 I638cm''/2994cm'' 0.79

l638cm'V3400cm'‘ 0.60

MW 12000

PLA 100 55.7 12200 9642

PLAdiol 85 55.0 10200 8197 1670cm'V 1750cm'' 0.46

PLAmac 83 63.3 6000 3895 163 8cm''/2994cm'' 0.57

I638cm''/3400cm'' 0.50

On examination o f  Table 4.1, the effects o f employing different molecular weight PLA on the 

conversion o f  -C O O H  to -OH groups was significant. The FTIR peak intensity ratio o f  the 

amide 1 band to the carbonyl had a value o f 0.67 for PLA MW 2000 and 0.46 for MW 12000. 

Previous studies undertaken by Zhang et al., (1999) showed that the optimal reaction conditions 

for the synthesis o f  the diol was the use o f small amounts o f  reactants and a short reaction time 

to achieve high conversion without the expenses o f  molecular weight reduction. However in the 

present study the effect o f  employing a larger m olecular weight lactic acid significantly reduced 

the rate o f conversion. This is also pronounced in the reduced molecular weight indicating chain 

fragmentation during the reactions whereby chain cleavage increased the -C H  end group.
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The conversion o f  the diol to the macromer was similarly estimated by the FTIR peak intensity 

ratio o f the introduced double bond (1638cm ') on the polymer to the remaining -O H  end group 

(3400 cm ') and the backbone o f the polymer (-CH 2 and -C H 3 groups, 2994 cm ')  after the 

reaction. A significant decrease in the peak intensitiy ratios was observed in comparison to the 

lower m olecular weight PLA. If all the hydroxyl groups were converted to the acrylate group 

without cleavage o f  the polymer chain the MW should not decrease. A significant decrease was 

seen in the case o f the larger MW diacrylate macromer. This was also observed in the 'H-NM R 

spectrum where the peak area at 4.26ppm increased as more o f the -C H - end group appeared 

leading to a reduced m olecular weight (Figure 4.2 (a) (iii)).

Generally the glass transition signifies the beginning o f  chain mobility. Therefore if  interactions 

between chains were strong a higher temperature would be needed to promote this chain 

mobility. From the data above the glass transition temperature for the polymers were in 

agreem ent with the m olecular weight. Since an observed decrease in MW was a result o f  chain 

scission within the method o f synthesis, a resulting lower Tg would be expected due to a 

decrease in chain entanglements and therefore increase in chain mobility (Sousa et al., 1998).
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4.3 LINEAR POLYMER CHARACTERISATION

In the present work, biodegradable polymers from chemically modified poly lactic acid (PLA) 

and N-isopropylacrylamide (NIPAAM) were prepared by polymerisation based on a method by 

Lowe et a i, (2003). The aim of the work was to determine the effect of incorporating polylactic 

acid o f different molecular weights and composition ratios on the chemical/physical properties 

of the polymers. Firstly, the chemical structure of the biodegradable NIPAAM-PLA polymers 

were analysed by FTIR and NMR to demonstrate the successful incorporation o f the poly lactic 

acid into the backbone of the polymer by the introduction of unsaturated vinyl groups. The 

characteristics of the linear batches of PNP-L to PNP-L3.2 (Table 4.2) were examined for 

comparison with the hydrogels. The prepared batches were characterised by molecular weight 

and analysis o f the phase transition temperature.

4.3.1 Fourier Transform Infrared (FTIR) Spectroscopy

Seven linear polymers were synthesised by varying the molar ratio o f N-isopropylacrylamide 

(NIPAAM) and PLA as well as the molecular weight o f the hydrogel component, PLA. Their 

compositions are summarised in Table 4.2. The FTIR spectra confirmed the chemical structure 

o f the polymers (linear poly (N-isopropylacrylamide) (PNP-L), linear 93-7 molar ratio 

PNIPAAM co-PLA (PNP-L 1.2), linear 86-14 molar ratio PNIPAAM co-PLA (PNP-L2 .2) and 

linear 72-28 molar ratio PNIPAAM co-PLA (PNP-L3 .2) are shown in Figure 4.3.

^  PNP-L3

PNP-L2.

PNP-L
2000 00000 1400.00000 1000 00000

Figure 4.3: FTIR spectra of the polymer systems with PLA (MW2000): PNP-L, PNP-LI.2,

PNP-L2.2, and PNP-L3.2
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PN IP A A M  w as observed  in the IR spectra (Figure 4 .3 ) o f  all the polym ers represented by tw o  

absorption bands o f  the sym m etric -C H  (C H 3 ) 2  group at 1388 and 1370 cm ‘'(peak 2, 3). In the 

co-p o lym eric  system s additional absorption bands w ere present at 1760 ( C = 0  stretching, peak 1) 

1215 (C -O -C  asym m etric stretching, peak 4 ), 1200 (O -C O  stretching, peak 5), 1117  

[C H (C H 3)= 0  stretching, peak 6 ] and 1050cm '' (C -O C O  stretching, peak 7) indicating  

su ccessfu l incorporation o f  PLA into the backbone o f  the polym er system s. The higher the 

calculated  am ount o f  PLA incorporated into the backbone o f  the polym ers, the stronger the 

in tensities o f  the observed  peaks. S im ilar results w ere observed for PLA M W  12000 and its 

corresponding diol and m acromer.

T he FTIR spectra o f  PNP-L2.2 and a physical m ixture o f  PN IPA A M  and PLA m acrom er 

m anufactured by so lven t evaporation w ere a lso  exam ined (Figure 4 .4 ). The decrease o f  the C=C  

bands at 1638 (peak 1), 1407 (peak 2) and 810  (Peak 3 ) cm'' in PNP 2.2 after polym erisation o f  

PLA and N IP A A M , dem onstrates the crosslinkable double bonds availab le in the diacrylate 

m acrom er to form the three d im ensional polym er network. In the physical m ixture, the double  

bonds are still present indicating PLA w as not incorporated into the backbone o f  the hydrogel 

by ch em ical m eans.

m iitu re

1 6 0 e ' * C 31 80E+C3
F i«< |u*«»cy

Figure 4.4: FTIR spectra o f  the co-polymer PNP-L2.2 and a physical mixture o f 

PNIPAAM and PLA.
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4.3.2 Nuclear Magnetic Resonance (NMR)

NM R spectra were obtained o f  PNP and the co-polym er systems to further confirm the chemical 

composition and structure o f  the networics. Samples were dissolved in CDC13 and the chemical 

shifts were expressed in ppm with respect to the CDC13 signals at 5 7.28ppm in the proton 

spectrum and at 8 78ppm in the carbon spectrum respectively. The 'H-NM R spectrum o f  the 

homopolymer, (PNP-L) and the co-polym er PNP-L2.2 are shown in Figure 4.5 and 4.6. The 

respective peak assignments are listed below for the PNIPAAM and the co-polymer, PNP-L2.2.

PNP-L (CDCIj):

‘ H-NMR (CDCh) :

51.14 (HI ,  methyl proton o f  the isopropyl group), 81.64 (H2, methylene proton), 51.81 (H3, 

methyne proton), 53.1 (H4, proton o f  NH), 54.00 (H5, -lone proton o f the isopropyl group).

13C-NMR (CDCh):

522.1 (Cl ,  methyl carbon), 836 (C2, methylene carbon), 841 (C3, methyne carbons in the 

polymer backbone and the isopropyl group), 5 173 (C4, carboxyl carbon).

SS

7 . 5 7 .0 6 .5 5 .5 5 .0 4 .5 4 .0 3 . 5 3 .0 2 . 56 . 0 2.0 1 . 5 1.0

'T  »T (*>

S I

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

Figure 4.5: 'H -NM R (top) and the '^C-NMR (bottom) spectra o f  PNP.
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T he 'H -N M R  revealed tw o broad sign als for the m ethylene proton and one for the m ethyne 

proton in the v ic in ity  o f  the strong m ethyl signal at 51.14ppm . T his broadening o f  'H signals  

can be attributed to a distribution o f  PN IPA A M  chain conform ations, w hich  are som ew hat fixed  

due to the lack o f  m obility . The '^C-NM R spectrum  sh ow ed  a m ultip let at 541 representive o f  

m ethyne carbon resonance. T h is cou ld  be due to both the different tacticities o f  the sid e chain  

onto the backbone m ethyne carbon and environm ent change around the m ethyne w ith increasing  

tem perature (Tokuhiro et al., 1991).

PNP-L2.2 (CDCI3):

‘ H -NM R (CDCI3) :

5 1 .1 4  (CH3 on isopropyl group o f  P N IP A A M ), 51 .5 0  (C H 2 on P N IP A A M ) 51 .58  (CH3 on PLA) 

5 1 .9 1 (-C H o n  P N IP A A M ), 5 3 .9 7  (N H  on P N IP A A M ), 55 .1 6  (-C H  on PLA ).

'^C-NMR (CDCh):

8 1 6 .1 2  (CHS on PLL A ), 522 .5  (m ethyl carbon on the isopropyl group o f  PN IP A A M ), 5 68  

(m eth ylene carbon o f  PLA ). 5 169 (carboxyl carbon).

The 'H -N M R  o f  PNP-L2.2 sh ow ed  a decrease in the proton sign als from 5 .6  to 6.2 (H 2 C =C H -) 

indicative o f  the integration o f  PLA into the backbone o f  the polym er. The double bonds 

(H 2 C =C H -) in the '^C-NM R w ere a lso  sign ifican tly  decreased in the spectrum  at 125ppm  and 

130ppm . A cid  base titrations w ere carried out on the polym ers to confirm  the su ccessfu l 

incorporation o f  PLA in to the backbone o f  the hydrogels as described in section  3 .3 .4 . N o  

colour change w as observed indicating that the PLA had been ch em ica lly  m odified  and 

ch em ica lly  incorporated into the gels. The various gel system s syn th esized  by varying the m olar 

ratios are listed in T able 4 .2 .
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(A)

(B)

I I I I S  I

'F| l f W t T H   ̂ H  I t l ' U W M  M l 1 1 1 ' W  I <■> 1 ^  V |  T ' Hrmri

Figure 4.6: ( a ) ' H-NMR and (b) C-NM R spectra o f PNP-L2.2.
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4.3.3 Molecular weight

Seven batches o f  linear polymers were synthesised (PNP-L, PNP-LI.2 , PNP-L2.2, PNP-L3.2, 

PN P-L I.12, PNP-L2.|2and P N P - L 3 . 12) and their molecular weights determined by gel permeation 

chromatography (GPC) as described in Section 3.3. The results are shown in Table 4.2 below.

Table 4.2: Comparison o f properties o f PNIPAAM based linear polymers

transition
Molar ratio 

P N P /P L A

(%w/w) ratio Molecular weight(xl O'*) Glass transition Phase

temoerature temoerature
P N P (IO O ) 100 100-0 2.01 110.92 28.4
P N P -L  1.2 93-7 84-16 1.52 107 28.5

PN P-L 2.2 86-14 76-24 1.09 90.59 29.5

PN P-L 3.2 72-28 56-44 0.87 86.95 32.5

P N P -L L ,2 93-7 84-16 2.0 112.16 29.2
P N P -L 2 .,2 86-14 76-24 1.50 106.75 33.4

PN P-L3.12 72-28 56-44 1.42 102.92 34.2

Altering the molar ratio o f  reactants and the molecular weight o f  the precursor unit, PLA, led to 

a significant difference (p<0.05) between the molar weight o f  the batches o f  polymers. There 

was an observed decrease in molecular weight as the amount o f  PLA increased. Increasing the 

molecular weight o f  the pre-precursor PLA increased the overall molecular weight o f  the co 

polymers, however a noted decrease in the molecular weight was still observed as the percent o f  

PLA increased. The glass transition o f  each o f  the polymers was determined at a heating rate o f  

IO°C/min. The Tg obtained for the linear poly (N-isopropylacrylam ide) w as 100.92°C, which is 

consistent with values reported in literature as 85-130°C dependent on molecular w eight (Rosen, 

1993). The molecular weights and Tgs tabulated above were plotted against one another and an 

increasing trend was seen for the series with MW 2000 PLA (R^=0.911) and the series with 

MW 12000 PLA (R^=0.905) (Figure 4.7 (b)). From the data above it is evident that overall an 

increase in the percent o f  PLA decreases the glass transition (Figure 4.7 (a)). This is not 

surprising, since aliphatic spacers bring side chain flexibility to the co-polym ers, lowering the 

Tg (Salgado-Rodriguez et al., (2004)).

In addition, as the molecular weight o f  the linear polymers increases, it’s expected that the Tgs 

for the polymers becom e closer to one another, due to the fact that the chain entanglements 

which increase with molecular weight dim inishes dramatically their mobility. That is, a higher 

temperature is needed to promote chain mobility, characterizing the glass transition. Figure 4.7 

(a) shows the plotted results o f  the Tg against the amount PLA in the co-polym er systems.
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25080

20080

10080

424.29X -28126 
R̂  = 0.911

Percent PLA

Fig 4.7 (a): Relationship between PLA content and the Glass transition temperature (Tg) (°C) 

for polymers MW2000 (■) and polymers MW 12000 (□) and (b): the relationship between the 

glass transition temperature and the molecular weight for polymers M W 2000 (■) and polymers 

MW 12000 (d).

4.3.4 LOWER CRITICAL SOLUTION TEMPERATURE

The lower critical solution tem perature in PB o f  the synthesised polymers was determ ined by 

differential scanning calorimetry (DSC) and by measuring the transmittance o f  a polym er 

solution at various temperatures as described in Section 3.3.6.

4.3.4.1 Differential Scanning calorimetry (DSC)

DSC analysis o f the linear polym er solutions resulted in a distinct endotherm at the lower 

critical solution temperature due the precipitation o f  the polym er at that tem perature (Figure 4.8 

(a)).
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Figure 4.8:(a) DSC thermogram o f a 0.5% w/v solution o f PNP-L2.2 in PB at a heating rate o f 

2°C/min. (b) relationship between the hydrogel composition and the LCST where (■) signifies 

PLA MW  12000 and (□) signifies PLA MW 2000 incorporated into the hydrogel.

There was a significant increase (p<0.05) in the phase transition temperature on increasing PLA 

content. The increase in peak position, on increasing PLA content, would suggest that PLA 

increased the overall hydrophilicity o f the systems also shown by an increase in the LCSTs 

(Table 4.2). In the case o f the PLA co-monomers having free acid groups, a more hydrophobic 

co-monomer structure was expected. Schild, (1992) in his review on NIPAAM polymers 

discussed whether it is hydrogen bonding or hydrophobic effects that influence the LCST. 

Based on the current work; an increase in the LCST could be explained in terms o f hydrogen 

bonding since ester groups along the PLA chain are polar or weakly charged. This would lead to 

additional polymer-water interactions as opposed to polymer-polymer interactions leading to a 

reduced driving force for a phase transition. This leads to an increase in the LCST, since the 

hydrophobic interactions, which increase with temperature, are compensated for up to a higher 

temperature due to increased polymer-water interactions. Therefore the phase transition 

temperature is determined by relative hydrophilicity o f the polymer, whereby the polar ester 

groups are increasing the hydrophilicity; (Feil et al., 1992; Beltran et al., 1991; Peppas and 

Khare, 1993). An upward trend existed between the percent o f PLA in the hydrogel system and 

the LCST with an value o f 0.9223 and 0.8366 for the hydrogel series with PLA MW  2000 

and 12000 respectively (Figure 4.8 (b)).
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4.3A.2 TRANSMITTANCE

The phase transition temperature o f  the linear polymer systems were also examined by 

m easuring the transmittance o f the polymer solution at 500nm at different temperatures. At 

temperatures below the LCST the solution remained clear, while at a certain tem perature (cloud 

point, LCST) the polym er precipitated out o f  solution and the transmittance decreased 

dramatically (Figure 4.9). The LCST was defined as 50% transmittance o f the polym er solution 

during the heating process.

100

80

60

40

20

O
20 22 24 26 28 30 32 34 36 38 40

Fig 4.9: Percentage transmittance o f PNP in water □ and PBb and PNP-L2.2 in water (o ) and PB
( • )  at various temperatures.

The effect o f  buffer on the LCST as well as incorporating PLA into the polymer network was 

examined and can be seen in Figure 4.9. The effect o f the buffer salts was to decrease the phase 

transition temperature o f both polymer systems. The phase transition decreased from 33.3 to 

28.4 and 34.1 to 29.5 for PNP and PNP2.2 respectively. Saito et al., (1992) and Eeckman et al., 

(2001) showed a similar decrease in the LCST o f thermoresponsive polymers with various salt 

types. This was attributed to the ability o f the salt anions to break the hydrogen layer around the 

polymer chains.

It can be noted that the homo-polymer PNIPAAM had a sharp decrease in transm ittance once 

the LCST was reached (Figure 4.10). The higher the amount o f  PLA incorporated into the 

backbone o f the hydrogel the slower and more gradual the decline in transmittance. On 

increasing the m olecular weight o f  PLA this effect was less pronounced. A linear correlation 

existed between the percent o f  PLA in the hydrogel system and the LCST with an value o f 

0.9136 and 0.9743 for the hydrogel series with MW 2000 and 12000 respectively (Figure 4.11).
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Figure 4.10: a) Percent transmittance o f  PNP-L (■), PN P-LI .2  ( A ) ,  PNP-L2.2 ( • ) ,  PNP-L3_2(x) 

in PB at various temperatures and b) Percent transmittance o f  PNP-L (■), P N P -L l.12(A), PNP- 

L2.|2(«), PNP-L3.12 (x) in PB at various temperatures.

The values obtained for the lower critical solution temperature were higher than those obtained 

by DSC particularly for linear polymers with PNP3 system hydrogel. The difference in the 

results obtained between both methods may reflect the differences in heating/cooling rates 

{Otake et al., 1990). The use o f  transmittance measurements is complicated by the rate o f heat 

transfer in the larger volumes used as well as variations in precipitated aggregates, sizes and 

settling o f  precipitates (Schild and Tirrell, 1990).

y = 0 ,3 7 3 9 x + 27,58 
R^ = 0,9743

|y= 0 ,1 3 9 5 x + 27,826
! R^ = 0,9136
1 -----------------------------

—  —  E
—  —  -m

10 20 25 300 5 15
% PL^

Figure 4.11: Relationship between the LCST and hydrogel composition where the hydrogels 

composed o f MW 12000 PLA are represented by the closed symbol (■) and MW 2000 PLA by 

the open symbol (□).
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4.4 HYDROGEL CHARACTERISATION

A series o f  poly (N-isopropylacrylamide) and poly L-lactic acid (PLA) based hydrogels were 

synthesised, each with a different percent o f  the hydrophobic lactic acid and a fixed am ount o f 

cross-linker as described in Section 3.2. The effect o f  the m olecular weight o f  the PLA 

com ponent and m olar ratio was examined and the measured glass transition tem perature (Tg) o f 

the systems are listed below.

Table 4.3: Percent PLA incorporated into the gels and glass transition temperature o f 

PNIPAAM-PLA based hydrogels.

Hydrogel %PLA PNIPAAM-PLA (w/w) Tg(”C)

PNIPAAM 0 100-0 122.00

PNPI.2 7 86-14 116.59
PNP2.2 14 74-26 111.28
PNP3.2 28 56-44 103.23

PNPL|2 7 86-14 148.00
PNP2.I2 14 74-26 148.00
PNP3.I2 28 56-44 141.14

The glass transition temperature obtained for the homopolymer PNIPAAM was 122.84°C, 

which is higher than the one obtained for the linear polymer. As reported in literature linear poly 

(N-isopropylacrylamide) has a glass transition temperature in the region o f  85-130°C probably 

depending on m olecular weight. This increase can be understood as a result o f  cross-linking, 

which significantly lowers the mobility o f the chains and thus a higher tem perature is needed to 

promote mobility, characterizing the glass transition (Sousa et al., 1998). By analyzing the 

results summarized in Table 4.3, it can be noted that similarly to the linear polymers, the co

polymers (PNP-co-PLA) exhibit lower Tg on increasing the percent PLA in the gel. There was a 

direct linear relationship (R^=0.9909) between the glass transition temperature and the percent 

PLA in the gel for the systems with PLA MW 2000. The mechanical strength o f  the hydrogel 

can also be improved by increasing the degree o f  cross-linking (Johnson et al., 2004) or by co

polymerization with PLA. The resultant gels synthesized after polymerization with PLA present 

were easier to handle and fairly robust while PNP was fragile (Figure 4.16). The effect o f  PLA 

on the crosslinking density will be discussed in Section 4.4.5.

83



4.4.1 Equilibrium swelling studies

The swelling o f  the hydrogels were characterised using the swelling ratio (EQN. 2.7). In the 

case o f the hydrogels with PLA MW 2000, the equilibrium-swelling ratio o f each system was 

examined over a range o f temperatures in PB (Figure 4.12). The phase transition based on the 

swelling data (LCSTj) was defined as the temperature at which the hydrogel showed a 

significant increase in swelling from the baseline.

The thermoresponsive study demonstrated that the swelling ratios o f all hydrogels systems were 

dependent on the co-polymer composition. The phase transition temperature o f the co-polymer 

networks increased on increasing the PLA content. However the degree o f change in the 

equilibrium-swelling ratio with temperature change became less sharp as the molar portion o f 

PNIPAAM decreased and that o f the PLA increased. PNP1_2 showed a phase transition o f 29°C. 

In literature the phase transition in water is reported within the range (32°C -34°C) (Schild 1992). 

O ther authors have noted a marked decrease in the phase transition temperature o f  the hydrogel 

due to the effect o f  buffer salts (salting out effect). Similar observations were observed on the 

linear systems, described using transmittance measurements (Section 4.3.4).
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Figure 4.12; Equilibrium swelling ratio o f PNP based hydrogels (PNP (■), PNP1_2(A), PNP2.2 

( • )  and PNP3.2 (0)) in PB at various temperatures with PLA MW 2000 incorporated into 

hydrogel networks.

The equilibrium swelling o f the above hydrogel systems were dependent on their composition 

both above (37°C) and below (20°C) the phase transition temperature. The equilibrium-swelling 

ratio o f the hydrogel systems with PLA MW 2000 incorporated into the backbone is shown 

below and above the LCST at 20°C and 37°C respectively in Figure 4.13(a). The swelling ratio 

below the LCST (20°C) o f the PNP-PLA . 2  hydrogels depended on the hydrophobicity o f the
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PLA component. The hydrogels expanded from 5.8 to 8 times their volume depending on the 

amount o f PLA incorporated into the backbone o f the polymer network. As the PLA component 

increased, a more significant (p<0.05) suppression in the swelling ratio was observed leading to 

a more compact structure. A trend emerged (R‘= 0.923) between the amount o f hydrophobic 

PLA and the swelling ratio (Figure4.13 (b)).

Above the LCST (37°C), due to the hydrophobic nature o f PNIPAAM, the equilibrium-swelling 

ratio was significantly smaller than at 20°C. There was no statistical difference (p>0.05) 

between PNP2.2 and PNP3.2 swelling levels at this temperature. The magnitude o f swelling 

change between the two temperatures decreased with increasing the percent o f PLA. The 

incorporation o f PLA therefore influenced the equilibrium swelling at both temperatures. An 

upward trend was seen in the swelling ratio with increasing PLA content.
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Figure 4.13 (a) Equilibrium swelling ratio o f the hydrogels at 20'’C and 37“C in PB (b) 

relationship between equilibrium swelling ratio at 20“C (♦) and 37“C (■) and % PLA (MW2000) 

present in the network systems.

In this study, we observed that the effect o f the equilibrium-swelling ratio o f the PNIPAAM- 

PLA based hydrogels was affected by the molar ratio o f constituents. The extent o f the swelling 

was also dependent on the MW  o f PLA incorporated into the backbone o f the hydrogel. 

Increasing the molecular weight o f PLA resulted in a significant increase (p<0.05) in the 

swelling ratio both below and above the phase transition temperature (Figure 4 .14(a)).
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At 20°C an increase in the MW o f PLA (from 2000 to 12000) resulted in 34%, 55% and 65% 

increase in the swelling ratios o f  93-7, 86-14 and 72-28 NIPAAM -PLA respectively. Since the 

cross-linking sites are at the two chain ends o f PLA macromolecule an increase in the MW of 

PLA would reduce the overall total number o f end groups available for cross-linking leading to 

a lower cross-linking density. Thus, a lower degree o f  cross-linking should lead to a more open 

and less compact 3D network structure and hence a higher swelling ratio. The MW effect was 

composition dependent whereby an increase in PLA appeared to increase the equilibrium- 

swelling ratio.

Above the LCST a significant increase o f 20%, 55% and 85% were observed in the swelling 

ratios o f  93-7, 86-14 and 72-28 PNP-PLA . 1 2  co-polymers respectively. An increasing trend was 

seen between the PLA content and the equilibrium-swelling ratio both below and above the 

LCST (Figure 4.14(b)).

■  200C
S 37oC y = 0.1804X + 9.1576  

= 0.9972

PNP PNP1- PNP2- PNP3

Percent PLA

Figure 4.14: (a) Equilibrium swelling ratio o f the hydrogels (PNP-PLA.1 2 ) at 20“C and 37“C in 

PB. (b) Relationship between equilibrium swelling ratio at 20°C (■) and 37°C (□) and % PLA 

(MW 12000) present in the network systems.
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4.4.2 Phase transition temperature

The phase transition temperature o f  the PNIPAAM -co-PLA gels, which were determined in 

phosphate buffer 7.4 by DSC analysis are shown in Table 4.4. In the case o f the hydrogels, a 

sample o f  the swollen hydrogel (20°C) was scanned at 2”C/min in a sealed pan.

In the case o f  both PNIPAAM -co-PLA gels with PLA M W  2000 (R^=0.9841) and PLA MW 

12000 (R^=0.9377), there was a linear increase in the endotherm peak position as the % o f PLA 

increased. Adjusting the relative hydrophobicity controlled the LCST o f the thermoresponsive 

gels. PLA has an effect o f  raising the LCST and the effect became more prominent the higher 

the m olar feed ratio o f  PLA. This conclusive pattern is also evident with the onset o f  the 

endotherm where similarly a linear correlation was observed between the LCST and the amount 

o f  PLA incorporated into each hydrogel system for both polymeric systems containing PLA 

MW 2000 (R^=0.985) and PLA MW 12000 (R^=0.962l). The increase in the peak positions 

indicated that the chemical nature o f  PLA had a hydrophilic effect on the phase transition 

temperature as similarly seen in Section 4.3.4 with the linear polymers. An increase in the peak 

position o f the order 0 .7-3.11°C and 0.96-4.56°C was seen for PNP-co-PLA . 2  (PLA MW 2000) 

and PNP-co-PLA . 1 2  (PLA MW 12000) respectively.

Table 4.4 Phase transition temperature (n=3) o f  PNIPAAM-co-PLA systems in PB
DSC- PB 7.4

MW 2000 Onset (”C) Peak (”C) 
(LCSTd)

Integral
(J/g gel)

Integral 
(kJ/mol )

Swelling * 
(LCSTs)(°C)

PNP 27.00 28.41 0.83 1500 32
PNP-1.2 27.39 29.11 1.32 880 33
PNP-2.2 28.44 30.33 0.59 450 34.5
PNP-3.2 29.89 31.52 0.60 350 36

DSC- PB 7.4
MW 12000 Onset (“C) Peak (°C) Integral Integral Swelling *

(LCSTd) (J/g gel) (kJ/mol) (LCSTs) (°C)
PNP 27.00 28.43 0.83 1500 32
PNP-1.12 29.29 31.94 1.50 640 ND
PNP-2.,2 31.94 34.17 2.47 1200 ND
PNP-3.,2 34.56 36.69 3.94 2000 ND
* LCST as defined in Section 3.36 
*N D  no t d e term in ed
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4.4.3 Swelling kinetics

The presence o f  the different percentages and m olecular w eigh ts o f  PLA not on ly  in fluenced  

equilibrium  sw ellin g  at a particular tem perature, but a lso  affected  the rate o f  sw ellin g  at that 

tem perature. The sw ellin g  rates o f  the hydrogel d iscs, in itially  in a dried out state, w ere  

exam ined over tim e at 20°C  and 37°C  (Figure 4 .15 ).

A t 20°C  (Figure 4 .15  (a)), the sw ellin g  profiles w ere found to be approxim ately proportional to  

the square root o f  tim e (E Q N . 2 .2 2 ,)  (T able 4 .5 ).

Equilibrium  sw ellin g  w as reached after 48hrs for PNP, h ow ever in the case o f  the co-p olym ers, 

a slo w  slu ggish  increase in the sw ellin g  ratio over tim e w as seen , w hich  m ay be due to  

degradation. A  better fit w as obtained in each case w hen the d iffu sional exponent (n) w as  

allow ed  to vary (T able 4 .5 ).

Table 4.5: S w elling rate constant (k,) (Higuchi, 1961) a t 20"C  a n d  3 7 ’C  with the a ssoc ia ted  

coefficient o f  determ ination (CD) f o r  po lym ers with m olecular w eight 20 0 0  PLA in corpora ted  into 

the backbone o f  the hydrogel. D iffusional exponent, (n) a n d  the sw ellin g  rate constant (kp) were  

estim ated  using E Q N  2 .2 5 (Peppas, 1985).

M =k,t"' M=kpt'‘

20°C ks2 o X IO"(min‘*’̂ ) C D kp2 oX IO^(min'') n C D

PNP I7 .4 4 ± 0 .0 0 2 8 0.9893 9 .7 2 ± 0 .3 4 8 0 .6 0 I5 ± 0 .0 0 6 0 0 .9997

PNP 1.2 I9 .I5 ± 0 .0 0 3 8 0 .9843 I 0 .3 9 ± l.5 4 0 .6 0 6 2 ± 0 .0 2 5 3 0 .9957

PNP2.2 I4 .9 0 ± 0 .0 0 2 3 0 .9899 I0 .0 5 ± |,5 3 0 .5 6 5 8 ± 0 .0 2 5 6 0 .9 9 5 0

PNP3 .2 I4 .5 I± 0 .0 0 3 2 0 .9815 6 .5 2 ± 0 .2 I7 0 .6 3 8 9 ± 0 .0 0 5 5 0 .9998

37°C ks37 X 10  ̂(min"°^) CD kp3 7 X I0 '(m in ‘') n C D

PNP l.3 4 ± 0 .0 0 0 5 0 .9 8 4 0 2 .9 0 ± 0 .I8 3 0 .3 4 0 7 ± 0 .0 3 9 4 0 .9997

PNP 1,2 l.8 8 ± 0 .0 0 0 4 0.9843 3 .3 2 ± 0 .3 5 6 0 .3 9 6 7 ± 0 .0 2 0 0 0 .9974

PNP2.2 2 .5 2 ± 0 .0 0 0 5 0 .9 7 7 9 4 .9 0 ± 0 .4 0 9 0 .3 8 I 6 ± 0 .0 I 2 6 0 .9 9 7 9

PNP3 .2 3 .4 7 ± 0 .0 0 0 9 0 .9922 5 .5 7 ± I .I 4 0 0 .4 0 3 0 ± 0 .0 4 2 4 0 .9 9 7 8
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Figure 4.15: Swelling kinetics o f PNP (■), PN PI .2 (A) ,  PNP2.2(*) and PNP3.2 (x) over time at (a) 20°C and (b) 37°C in PB. Also shown are the 

early time periods (S.R.<60% o f equilibrium) at (c) 20°C and (d) 37°C fitted to the square root of time (EQN. 2.22, Higuchi, 1961).
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In the case o f  the gels with PLA M W  2000  a decrease in the sw ellin g  rate at 20°C  with an increase 

in the incorporation o f  the PLA m oiety w ould be expected since PLA is hydrophobic; the 

equilibrium  sw ellin g  capacity o f  the hydrogels w ould be expected to decrease as the percent o f  PLA  

increased. H ow ever, in the early tim e (up to 60%  sw ellin g), the sw ellin g  rate constant o f  P N PL 2 

appeared to deviate from the trend. H ow ever late tim e sw ellin g  show ed a sign ificant decrease in the 

sw ellin g  kinetics for the co-polym er system s (p < 0 .05) with an increase in the hydrophobic 

m onom er content. Similarly X ue et al., (2002) synthesised PNIPAAM  gels with hydrophobic co 

m onom ers ranging in chain length. The increased hydrophobicity led to a decrease in the rate o f  

water uptake and sw ellin g  ratio.

From Photographs in Figure 4 .16  it can be clearly noted that as the PLA concentration increased the 

sw ellin g  decreased as the hydrophobic m oiety m akes it more difficult for water to penetrate the gel. 

This is reflected in the values estim ated for the rate o f  water uptake at 2 0 “C, w hich ranged from  

1 9 .1 5X 10^ (m in ”^ )to  14.51 x 10^(m in “̂ ).

F i g  4 . 1 6 : P h o t o g r a p h s  o f  P N P ,  P N P l  .2 , P N P 2 . 2  a n d  P N P 3 . 2  at e q u i l i b r i u m  s w e l l i n g  at  2 0 ° C

A bove the LCST, there was a linear relationship between the sw ellin g  rate constant and the percent 

o f  PLA (M W  2000) present in the hydrogel (Figure 4 .17). The extent o f  sw ellin g  was considerably  

less in com parison to sw ellin g  studies undertaken at 20°C. H ow ever a significant increase (p<0.05) 

w as observed in the rate o f  sw ellin g  as PLA content increased with R^=0.9957.
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Figure 4.17: Plot o f  sw elling rate constant at 20°C (■ ) and 37°C (□ )  and the percent o f  PLA (MW 2000)

present in the hydrogel series PNP-PLA.2 -

The effect o f  the com position  o f  the hydrogels played an important role, on the dififusional 

exponents and the surface area o f  the hydrogels, which in turn influenced the rate o f  sw ellin g  and 

the equilibrium -sw elling ratio. Table 4 .6  displays the sw ellin g  rate constants at 20°C and 37°C with 

the associated coeffic ien t o f  determination (C D ) for polym ers with PLA M W  12000 incorporated in 

the backbone o f  the hydrogel.

Table 4.6: Swelling rate constant ( k j  (Higuchi, 1961) at 2(f'C and 37"C with the associa ted  coefficient 

o f  determ ination (CD) fo r  polym ers with PLA m olecular w eight 12000 incorporated in the backbone o f  

the hydrogel. A lso the diffitsional exponents, (n) and sw elling ra te constant (kp) were estim ated using 

Equation 2.25 (Peppas, 1985).

M=kst®^ M=kpt"

2 (fC k,2 o X 10^(min'° )̂ CD kp2 oX 10^(m in'') n CD

PN PI.,2

PNP2.12

PNP3.12

2 9 .3 0 ± 0 .0 0 3 7  0 .9942  

4 2 .I7 ± 0 .0 0 3 2  0 .9986  

55 .4 9 ± 0 .0 0 7 4  0.9971

21.41 ± 0 .8 9 6  0 .5146± 0 .0275  0 .9945  

3 7 .22± 3 .170  0 .5234± 0 .0165  0.9991  

4 1 .8 0 ± 4 .0 4 0  0 .5 5 52± 0 .0186  0 .9992

37“C k,3 7 X 10^(min'*'^) CD kp3 7 X 10^(min'') n CD

P N PI.,2

PNP2.,2

PNP3.I2

3 .6 8 ± 0 .0 0 3 2  0 .9085  

7 .7 5± 0 .0045  0 .9602  

19 .8 8 ± 0 .0 0 1 l 0 .9996

22 .0 8 ± 0 .7 6  0 .1 3 56± 0 .0149  0 .9994  

25 .17± 4 .95  0 .25 7 5 ± 0 .0 4 0 8  0 .9976  

20 .03±  1.82 0 .4 9 8 3 ± 0 .0 182 0 .9996
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The effect o f  the MW  o f  PLA com ponent on the rate o f  swelling had the reverse effect to that o f  the 

sm aller MW. A significant increase (p<0.05) in the rate o f  swelling was seen as the m olar ratio o f  

PLA increased. The com position dependant MW  effect on the sw elling kinetics can be attributed to 

cross-linking density and the hydrophobicity/hydrophilicility balance o f  the gels (Section 4.4.5). For 

exam ple an increase in MW  o f  PLA resulted in a 17% reduction or 46%  increase in the swelling 

ratios o f  PNP3.2 and PNP3.12 in com parison to PNP. Such a sw elling behaviour came from the 

density o f  the cross-linkable groups, which decreased as the MW increased. These results can be 

noted in Figure 4.18 w here an increase in the sw elling is observed on increasing the PLA content. 

This is reflected in the values estim ated for the rate o f  w ater uptake at 20°C, which ranged from 

29.30 X 10'^ (m in '“^) to 55.49 x 10 '^(m in“^).

Figure 4.18; Photographs o f  P N P I.12, PNP2_i2 and PNP3_i2 at equilibrium  sw elling at 20°C.

Cruise et a!., (1998) prepared hydrogels from poly (ethylene glycol) (PEG ) diacrylate precursor 

w ith different M W . They observed an increase in pore size with an increase in MW. This result is 

consistent with present findings; a more open gel structure could be obtained from a higher M W  

precursor having cross-linkable group at chain ends. Inoue et al, (1997) grafted oligom ers o f  methyl 

m ethacrylate(O M M A ) onto the backbone o f  the grafted PAAc hydrogels. They found that the rate 

o f  swelling o f  the gels was directly related to the M W  o f  OM M A, the hydrophobic segment. Figure 

4.19 (a-d) displays the swelling profiles at 20°C and 37°C for gel series w ith M W  12000 PLA 

incorporated into the gel. All system s gave a reasonable fit to the H iguchi (1961) equation. A linear 

correlation existed between the percent o f  PLA and the sw elling rate constant both below and above 

the LCST (Figure 4.20).
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Figure 4.19: Swelling profiles o f the hydrogel series with PLA MW 12000 at (a) 20 and (b) 37°C. Also shown are early time periods fitted to the 

square root o f  time (Equation 2.22 Higuchi, 1961) at (c) 20°C and (d) 37°C where (■) is PNP ( A )  is PNPl_i2 ( • )  is PNPZ.^and (x) is PNP3.12

93



y= 1.3535X+ 19.52 
= 0.973

t 40

|y = 0.6775x-0.144 
= 0.9674

0 10 20 25 305 15

Percent PLA

Figure 4.20: Relationship between PLA content and the sw elling rate constant ( k j  for the hydrogels 

synthesised with M W  12000 PLA at (■) 20°C and (□) 37°C.

For all system s exam ined, a decrease was observed in the surface area the higher the PLA content 

which would be expected as a result o f  the relative hydrophobicity o f  PLA to that o f  PNIPAAM  

(Figure 4.21(a)). Incorporating the higher MW PLA further increased the surface area (Figure 

4.21(a) as result o f  a lower crosslinking density. These results in turn influenced the sw elling rate o f  

m edium  into the gel and a trend was visible for all hydrogels exam ined (Figure 4.21(b)).
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Figure 4.21: (a) relationship between polym er com position and the surface area o f  the hydrogels for 

PNP-PLA_2 (o )a n d  PN P-PLA . 1 2  series (■).(b): Relationship between the sw elling rate and the 

surface area for the gels with PLA M W  12000 (■) and M W  2000 (□).

94



Chapter 4: Polym er, Hydrogel and Drug Characterisation

At 37°C for the gels with PLA MW  12000 the diffusional exponents in the series were <0.5 

although reasonable fits were still obtained when plotted against the square root o f  time. There was 

a dram atic decrease in the rate o f  sw elling as well as the extent o f  sw elling for all hydrogel in 

com parison to the sw elling kinetics at 20°C. The equilibrium  level o f  sw elling at 37°C, defined as 

the “equilibrium  residual volum e”, was reached within 4 hours for the hom opolym er PNP but took 

48 hour for the co-polym eric system s after which a slow sluggish increase continued w hich may be 

due to degradation.
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4.4.4 Swelling/deswelling kinetics with hydrogel system s with PLA M W  2000 

incorporated into the backbone

Figure 4 .22  sh ow s the sw eihn g /  desw elH ng contraction patterns o f  the unloaded hydrogel d iscs  

[M W 2000] (in PB) on sw itching the temperature betw een 20°C and 37°C.

The sw ellin g  was found to be proportional to the square root o f  tim e during the first hour o f  

sw ellin g  (ksi) for each system  (Table 4 .7). H ow ever during the second sw ellin g  period (4-7 hrs), kj2 

did not obey Fickian diffusion. H ow ever, a linear decrease (R^=0.9225) was observed in the 

diffusional co -efficien t with an increase in the am ount o f  PLA present.

Table 4.7: S w ellin g  rate constants (kj, based on sw ellin g  ratio) and m axim um  contraction rates (kwc) 

for the tw o swelling-contraction cyc les (Figure 4 .22  (a)). A lso  given are the diffusional exponents 

calculated using the power law equation (Peppas, 1985) and their associated coefficients o f  

determination.

M = k / ^ M=kpt"

Hydrogel ks,(m in°')(x lO') CD n±s.d CD kMci(min')(xiO’)

PNIPAAM 15.25±0.287 0.9938 0.4670±0.0281 0.9956 14.02

PNPI.2 13.87±0.330 0.9857 0.4280±0.0222 0.9952 13.72

PNP2.2 10.10±0.4I1 0.9538 0.3616±0.0227 0.9938 8.50

PNP3.2 6.36±0.2I8 0.9679 0.3768±0.0083 0.9991 3.12

ks2(min'’̂ )(xl0-) CD n ±s.d CD kMC2(min‘)(xl0^)

P N IP A A M 19.04±1.250 0.8020 0.3399±0.05I0 0.9530 19.43

PNPI.2 19.50± 1.320 0.7774 0.3244±0.0458 0.9158 19.79

PNP2.2 13.53±0.930 0.7709 0.3188±0.0447 0.9189 13.15

PNP3.2 10.31±1.060 0.1836 0.2411±0.0616 0.7119 4.905

A temperature sw itch above the LCST o f  the polym er caused a rapid and sharp d esw ellin g  or 

contraction o f  the hydrogel with expulsion o f  the absorbed m edium . The m aximum  contraction rate 

(Kmc> indicated in Figure 4 .22  (b)) (Coughlan et al., 2004 ) was dependant on the polym er 

com position  as w ell as the duration o f  the sw ellin g  phase. The kwc o f  the hydrogel system s was thus 

greater after the second (3 hour) period o f  sw ellin g  (kMC2) than it was after the first period (1 hour, 

kMci) and a linear relationship (R^=0.9893) was established.
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Figure 4.22: Swelling contraction cycle

(a) o f PNP (■) PNP1_2( A), PNP2.2 ( • )  and PNP3.2 (♦) on temperature switch between 20°C 

and 37“C.

(b) o f PNP2.2 (i, • )  and corresponding contraction rate ( ii)  on temperature switch between 20°C 

and 37“C. Also shown are K,„d and K„,e2 along with first hour o f swelling fitted to Equation 

2.22

Temperature switch indicated by solid line.
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Following contraction, a residual volume was reached at 37°C. This residual volume had its own 

equilibrium value, shown in Figure 4.13 (a) for the various hydrogel systems. The equilibrium 

residual volume was not reached after the first swelling period for any o f the systems. Following the 

second contraction equilibrium volume was not reached for any o f the hydrogel systems indicating 

that the presence o f PLA causes a skin dense layer, which prevents the medium being expelled from 

the gel on temperature switch.

A  statistical difference was observed (p<0.05) between the k^c o f all the hydrogels and the resulting 

magnitude o f contraction and a linear correlation (R^= 0.9887) (Figure. 4.23(a)). The magnitude o f 

contraction also proved to be significantly dependent on the polymer composition (p<0.05) (Figure 

4.23(b)).
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Figure 4.23 :(a) Relationship between magnitude o f contraction and the K^c and (b) the polymer

composition and magnitude o f contraction.
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4.4.5 Hydrogel structural parameters

Three important parameters can define the structure o f biomedical hydrogels; the polymer fraction 

volume in the swollen state, V2s, the number average molecular weight between cross-links, M̂ , and 

the correlation length, also known as the network mesh or pore size [Peppas et al., 2000]. These 

parameters were determined for the various hydrogel morphologies using the equilibrium swelling 

theory as described in Section 2.2. In this way it is possible to establish which polymer network has 

the largest space available for diffusion and thereby lead to a greater rate o f degradation. In addition 

to the use o f theoretical studies to estimate the pore size, experimental techniques such as size 

exclusion or to examine the hydrogel in the solid state using scanning electron microscopy (SEM) 

can be undertaken.

4.4.5.1 Theoretical evaluation of hydrogel structural parameters.

The important structural parameter for characterising cross-linking in polymers, Me, which is 

directly related to the cross-linking density [EQN 2.7] was calculated for the synthesised PNP and 

PNP-co-PLA hydrogels. Because o f network variations, only average values for the cross-linking 

density and the molar mass between cross-links can be determined. For the determination o f the 

polymer volume fraction in the swollen state (V 2s), it was necessary to experimentally measure the 

equilibrium-swelling ratio in PB 7.4 at 20°C. These measurements were preformed as outlined in 

Section 3.3.11. As defined in equation (2.1), the reciprocal o f the polymer volume fraction in the 

swollen state (V 2s) is the volumetric swelling ratio. The results obtained for V2s, V2r, as well as the 

volumetric swelling ratio (Q) are given in Table 4.8. From the parameters mentioned above, the 

degree o f cross-linking o f the network was estimated through the determination o f the molecular 

weight between two adjacent cross-links. The Peppas and Merrill (1977) model was employed to 

calculate the Me. The various parameters necessary to perform all the calculations are presented in 

Appendix IV.
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Table 4.8: Calculated results o f  the structure analysis o f  the cross-linked equilibrium swollen 

hydrogel series at 20'C.

Gel V2r V2s Me(cal) Mc(theor) Px <C>

PNP 0.2308 0.1036 1149 1451.62 0.0164 0.885
PNPI.2 0.2516 0.1139 937.21 4806.00 0.0200 0.877

PNP2.2 0.2752 0.1219 874.03 4627.00 0.0217 0.840

PNP3.2 0.3206 0.1352 764.79 4279.00 0.0249 0.825

PN PI.,2 0.2422 0.0786 1939.77 4738.00 0.0103 0.806
PNP2.12 0.2596 0.0707 2265.75 4502.26 0.0090 0.700

PNP3.I2 0.2879 0.0564 3123.17 4020.20 0.0065 0.605

A  molar cross-linking ratio o f  0 .04 o f  the initial m onom ers to BIS was em ployed in all hydrogel 

system s (A ppendix 1). The corresponding data for hydrogels prepared by varying the m olar ratio o f  

PNIPAAM  to PLA are listed in Table 4.8. The experim entally measured volum e fraction o f  

polymer, V 2s, in each hydrogel system  at equilibrium  (20°C ) w as plotted against the percent o f  PLA  

incorporated into the gel. A trend was evident with a R^=0.989 and R^=0.8913 for the series o f  gels  

with PLA MW  2000  and PLA MW 12000 respectively. As defined in equation (2 .1), the reciprocal 

o f  the polym er volum e fraction in the sw ollen  state (V 2s) is the volum etric sw ellin g  ratio. These  

results are in agreem ent with the studies undertaken in Section 4.4.1.

The values o f  the m olecular w eight between cross-links and the cross linking density for the 

synthesized gels are displayed in Table 4.8. In the case o f  the gel series consisting o f  PLA M W  

2000, the Me values show  a decrease with increasing PLA content in the gels (Figure 4.24(a)). In 

addition, it is also evident that the ratio o f  PLA repeating units in the gel has a significant effect on 

the cross-linking density. On closer exam ination o f  the difference between the theoretical and 

calculated M e values, a large difference in the estim ated values (p< 0.05) in the co-polym er system s 

indicate the PLA m onom er has a tendency to self-cross-link  leading to a more tightly m eshed  

network the higher the PLA content. The dependence o f  the m olecular w eight betw een cross-links 

on other structural parameters was also investigated. The effect o f  the parameter Mn on the value o f  

Me calculated for the hydrogels is illustrated in Figure 4.24(b). It can be seen that an upward trend is 

apparent between Mn and M e with a value o f  0 .9627.
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Figure 4.24: R elationsiiip between (a) polym er com positions for hydrogel series with PLA 2 0 0 ( d ) 

and PLA 12000 (■ ) and the M e and (b) number average m olecular w eight (M n) for the hydrogel 

series with PLA 2000  (0) and PLA 12000 (♦) and the Me.

On the other hand, the experim ental values o f  M  ̂ for the hydrogel series containing PLA MW  

12000 appeared to decrease the effective cross-linking density w hich in turn leads to an increase in 

the m olecular w eight between cross-links the higher the present o f  PLA present in the gel. A  plot o f  

the amount o f  PLA present against the M e values revealed a linear correlation with a value o f  

0.9723 .T h is can be explained by a larger m olecular w eight o f  PLA reducing the cross linking  

density. This result is also reflected in Figure 4 .24  (b) where an increase in the Mn leads to a 

sm aller M e value. In addition the correction factor <C > for the network im perfections as a result o f  

chain ends appeared to decrease with increasing the content o f  PLA indicating a low er cross-linking  

density.

For all the system s exam ined, a relationship (R^=0.9293) existed  betw een the polym er volum e  

fraction, V 2s and the m olecular w eight between cross-links, M e (Figure 4.25 (a)). The higher the 

sw ellin g  level attained, the sm aller the cross-linking density as predetermined by the amount and 

MW o f  PLA present. The data indicates that as the cross-linking ratio decreased in the hydrogels, 

the m esh size  increased and a trend was observed with a R̂  value o f  0.8931 (Figure 4 .25  (b)).
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4.4.6 Solute exclusion technique

The pore size/m esh size was also characterised by solute exclusion technique using a series o f  

model probes o f  various sizes as described in Section 3.3.12. This technique involves the 

m easurem ent o f  the ability o f  a probe m olecule to perm eate from the bulk m edia into the 

equilibrated hydrogel at a given tem perature.

A plot o f  the pore volum e inaccessible to a given m olecular probe as a function o f  m olecular probe 

size gives the cum ulative pore volum e curve. The plateau o f  the curve is called the fiber saturation 

point, which corresponds to the volum e o f  water, w hich is inaccessible to polym er m olecules 

having a size too large to fit the pores containing the water. The principle o f  the solute exclusion 

technique for the characterisation o f  the pore size distribution o f  the hydrogels is illustrated in 

Figure 4.26.
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Figure 4.26: Schematic illustration o f  correspondence o f  pore distribution curve to solute excluded from  

pores (IVu et a l, 1992).

A hydrogel swollen in w ater to an equilibrium  state is im m ersed in a volum e o f  a known solution 

containing a m olecular probe. If it is assum ed that all the water originally associated with the 

hydrogel is accessible to the m olecular probe, it will equilibrate and dilute the solution as show n in 

case I (Figure 4.26). Alternatively a solution o f  larger m olecules as show n in case II will lead the 

sm aller pores inaccessible to the probe m olecule. Therefore the medium  is unavailable for dilution 

and a mixed solution will be som ew hat less diluted than in case 1 .This difference in concentration is 

the basis o f  a sim ple calculation to give the am ount o f  w ater inaccessible to the probe. In the present
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studies the permeation icinetics o f  the chosen probe molecules through the pores o f the 

homopolymer PNP and co-polymer PNP2.2 were studied.

Figure 4.27 shows the volume fraction, which is accessible to each probe molecule for the two 

hydrogels, studied at both 20 and 37“C. The values were lower at 37°C due to the hydrogels being 

in a collapsed state, resulting in smaller pore size and less media present. Comparing PNP and 

PNP2.2 at 37°C, no statistical difference (p>0.05) was observed in the volume fraction o f probe 

molecules accessible to the hydrogel pores. Below the LCST a larger volume o f pores are available 

due to the hydrophilic nature o f PNIPAAM. When these volumes o f accessible pores were taken 

into account, the examination o f the volume fraction o f pores with sizes larger than the probing 

molecule were considered (Figure. 4.28)

^P N P-20oC ■  PNP2-20OC

□  PNP2-370C

DHCL D4 D10 D40 D70

Figure 4.27: Bar chart displaying the volume o f  pores o f  both PNP and PNP2 accessible to each drug 

fraction at 2 0 “C and 3 T’C.

In the case o f the molecular probe molecule DHCI (8.19A) (Coughlan and Corrigan, 2004), the 

value o f VF is approximately 1 indicating the probe molecule is small enough to access all hydrogel 

pores. This was observed for both polymeric systems at 20°C. At 37°C, when the hydrogel was in 

the collapsed state, DHCI could access 90% and 75% of the available pores o f PNP2.2 and PNP 

respectively. As seen in Section 4.4.3, above the LCST, PNP2.2 swells to a greater degree than PNP 

leading to a larger pore size. This result is pronounced in Figure 4.28 whereby a larger number o f
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pores with sizes larger than the probe molecule are seen for the co-polymer in comparison to the of 

the homopolymer PNP. The difference in the pore volume between the two hydrogels at 37°C can 

be explained in terms o f thermosensitivity o f the co-polymer. A marked decrease in the molar ratio 

o f PNIPAAM is incorporated into the gel on increasing the PLA content, affecting both the 

thermosensitivity and the degree o f swelling.

0PNP-2OOC □  PNP2-20OC

D PN P-370C S PN P2-370C

DHCL

Figure 4.28: volume fraction o f pores with sizes larger than the probing molecule.

In the case o f the dextran fractions, the greater the molecular diameter, the more difficulty the 

probing molecule had in accessing the pores within the hydrogel network. Figure 4.29 displays the 

relationship o f the molecular probe size (A) and the fraction o f pores oversized to accommodate the 

model probe molecule. At 20“C PNP, which swelled to a greatest degree in a given medium, could 

accommodate a larger fraction o f the probing molecule followed by PNP2.2. For the dextran series 

D4 (25A) and DIO (38 A) the volume o f pores in PNP, which could access the probing molecule, 

was 78% and 50% respectively. In the case of PNP2.2 with the hydrophobic unit PLA present, 64%, 

and 44% o f the pore volume was accessible to the probe molecule. The larger dextrans could access 

~40% of the pores in PNP2.2 assuming no polymer drug interactions.
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Figure 4.29: volume fraction o f pores with sizes larger than the probing molecule.

These results were successful in determining the ability o f the probe molecule to permeate the pores 

o f  a hydroglels with different swelling capacities. In addition the effect o f the hydrogel structure at 

a given temperature on the permeation o f the probe molecules could be examined. The results were 

conclusive and in agreement with the swelling studies. A t 37°C the smallest probe molecule DH 

was inaccessible to a volume o f pores indicating that the average mesh size was below SA. Below 

the LCST all pores were accessible to DH indicating that the pore size was above (8A). Peppas and 

M errill model showed a decrease in Me value the higher the FLA content (M W  2000), which is 

directly related to the crosslinking density. In the fo llow ing section the effect o f temperature and 

composition w ill be examined in relation to the pore size calculated using SEM.
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4.4.7 Scanning electron microscopy

SEM is a solid-state method o f examining the interior morphology o f hydrogels. The hydrogels 

equilibrated in a medium at their respective temperatures are usually freeze-dried to retain their 

swollen structure. Previous studies undertaken by Lee et al., (2005) examined porous structures of 

hydrophobic modified hydrogels. The results indicated that the pore size became smaller as the 

content o f  the hydrophobic monomer increased. Zhang and Peppas (2002) studied the interior 

morphology o f hydrogel composed o f PNlPAAM-poly (methacrylic acid) IPNs. A general decrease 

in pore size o f their gels was observed on decreasing the pH and/or increasing the temperature in 

these studies.

In the present studies freshly synthesised gels swollen at respective temperatures (i.e. 20°C and 

37°C) were freeze dried to retain their swollen structure and sputter coated with gold prior to 

examination using SEM.

The influence o f the hydrophobic PLA (MW 2000) below the LCST on the pore size can be seen in 

the SEMs in Figure 4.30 (a). Under the same magnification (x 1,500), the morphological changes 

induced by PLA were significantly different. A trend towards a decrease in pore size with 

increasing the percent o f PLA could be observed characteristic o f the hydrophobic monomer. PNP 

swelled to a greater extent at this temperature than all other hydrogels (Figure 4.13) resulting in a 

greater pore size.

On examination o f the effect under magnification (x 500) o f the MW of PLA on the morphological 

changes in the co-polymeric networks, an increase in the MW of PLA resulted in larger sized 

porous structures (Figure 4.30(b)). Increasing the molar ratio o f PLA pronounced this effect. In 

addition a comparison o f the hydrogels with the same composition ratio but different molecular 

weight PLA showed that the structural integrity increased as a result o f  the increase in MW.
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Figure 4.30 (a): SEM images (magnification X 1500) o f (a) PNP, (b) PN PL 2 (c) PNP2.2 and (d) PNP3.2

at 2(TC.

4 7 4 1 6  H D lO .a im  S .O W x S O O  lO O un

28-NOV-05 4 7 4 2 1  W D lO .lm m  5 .0 1 c V x 5 0 0  lO O um

Figure 4.30(b): SEM  images (magnification x500) o f  (a) P N P l . 12 (b) PNP 2 .1 2  and (c) PNP3./2

at 2ff'C.
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5 9 3 9 6  W D ia .atnm  5 .  OkV

Figure 4.31(a): SEM images (magnification xl 500) o f (a) PNP, (b) PN Pl.j (c) PNP2.2 and (d) PNP3.2

at 37°C.

Figure 4.31(b); SEM images (magnification x500) o f (a) P N P l.^  (b) PNP2.12 and (c) PNPS.^ at 3TC.
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In an attempt to quantify the size o f the pores seen visually by SEM, approximates pore sizes were 

estimated using a computer software program (Imagetool for windows ® Version 3.00).

Table 4.9: Hydrogel macropore size (mean ±  s.d) as determined by SEM. Also shown is the 

equilibrium swelling ratios fo r  each hydrogel network.

H ydrogel Molar-Ratio

PLA(%)

20°C 37°C

Equilibrium 

swelling (S.R)

Observed pore 

size (nm)

Equilibrium 

swelling (S.R)

Observed pore 

size (nm)

PN P 0 8.53 8.52 ± 1.70 0.1957 0.89 ±0.560
PN P 1.2 7 7.30 5.79 ± 1.01 0.5236 2.09 ±0.610
PNP2.2 14 6.61 3.94 ±0.65 0.7842 2.13 ±0 .720
PNP3.2 28 5.85 2.82 ± 1.00 0.7400 2.57 ±0 .720

PNPI.12 7 10.54 10.61 ±0 .29 0.6212 3.50 ±0.123
PNP2.12 14 11.74 11.06 ±2 .40 1.5190 7.18 ±0 .386
PNP3.12 28 14.14 11.96 ±3 .00 4.4500 7.82 ±3 .330

The SEM data was successful in examining the nature and pore size o f the polymeric systems in 

their swollen state. A trend towards a decrease in the mean pore size was observed for the co

polymeric systems containing PLA MW 2000. Lee et al., (2005) when introducing hydrophobic 

monomers into thermoresponsive gels observed similar trends. Comparing the methods employed to 

calculate the pore size, at 20°C Peppas and Merill model also showed a decrease in the value of Me 

as the molar ratio o f PLA increased. In addition PLA appeared to be self cross-linking leading to a 

higher cross-linking density as the Percent o f PLA increased. Previous studies undertaken by 

Peppas and Lustig, (1985), Ende et al., (1995) observed a similar trend whereby the mean pore size 

decreased with increasing percentage crosslinker.

The effect o f  increasing the MW PLA led to larger pores, the effect magnified the higher the molar 

ratio o f PLA. These results are also pronounced with the equilibrium-swelling ratio (Table 4.9). 

Similarly a smaller distribution o f pores could be seen the higher the molecular weight. These 

results are in agreement with a section 4.4.5 whereby nearly a two-fold decrease in the cross-linking 

density was noted as a result o f larger molecular weight between cross-links.

At 37°C, all hydrogel systems increased in the mean pore size as the percent o f PLA increased. Size 

exclusion technique was used to compare the homopolymer PNP and PNP2_2 At 37°C there were 

pores, which were inaccessible to even the smallest molecular probe for both gels, however it could
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be deduced that a lager volum e fraction o f  pores was accessible to PNP2.2- The non- 

therm oresponsive nature o f  PLA therefore acted in increasing the pore size above the LCST as also 

show n by the sw elling studies. These results are in good agreem ent with the calculated SEM pore 

sizes where 0.89|j,m to 2.12|am were the experim entally calculated values for the pore sizes o f  PNP 

and PNP2.2 respectively.

4.4.8 Conclusions:

In the present chapter novel biodegradable hydrogels w ere synthesised by varying m olar ratios o f  

PNIPAAM  to PLA. The sw elling studies presented at 20°C have show n a decrease in sw elling rate 

w ith increasing PLA content for PN IPA A M -co-PLA .2  gels. In addition on increasing the am ount o f  

PLA m acrom er in the hydrogel, a noted decrease in the m olecular weight between cross-links was 

observed and the cross-linking density increased. At 37°C, faster sw elling rates and a higher 

equilibrium  sw elling ratio was observed above the LCST for PNP3_2than for the other hydrogels, 

leading to a greater effective pore size as shown by SEM . The increase in the effective pore size can 

be attributed to the reduced therm oresponsive unit PNIPAAM  above the LCST.

The extent o f  sw elling as well as the equilibrium -sw elling ratio o f  the hydrogels was strongly 

influenced by the am ount and the M W  o f  PLA incorporated into the three dim ensional polym er 

networks. An increase o f  20-85%  in the sw elling ratios were observed on increasing the M W  o f 

PLA from 2000 to 12000 w ith the results influenced strongly by the polym er com position and 

tem perature. These results w ere reflected in the pore size o f  the gel estim ated using SEM. The 

differences in the pore sizes on changing the MW  o f  PLA w ere attributed to the crosslinking density 

as show n by the Peppas and M errill (1977) model.

On com paring the m ethods used to determ ine the pore size, a plot o f  the m olecular w eight between 

cross-links against the pore size and the equilibrium  polym er volum e fraction against the pore size 

as determ ined by SEM  is show n in Figure 4.32. A linear correlation is seen betw een Me and ^ 

(Figure 4.32(a)) and V 2 s and ^ (Figure 4.32(b)) for both hydrogel series. In the follow ing chapters a 

closer look at the effect o f  the mesh size, volum e fraction o f  swollen polym er and interior netw ork 

structural param eters o f  these gels will be exam ined in relation to their influence on degradation and 

diffusional properties o f  model drugs from these matrices.
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4.5 M odel drug characterisation

The m onom er com position o f  a co-polym er can be m anipulated to influence drug perm eation and 

diffusion characteristics. Through this m anipulation, hydrogels can be synthesised to accom m odate 

a variety o f  drugs including charged, hydrophilic, hydrophobic, neutral small m olecules and 

m acrom olecules. In this section a variety o f  model drugs w ere chosen with different 

physicochem ical properties. The model drugs are shown in Figure 4.33 along with their 

physicochem ical properties in Table 4.10.

salicylic acid

HO

C H jC O O H

(SA ) 138.12 Indomethacin

(ID M ) 357.79

o
,HCI

N--------

D e x tr a n ( l ,6  lin k ag e)
Diltiazem

D iltiazem  B ase (D B ) 414 
D iltiazem  HCl (D H ) 451

Figure 4.33: Structure and m olecular w eight o f  drugs used.
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Table 4.10: Physiochemical properties o f  model drugs

Model drug M olecular weight Solubility in PB (isotonic) at
20°C
(g/L)

Solubility in PB (isotonic) at 
37°C(g/L)

pKa FITC label
(mol/mol
glucose)

Diltiazem HCl 451.0 434.99 549.34 7.7
Diltiazem Base 414.5 1.99 3.43
Salicylic acid 138 2.0 8.18 2.97
indomethacin 357 0.56 1.16 4.5
Dextran MW 4000 4300 (a) Very soluble (b) Very soluble (b) 4.0
Dextran MW 10000 10200(a) Very soluble (b) Very soluble (b) 0.5
Dextran MW 40000 43000(a) Very soluble (b) Very soluble (b) 0.5
Dextran MW 70000 68800(a) Very soluble (b) Very soluble (b) 0.65

a) M olecular weight o f  bulk dextran as stated by Sigma-Aldrich

b) M artindale 1996
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Diltiazem  base and its hydrociiloric salt were used as m odel acidic and basic drugs respectively. 

D iltiazem , Indom ethacin and salicylic acid w ere also used as model acidic drugs to give a drug 

series with decreasing acidity respectively. The drugs w ere divided into a hydrophobic and 

hydrophilic series, the form er reflecting solubility less than lOmg/ml i.e. “slightly soluble” 

according to the U.S.P. definition o f  solubility (United States Pharm acopoeia, 2000). A range o f  

D extrans (M W 4000 to M W 70000) was used as larger m odel drugs. These com pounds along with 

DH m ade up the hydrophilic drug series while SA, IDM and DB m ade up the hydrophobic series. 

The model drugs used thus provided a series o f  probe m olecules with different physiochem ical 

properties, nam ely, solubility, size and chem ical nature.

4.5.1 Fourier transform infrared spectroscopy

The FTIR spectra o f  the model com pounds were obtained as described in Section 3.3.2. The FTIR 

spectra o f  Diltiazem  base and its hydrochloric salt are given in Figure 4.34.

ABS

4.00E+03 3.50E+03 3.00E+03 2.50E+03 2.00E+03 1.50E+03 5.00E+021.00E+03

Wavenumber(cm'')

Figure 4.34: FTIR spectra o f  diltazem  hydrochloride (top) and diltiazem  base (bottom).

The bands associated with the carbonyl stretching appeared at 1747cm 'V l647cm '' for DB and 1743 

cm‘‘ /1679 cm ' for DH (K ugita et al., 1971; Tanaka et al., 1992). The peaks around 3000 cm '' can 

be assigned to the aliphatic and arom atic C-H stretching.
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Figure 4.35: FTIR spectrum o f indomethacin.

The FTIR spectrum o f indomethacin is given in Figure 4.35. The band at 1717cm ' can be ascribed 

to the v(C =0) mode o f the carboxylic group, while that for the amide group is recorded at 1690cm' 

’(Del Arco et al., 2004). The bands between 1625-1575 and 1479cm'' are due to the V (C-C) 

stretching modes o f the aromatic rings; those due to the V (C-O) o f the ether group are recorded at 

1270-1225cm''. The absorption bands below 1000cm'' are characteristic o f the V (C-H) 

deformation modes and the V  (C-Cl) stretching mode is recorded below 740cm''. The high 

wavenumber ranges between 4000-2500cm'' contains the bands due to V (OH), V (NH) and V 

(CH).

The FTIR spectrum o f salicylic acid is shown in Figure 4.36. The pair o f bands seen at 1580 cm'' 

and 1609 cm'' in the IR spectrum are assigned to the C=C stretching vibrations o f the aromatic ring. 

The C =0 stretching is clearly observed at 1657 cm'' in the spectrum. A t higher frequencies o f 

3062cm'' and 3235 cm'' the C-H and O-H stretches respectively were visible. The out o f plane C-H 

and O-H bends were prominent in the middle and lower frequency range o f the spectrum (Goulet et 

al., 2004).
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Figure 4.36: FTIR spectrum o f salicylic acid.

The FTIR spectrum o f dextran is shown in Figure 4.37 below. The typical asymmetrical C-O-C 

stretching o f the ring at 1150-1085cm ' was evident (Barbani et al., 2005). The characteristic C=C 

stretching band was prominent in the spectra at 1660cm''. A t the upper end o f the frequency the CH 

stretching was seen at 2942cm''. The hydroxyl stretch dominated the FTIR spectra o f the dextrans 

with maximum absorption bands in the region o f 3400-3430cm ' and l012-10l8cm  '(Wang et al., 

2002). The broad -O H  band at ~3400cm-l shifted to a higher wavenumber w ith increasing 

molecular weight. A linear correlation between the position o f the -O H  band and the glass 

transition temperature (R^=0.933) o f the dextran series was seen (Table 4.4). A sim ilar study by 

Wolkers et al., (2004) showed that a range o f carbohydrates o f various sizes exhibit a positive linear 

correlation with the Tg. The observation was attributed to an increase in the average length o f the 

hydrogen bonds with increasing Tg.
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Figure: 4.37: FTIR spectra for Dextran (D4).
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Table 4.11: Properties o f linear polymers PNP, PNP2 and PLA with various model compounds.

Melting
temperature Tm
CC)

Glass transition
temperature
Tg(°C)

Tg/Tm Density
(gcm'^)

Partial solubility parameters (MPa)'

PLA.2 149 88 0.59
5

29.63
5d
20.80

5p
18.42

6h

10.30

PNP-L ---------- 110.92 1.104 20.96 17.84 8.27 7.27

PNP2-L ---------- 90.59 1.075 22.54 19.63 6.58 8.91

Diltiazem HCl 212.48 102.38 0.48 0.890

Diltiazem Base 87.17 28.17 0.32 0.966 22.27 20.44 4.86 7.39

Salicylic acid 159.60 36.04 0.22 1.419 28.74 21.40 7.0 17.87

Indomethacin 161.56 47.6 0.29 1.389 20.77 18.5 4.61 8.24

Dextran MW  4000*'’’ — 177.74 0.851 46.24 26.00 17.92 33.82

Dextran M W  lOOOO' '̂ — 209.22 — 0.732 46.24 26.00 17.92 33.82

Dextran M W  40000“” — 218.99 — 0.716 46.24 26.00 17.92 33.82

Dextran MW  70000“” . . . . 221.40 _____ 0.732 46.24 26.00 17.92 33.82

(a) The calculated partial solubility parameters were estimated using Hoftzymer/Van Krevelen method and the molar volumes o f Fredors 

(Van Krevelon, 1990) (Section 3.3.9).

(b) Coughlan et al., 2005



Chapter 4: Polymer, Hydrogel and Drug Characterisation

Drug solubility was determ ined in phosphate buffer as described in Section 3.3.7. The rise in 

tem perature increased the solubility o f  each model drug. This would be expected since a rise in heat 

facilitates the dissolving reaction by providing energy to  break bonds in the solid. Table 4 .1 1 further 

displays the m elting point, glass transition tem perature, density and estim ated partial param eters o f  

each compound.

The partial solubility param eters o f  each o f  the model drugs and the linear polym ers were 

determ ined by a m ethod o f  H oftyzer-V an Krevelen (V an Krevelen, 1990). This technique is a 

useful tool to determ ine the com patibility or m iscibility o f  drugs/excipients and polym ers [Hancock 

et al., 1997]. A ccording to  the concept, the solubility param eter is a m easure o f  the specific 

interm olecular interactions w hich is separated into three different types o f  partial solubility 

param eters: dispersion, polar and hydrogen bonds. W hen the solubility param eters o f  tw o m aterials 

are sim ilar, they will be m utually and therm ally soluble (H ancock et al., 1997). G reenhaigh et al., 

(1999) categorised excipients based on differences between solubility param eters o f  excipients and 

drugs (A5). it was concluded that substances with A 6<7.0M Pa’̂  were likely to be m iscible, whereas 

those with A5>IOMPa'^^ were likely to be immiscible.

The estim ated solubility param eters given in Table 4.11 for the sm aller m olecular w eight drugs 

w ere likely to be m iscible w ith PNP, PNP2 and PLA although in the case o f  SA, the partial 

solubility param eters revealed significant differences in the hydrogen forces and each o f  the 

polym er system s. The total partial solubility param eters o f  the dextrans were estim ated using one 

repeating m onom er unit o f  glucose. These values predicted im m iscibility between the dextrans and 

the polym er system s. The estim ated solubility param eters were also calculated for the hydrogels 

using one repeating m onom er unit [Appendix IV]. These values predicated im m iscibility or 

solubility o f  the gel in w ater as described in Section 3.3.9.
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C hapter 5: An Investigation into the D egradation and Release K inetics from a Series o f  Gels Synthesised by varying
the M olar Ratio o f  PN IPAA M  to PLA (M W  2000).

5.1 INTRODUCTION:

The present chapter investigates the influence o f both structural (polym er composition, mesh 

size) and environmental parameters (temperature) on the degradation behaviour o f the gels. The 

properties o f these polymers and their susceptibility to degradation were investigated at two 

different temperatures by swelling, Scanning Electron M icroscopy (SEM ), Fourier Transform 

Infrared Spectroscopy (FTIR), pH studies and acid-base titrations. For comparisons, the 

hydrolytic degradation o f low m olecular weight linear PLA (M W 2000) tablets immersed in PB 

7.4 at both 20”C and 37”C were studied as described in Section 3.8. The engineered delivery 

systems will be examined in relation to controlled and sustained release o f  model drugs at both 

20°C and 37°C. The effect o f  the hydrolytic degradation o f the gels on the versatility o f the drug 

release will also be examined.
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5.2.1: SWELLING AND HYDROLYTIC DEGRADATION OF PNIPAAM-CO-POLY (LACTIC

ACID) (MW2000) BASED HYDROGELS

An integral aspect o f hydrogel properties is their swelling behaviour in water. Temperature can 

affect degradable hydrogels in a complex manner: directly through degradation kinetics and 

indirectly through the swelling behaviour. Previously in chapter 4 the swelling kinetics and 

equilibrium-swelling ratio during the initial stages o f immersion in PB (up to 3 days) for the 

hydrogels series were discussed. Figure 5.1(a) shows the continuation o f the experiment over a 

two-month time frame, with the swelling ratio (S.R.) plotted as a function o f time at 20°C.

In the case o f PNIPAAM water diffuses into the network, pushing the chains apart causing 

swelling. When the water diffusing into the gel is balanced, the stretching equilibrium o f the 

chains is reached and no further swelling occurs. However after 2 months a decline in mass was 

observed. Previous studies by Torchilin et al., (1977) noted degradation o f poly 

(vinylpyrrolidone) (PVP) hydrogels slowly by hydrolysis o f the crosslinker (BIS) and 

degradation was sensitive to the concentration o f BIS employed.
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Figure 5.1(a) Swelling ratio plotted against time for the hydrogel series: PNP (□), PNPI.2  (A) ,  

PNP2.2 ( • ) ,  PNP3.2 (X ) at 20°C (b) The swelling ratio plotted against the square root o f time for 

PNP (□), PNP 1.2 (A) ,  PNP2.2 ( • ) ,  PNP3.2 (X) hydrogel systems.

The swelling ratios as a function o f time for the co-polymers are displayed in Figure 5.1(a). In 

contrast to the pure PNP system, in the early stages o f the experiment, a continual uptake in 

water is seen (15 days) for the co-polymeric systems. Since the main influence on the swelling
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Chapter 5: An Investigation into the Degradation and Release Kinetics from a Series o f  Gels Synthesised by varying
the Molar Ratio o f  PNIPAAM to PLA (MW 2000).

ratio (S.R.) is the molecular weight between crosslinks; as degradation occurs lactide ester 

linkages are cleaved throughout the gel and the ongoing cleavage o f these crosslinks within the 

gel systematically decreases the crosslinking density o f  the overall network thereby increasing 

the swelling ratio. After a period o f 1-2 months the network cannot sustain itself and a 

significant decline in the swelling ratio is observed.

The initial swelling ratio (<15 days) is plotted as a function o f the square root o f time in Figure 

5.1(b). PNP showed no statistical differences in the S.R. In the case o f  the co-polymers the data 

was fitted to equation 2.22 (Higuchi, 1961) in order to compare degradation kinetics. The higher 

the PLA content the more significant the increase in the swelling ratio in the first 2 weeks 

indicative o f  the rate o f degradation.

Variations in temperature as previously seen will affect the Flory-Huggins interaction parameter 

(Flory 1953) (Equation 3.3), which was shown to reduce the swelling o f  the hydrogels with 

increasing temperature. Reductions in swelling are likely to affect the rate o f  degradation o f the 

hydrogels. Figure 5.2 displays the continuation o f the swelling experiments conducted in 

chapter 4 (Section 4.4.3) over a two-month time frame, with the swelling ratio (S.R.) plotted as 

a function o f  time at 37°C. In the initial phase (~9 days) a continual uptake o f  medium is seen 

for the co-polymeric systems. This can be attributed to the mass uptake o f medium replacing the 

slow degradation o f PLA at this temperature. As the duration o f  immersion o f the co-polymeric 

systems in PB increases, a decline in the swelling ratio is observed. In contrast the 

homopolymer, PNP, remains constant as a function o f time. On comparing the results with 

swelling studies undertaken at 20°C (Figure 5.1), a more significant decrease is seen in the S.R. 

below the LCST indicating that degradation is faster at 20°C. This can be attributed to the 

hydrophilic state o f the polymer below the LCST.

1

0    ̂ 1  ̂ 1 1 ^ ^ --------------

2 10 18 26 34 42 50 58

TIME [Days]

Figure 5.2: Swelling ratio as a function o f  time for the hydrogel series PNP (■), PNP1.2 (A) ,

PNP2.2 ( • )  and PNP3.2 (x) at 37°C.
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At the end o f the swelling studies (60 days), the gels were removed, reweighed and dried under 

vacuum. Mass losses o f 21.5%, 30.38% and 40.00 % (w/w) was observed for PN PL 2 , PNP2.2 

and PNP3.2 respectively at 20°C. At 37°C a slower rate o f  degradation led to a mass loss o f  

13.34%, 25.59% and 33.05% (w/w) for PNP1_2, PNP2.2 and PNP3.2 gels respectively. The molar 

ratios (weight) used to synthesise the gels are presented in Table 4.2 (P N P I .2  (84-16 w/w), 

PNP2_2 (76-24 w/w), and PNP3.2 (56-44 w/w)). A greater mass loss was observed below the 

LCST than the weight o f PLA present in PN P I .2  and PNP2.2 systems indicating that PNIPAAM 

chains are also being cleaved in the degradation process.

5.2.2 FTIR Analysis of degradation media of the hydrogel systems

FTIR analysis was also conducted on the degradation medium o f the hydrogel systems in order 

to detect the possible presence o f PLA and/or PNIPAAM fragments in the swelling medium 

reflecting hydrolysis o f  the co-polymers (Section 3.3). At 20°C, Evidence for the presence o f 

PNIPAAM was detected in all PB media solutions by the presence o f  the amide 1 and 2 bands 

at 1670 cm ' and 1540 cm '' respectively (Figure 5.3). Similarly the peaks at 1388 cm ' and 

1371cm ' are characteristic o f the isopropyl groups. Thus it is possible that PLA undergoes 

hydrolysis, leading to scission o f NIPAAM units in the co-polym eric systems and their release 

into the PBS solution. PNP also revealed PNIPAAM fragments in the degradation medium, 

which could be the result o f the crosslinker degrading (T o rch ilin  et al., 1977) (Appendix VI).
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Frequency

Figure 5.3: FTIR analysis o f degradation medium from the swelling studies at 20°C and 37°C 

for the co-polymer PNP3.2 (where 1 and 2 represents the amide bands o f PNIPAAM ) and the 

buffer medium used before studies was undertaken.
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Chapter 5: An Investigation into the D egradation and R elease K inetics from a Series o f  G els Synthesised  by varying
the M olar R atio o f  PN IPA A M  to PLA (M W  2000).

For the two com ponent hydrogels, PN P I.2 , PNP2.2 and PNP3.2, the C = 0  stretching band at 1720 

cm ' was detected for all systems suggesting the presence o f the carboxylic acid in the aqueous 

medium and indicative o f hydrolytic cleavage o f the ester bond o f the PLA component in the 

three dimensional hydrogel systems. As the percent o f  PLA incorporated into the hydrogel 

backbone increased the peak intensity became stronger at 1720cm '. Similarly IR peaks at 1638 

cm"' and 1411cm'' were attributed to the C -0  asymmetric stretching and C -0  symmetric 

stretching o f  the carboxylate respectively. They were stronger in intensity as the ratio o f  PLA 

incorporated into the backbone increased. The IR peak 1160 cm ' (O-CO stretching) was weakly 

present in the 85-15 NIPAAM -PLA system and increased in intensity the more PLA present. An 

extra peak at 1117cm ' (CH (CH 3)=0 stretching) also was apparent in the media o f  the 

polymeric systems with higher amounts o f PLA present. The increase in absorption was noted 

in all systems o f  the gels at 20°C suggesting degradation occurs faster below the LCST. These 

results were in agreem ent with the mass loss observed in Section 5.2.1.

At 37°C, the presence o f PNIPAAM within the degradation media was not clearly visible, 

however overlapping o f  PLA and PNIPAAM is possible in the lower region o f  the spectrum 

(1100-600 cm ''). The spectra showed three strong absorption bands at 1080, 988, and 863 cm ' 

which can be assigned to the -CO- stretch, the -C-C- stretch and the -C-COO- stretching o f  PLA 

respectively. The collapsed hydrophobic state o f the gel at this temperature may lead to physical 

entrapment o f  PNIPAAM within the hydrogel once the bonds have been cleaved. The 

absorption spectrum o f the swelling medium is characteristic o f that o f  PLA (Figure 5.12) with 

the -CH- deformation bands visible in the region o f 1450-1350cm 'and the carboxylic group in 

the region o f 1800-1700cm''.

5.2.3. pH studies indicative of degradation of the hydrogel systems

The pH o f the medium was m onitored during swelling studies o f  the gels at 20°C. PLA 

polymers degrade in aqueous media to acidic oligomers and ultimately lactic acid. Figure 5.4 

shows the change in pH o f  each o f  the hydrogel systems as a function o f time, the decrease in 

pH is consistent with degradation o f  PLA. The higher the percent o f  PLA, the greater the drop 

in pH over time. Simultaneously swelling increased as the pH decreased (Figure 5.1) indicating 

disruption to the porous network, leading to a higher degree o f  porosity (See section 5.2.5).

125



7.7

7.5

7.3

I
Q .

6.9

6.5
0 10 20 30 40 50 60 70

Time ( Days)

Figure 5.4: Degradation behaviour o f hydrogels series: PNP (■), PNPI. 2  ( A ), PNP2.2 (•), and

PNP3.2 (x) as a function o f pH at 20°C.

The concentration o f acid in the aqueous medium was calculated as a function o f time by 

employing Equation 5.1

p H  = - \ o g [ H * ]  EQN. 5.1

Where;

pH= measured pH of degradation medium over time 

[H^ ]= concentration o f acid in degradation medium

Figure 5.5 illustrates early time release o f LA into the swelling media indicative o f the increase 

in degradation over time. An increasing trend is seen whereby the larger amount o f PLA 

incorporated in to the backbone o f the gel the greater the rate o f degradation. The rate of 

degradation o f each system characteristic o f zero order kinetics gave reasonable fit with 

values o f 0.9577, 0.9482 and 0.9011 for PNPI.2 , PNP2.2 and PNP3.2 respectively. It is well 

known that degradation is accelerated by an autocatalytic action o f carboxylic acid end groups 

in poly lactic acid (Olewnik et al., 2007). The ester bonds in the backbone of the polymer can 

break randomly to generate carboxyl groups. Consequently the decrease in molecular weight 

packing density accelerates the penetration o f water molecules between molecular chains 

resulting in a higher degradability.
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the Molar Ratio o f  PNIPAAM to PLA (MW 2000).
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Figure 5.5: The concentration o f LA within degradation media as a function o f time for PN PI .2 

(A) ,  PNP2.2 ( • )  and PNP3.2 (x) hydrogel systems at 20°C.

Figure 5.6 shows the degradation rate constant plotted against the hydrogel composition. A 

trend emerged whereby the higher the amount o f PLA incorporated into the hydrogel system, 

the larger the zero order degradation rate constant. The decrease in molecular packing density as 

a result of degradation would lead to an increase in water uptake; this could attribute to a higher 

rate of degradation the higher the amount of PLA incorporated in to polymer network.
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Figure 5.6: Relationship between the hydrogel composition and the degradation rate constant of

the hydrogel systems.
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5.2.4 Acid-Base Titrations of degradation media

Previously in Section 5.2.1 temperature was shown to play an important role in the rate o f 

degradation. After 2 months acid base titrations were preformed on the degradation media to 

calculate the concentration o f  lactic acid present (Figure 5.7). The higher the percent o f  PLA 

incorporated into the gel, the faster degradation occurred. Also degradation was faster below 

the LCST due to the hydrophilic state o f  the polymer. The effect o f  the temperature on the rate 

o f  hydrolysis can be seen in Figure 5.7 where a 2.9, 2.0 and 1.7 fold increase in the amount o f 

PLA in the degradation medium was present at 20°C for PN PI.2, PNP2.2 and PNP3.2 

respectively. At 37"C, a combined effect o f a larger swelling ratio and increasing PLAM content 

in the gel led to a greater amount o f PLA being released into the media. These results suggest 

both temperature and water absorption are important in controlling degradation behaviour.
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Figure 5.7: Relationship between the % PLA in the hydrogel systems and the [COOH] in the 

degradation medium at 20°C (■) and 37°C (□).

The molar concentration o f LA released into the swelling medium was used to determine the 

amount o f LA degraded from each hydrogel system. At 20“C a total o f  88 mg, 138 mg and 

148mg LA were present after 2 months for PN PI.2, PNP2.2 and PNP3.2 respectively. At 37”C a 

slower rate o f  degradation led to 30 mg, 66 mg and 86mg LA present in the medium after 2 

months for PN P I2 , PNP2.2 and PNP3.2 respectively. The overall weight loss was determined 

relative to that o f  the initial weight o f  the dry hydrogel discs and an 18%, 26% and 34% weight 

loss was observed below the LCST while only 6% 12.4% and 19.77 % weight loss was 

observed above the LCST.
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the Molar Ratio o f  PNIPAAM to PLA (MW 2000).

5.2.5 Scanning electron microscopy (SEM)

The effect o f  incorporating PLA into the hydrogel systems on the morphology o f  the polymeric 

networks after two months in the release medium at 20°C is shown in Figure 5.8. Also freshly 

polymerised systems are shown for comparison relative to that o f  the degraded systems. The 

higher the amount o f  PLA present, the greater the porosity and loss in the structural integrity 

within the hydrogel, consistent with hydrolytic degradation o f  PLA resulting in larger pore size. 

Similarly a greater difference is seen between the systems o f higher PLA content when 

comparing SEMs performed before and after degradation, indicating the hydrolytic cleavage o f 

PLA.

The results o f  Imagetool were employed in an attempt to quantify pore sizes after degradation to 

compare with those calculated for freshly synthesised systems (Section 4.4.7). Table 5.1 

summaries the hydrogel macropore sizes determined by SEM.

Table 5.1: Calculated pore size (average diameter) before and after degradation.

Hydrogel M olar ratio PLA Observed pore Observed pore Change in pore

(%) size (nm) before size (^m ) after size due to

degradation 60 days degradation

PNP 0 8.52 ± 1.70 9.80 ± 1.05 1.28

PNPI.2 7 5.79 ± 1.01 7.71 ± 1.58 1.92

PNP2.2 14 3.94 ± 0 .9 8 6 .1 9 ±  1.16 2.25

PNP3.2 28 2.82 ± 0 .6 8 8.91 ± 2 .4 6 6.09

A trend is evident whereby the higher the content PLA the larger the increase in the pore size as 

a result o f  hydrolytic degradation (Table 5.1). The results are in rank order with the degradation 

rate constants calculated in section 5.2.3 (Figure 5.9 (a)). An exponential increase in the pore 

size after degradation was observed the greater the amount o f PLA incorporated into the 

hydrogel systems (Figure 5.9(b)).
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Figure 5.8: SEM images (x500) o f (a) PNP, (b) PNP 1.2 (c) PNP2.2 and (d) PNP3.2 before (i) and 

after (ii) degradation studies undertaken at 20°C.
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Figure 5.9: (a) Relationship between the degradation kinetics and change in pore size 

(b) Relationship between hydrogel composition and the change in pore size

In Section 5.2 the ester concentration and the number o f intact crosslinks w ith in  the network 

degraded resulted in a continuous mass increase until the network could not sustain itself. A 

relationship existed between the swelling ratio and the [COOH] detected in the swelling media 

at 20”C (R^=0.9874) and 37“C (R^=0.9974) suggesting that the degree o f swelling plays an 

important role in the degradation behaviour.

SEM images revealed a higher degree o f porosity after degradation reflective o f  degradation o f 

crosslinks w ith in  the network. FTIR was successful as a qualitative method in identifying 

PN IPAAM  and PLA in the degradation medium. pH studies and acid base titration were 

successful as a quantitative method in determining the amount o f PLA present w ith in the 

swelling media. Both the degradation rate constants and the extent o f  degradation o f the gels 

were dependant on the temperature, composition and chemical nature o f the gels.
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5.2.6 Hydrolytic degradation of poly (Lactic acid) (MW2000)

In the following section the degradation o f PLA w ill be examined for comparisons with that o f 

the co-polymeric hydrogel systems.

5.2.6.1 Swelling and hydrolytic degradation of poly (Lactic acid) (MW2000) in aqueous 

solution

The swelling o f PLA . 2  tablets in terms o f buffer uptake at 20°C is illustrated in Figure 5.10 (a) 

as well as the sorption in terms o f Mt/Moo versus the square root o f time (Figure 5.10 (b)). This 

expression was selected in order to examine the applicability o f Pick’ s law (EQN 2.22).
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Figure 5.10: (a) Swelling behaviour o f PLA . 2  as a function o f time at 20°C (b) Fraction swelling

o f PLA . 2  against the square root o f time.

In Figure 5.10(b) poor linearity is evident even in the first stages o f sorption (R^=0.7866). This 

behaviour can be attributed to some degradation o f low molecular weight material, which w ill 

greatly influence the water transport procedure. Also changes in average molecular weight and 

molecular weight distribution are likely to strongly affect the value o f the diffusion co-efficient. 

As a result increased weight reflects an increase in water uptake reflective o f degradation.

In the case o f PLA, the reaction rate for hydrolysis is usually temperature dependent 

(Andrepoulous et al., 2001), the rate increasing with an increase in temperature. From the curve 

in Figure 5.11 (a) it is clear that sorption reaches a maximum and a weight decrease is recorded 

leading to a value even lower than the original dry PLA samples. This is due to the degradation 

o f the polymer at 37”C. A poor fit was seen when fraction swelling was plotted against the 

square root o f time (Figure 5.11 (b)). A t both temperatures swelling kinetics o f PLA was not 

adequately described by Fickian diffusion.
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Since equilibrium is not reached by this material the stability o f weight found after a few days 

could simply suggest that the rate o f sorption and degradation become equal at that time 

(Andreopoulous et al., 2001).
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Figure 5.11: (a) Swelling behaviour o f PLA (M W  2000) at 37°C

(b) Swelling Behaviour fitted to the square root o f time (Higuchi, 1961).

S.2.6.2 F T IR  analysis of degradation medium

The hydrogel degradation study was also investigated using ATR-FTIR technique (Section 

3.3.2). Figure 5.12 shows the IR spectra o f the PB in which the PLA samples were immersed for 

2 months at both 20°C and 37“C. IR analysis for PLA was previously examined at five regions 

as outlined in Figure 4.1.
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Figure 5.12: FTIR spectra o f degradation media after immersion o f PLA discs in PB at 20°C and

37”C for 2 months.
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The spectral evaluation in the region o f  the carbonyl stretching vibrations between 1800cm ' 

and 1600cm'' revealed some characteristics o f ester bands. In addition formation o f new bands 

at near frequencies i.e.±10cm"' is apparent. Acetaldehyde has been identified as a reaction 

intermediate for the hydrolysis o f  lactic acid (Li et al., 1999). It is well known that C = 0  

stretching vibrations o f  aldehydes are observed at lower frequencies (1750-1700 cm '') than ester 

bands. Therefore the new band could be attributed to the formation o f the aldehyde group. An 

additional band is located at 1640cm ', which is characteristic o f the bending vibration o f water. 

It can be observed that the absorbance o f  the band at 1640 cm '' is relatively larger than that at 

1740 cm '' indicating that water held a large portion o f the active sites on PLA surface. This 

effect is more prominent in the degradation medium at 37“C (Zhang et al., 2004).

The -CH- deformation bands were visible in the region o f  1450-1350cm ''. The original polymer 

has characteristic peaks at 1268 cm '', 1194 cm '', 1130 cm '', 1093 cm '' and 1047,cm'' for the - 

CO- ester linkage (Figure 4.1(a)). The -C -0 - ester linkage, the site o f  hydrolysis was found to 

be significantly different from the original polymer after degradation. A significant increase in 

the intensities as well as the area under the curve (AUC) was observed. The spectra showed 

three strong absorption bands at 1080, 988, and 863cm ' which can be assigned to the -CO- 

stretch, the -C-C- stretch and the -C-COO- stretching o f PLA respectively (Kister, 1995). It has 

been reported that the -C -C - stretch is sensitive to the crystallinity o f  the polymer. lannace et 

al., (2001) and Agarwal et al., (1998) observed an increase in the crystalline/amorphous phase 

o f the polymer during hydrolysis o f  PLA, which was attributed to the erosion o f the less 

thermodynamically stable crystals within the polymer. The significant increase in the AUC and 

intensities may be a result o f  a change in the degree o f crystallinity o f the polymer, as hydrolyic 

cleavage o f  the ester bonds occurs.

5.2.6.3 Acid-Base Titrations o f PLA swelling medium

The concentration o f PLA detected within the swelling media was quantified employing acid- 

base titration’s using phenolphthalein as an indicator. The concentration [COOH] at 20 and 

37“C detected within the media was 0.015625 and 0.04 mol/L respectively. These results were 

used to calculate the mass LA present within the degradation medium giving values o f  0.07g 

(35%) and 0.18g (90%) respectively indicating that ~2.5-fold increase was seen on increasing 

the temperature in the rate o f  degradation.
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5.2.7 Conclusions:

From the present study it can be concluded that degradation o f hydrogel series can be 

manipulated by controlling m onom er molar ratios o f the reactants and temperature at which 

degradation studies are conducted. At both 20°C and 37°C, a higher rate o f degradation was 

observed for PNP3_2

As expected, the linear PLA appeared to degrade faster at 37°C, which is reflected in the amount 

o f  LA detected within the swelling media o f  the PLA discs. However on comparison with that 

o f  the co-polymers degradation was faster below the LCST on co-polymerisation with 

NIPAAM due to increase in the water uptake leading to hydrolysis. This is reflected in [COOH] 

detected within the degradation media after swelling studies. In contrast pure PLA degrades 

faster than the co-polym ers at 37°C which is seen by comparing the [COOH] in the swelling 

media. Therefore a reversal in the role o f  temperature on the rate o f  degradation was seen by the 

introduction o f the therm oresponsive unit, NIPAAM.
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5.3 Model Drug release

In this study PNP2.2 was chosen to examine the release o f  model compounds at 20°C and 37”C. 

The effect o f  the temperature on the rate o f dissolution o f pure drug discs was compared to 

release profiles o f the model compounds from the degradable hydrogel both above and below 

the LCST. The release profiles were also examined in relation to hydrogel pore size (Me, 

chapter 4).

5.3.1 Effect o f temperature on drug dissolution:

Solubility o f  the model drugs was examined at both 20°C and 37°C. The influence o f the 

tem perature on the rate o f  dissolution o f the pure drug substances was investigated. Pure drug 

discs (lOOmg) (8mm) were prepared as described in Section 3.3.8 and dissolution studies were 

carried out in 900ml PB at 20°C and 37°C. The dissolution profiles obtained are shown in 

Appendix 111. The dissolutions profiles obtained were fitted to the Hixon-Crowell cube root law 

(EQN 2.14) to give the dissolution rate constants shown in Table 5.2. An estimate o f the ratio o f 

the dissolution rate constant at 37°C and 20°C is also given in Table 5.2.

Table 5.2: Cube root dissolution rate constants (k̂ , equation 2.14) at 20"C and 3 7 ’C  and associated co

efficient o f  determination (CD).

20"C 37"C

I^c37-kc20Solubility 

in PB 

(mg/ml)

k c 2 0

(min')(xlO^)

C.D Solubility 

in PB 

(mg/ml)

k c 3 7

(min')(xlO^)

C.D.

DH 422 ± 6.45 20.98 ±0 .0080 0.9976 562±32.6I 25.57 ±0 .013 0.9947 1.21:1

DB 1.99±0.03 0.029 ± 0.0024 0.9067 3.43±0.12 0.131 ± 0 .018 0.8817 4.51:1

SA 2.00± 0.09 0.861 ± 0 .0056 0.9996 8.18±0.42 1.141 ± 0 .014 0.9982 1.32:1

IDM 0 .56± 0 .10 0.015 ± 0 .0014 0.8409 1.16±0.06 0.068 ±0 .003 0.9394 4.53:1

D4 *very
soluble

**5.022 ±1.908 0.9971 *very
soluble

**4.178±0.89l 0.9942 0.8:1

DIO *very
soluble

**1.477±0.1373 0.9931 ♦very
soluble

**2.435±0.099 0.9975 1.6:1

D40 *very
soluble

**0.744±0.0320 0.9910 ♦very
soluble

**1.128±0.127 0.9937 1.5:1

D70 *very
soluble

**0.691±0.0092 0.9225 ♦very
soluble

**0.883±0.011 0.9922 1.3:1

*M artinda!e 1996 

**Coughlan 2005
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For the hydrophobic series o f  drugs, the solu b ility  increased in the order IDM , D B , SA  and the 

d isso lu tion  rate constants (kc) exh ib ited  a linear d ependence on so lu b ility  at 37°C  (T able 5 .2 ). In 

addition a linear relationship  ex isted  for the d issolu tion  rate constants kc37 and kc2o- A  1.3 to 4 .5 -  

fold  increase in the d issolu tion  rate w as obtained for the hydrophobic drugs on increasing the 

tem perature (T able 5.2).

The d issolu tion  rate o f  the hydrophilic drugs w as m ore rapid than for the hydrophobic series as 

exp ected  due to their higher aqueous solubility . DH had the h ighest aqueous solu b ility  at both 

tem peratures. Studies undertaken by C oughlan et al., (2 0 0 4 ) sh ow ed  a sign ifican t decrease in 

the d issolu tion  rate with increasing m olecular w eigh t o f  the dextran series at both tem peratures 

(T able 5 .2 ). T his w ould  be exp ected  sin ce a sm aller d iffusional co -e ffic ien t on increasing  

m olecular w eigh t w ould  lead to a s low er rate o f  d isso lu tion .
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5.3.2 Release of smaller molecular weight compounds from PNP2.2

The release of various model drugs from PNP2 . 2  was examined at both 20°C and 37°C in 900ml 

PB. The fraction released over 8  hours for DH, SA and IDM at 20°C and 37°C are shown in 

Figure 5.13. The complete release profiles (72 hours) are shown in Appendix VII. The fraction 

released at both temperatures was plotted against the square root of time (Higuchi, 1961) to give 

the release rate constant kdi,2oand kji,37 (Table 5.3).
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Figure 5.13; Plot of the fraction DH (■), SA ( A)  and IDM (♦) released over time in PB at (a) 

20°C and (b) 37”C. DH was fitted to zero order kinetics (solid line) at 20°C. Dashed line 

represents the data fitted to the square root of time (Higuchi, 1961).
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Table 5.3: Release rate constants (kjfJ at 20'C and 37 ’C calculated using equation 

2.22(Higuchi, 1961) along with their associated coefficients o f  determination (CD). Also shown 

are the diffusional exponents (n) and release rate constants (kjp) calculated using the power law 

equation 2.25(Peppas, 1985).

2 0 “C kdh2o(min“^)(xlO^) CD kdp2o(min'')(xlO^) n ±s.d. C .D kdh3?:kdh2o

DH 3.889 ± 0 .292 0.9282 1.00 ±0 .241 0.7867± 0.0548 0.9930 0.34:1

IDM 2.112 ± 0 .400 0.9851 2.65 ± 0.406 0.4597± 0.0283 0.9875 0.24:1

SA 2.830 ± 0 .075 0.9803 1.75 ± 0 .3 6 6 0.5880± 0.0379 0.9882 0.46:1

3 7 “C kdh.^7(min°^)(xlO^) kdp37(min'‘)(xlO^)

DH 1.3415 ± 0 .0 5 9 0.9236 2.60 ± 0 .4 8 8 0.4051 ±0 .0283 0.9671

IDM 0.5080 ±0.041 0.5881 2.31 ±0 .261 0.2792± 0.0165 0.9714

SA 1.3290 ± 0 .0 5 4 0.9064 3.85 ± 0.303 0.3099± 0.0130 0.9898

Sustained release o f  the drugs w as ach ieved  at both tem peratures with a laci< o f  sw eH ing at 37°C  

sign ifican tly  slo w in g  the release (p < 0 .0 5 ) o f  the m odel drugs relative to that at 20°C . The 

release rate constants increased as the so lu bility  o f  the m odel drugs increased at both 

tem peratures. The ratios betw een  kdi,?? and kdh2o are a lso  show n in T able 5.3 indicative o f  the 

ability  o f  the gel to therm ally control the release o f  drug.

The drug release from the sem i-b iodegradable hydrogel at 2 0 ”C and 37°C  w as a lso  exam ined  

u sing the pow er law  equation (Equation 2 .25 , Peppas 1985), w here the d iffusional exp on en t w as  

estim ated. T his equation gave a better fit to the data com pared w ith equation 2 .2 2 , (H iguch i, 

1961) and it reflects the contribution o f  sw ellin g  to the release m echanism . A t 20°C , there w as  

an increase in the d iffusional exponent tow ards unity as the so lu b ility  o f  the drugs increased. At 

37°C  an increase in the d iffusional exponent a lso  occurred with increasing so lu b ility . The  

diffusional exponents were higher at 20°C  than 37°C  due to the greater contribution o f  the 

sw ellin g  process on the rate o f  release (Figure 5 .14  (a)).
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Figure 5.14: (a) Plot o f diffusional exponent (n) at 20°C (closed symbols) and 37°C (open 

symbols) against drug solubility for IDM (♦), SA ( A )  and DH (■). (b) Relationship between 

diffusional exponent (n) at 20°C and 3T C  for IDM (♦), SA ( A),  DH (■).

At 37°C, the drug release rate was less significant than at 20°C due to the low swelling rate and 

the residual level o f swelling reached by the hydrogel at that temperature. Over a longer time 

frame, IDM had a slow sluggish release, which started to level o ff once 20% o f the loading was 

released. A similar effect was observed with SA once ~70% release was achieved (Appendix 

V ll). Both model drugs had a dramatic effect in the suppression o f the S.R. and the rate o f 

swelling compared to unloaded gels (chapter 7). It is likely that a drug-polymer interaction is 

reducing the release o f the drug. The estimated time taken for 50% release was calculated using 

the release rate constants obtained in Table 5.3 and compared to the time taken for 50% 

dissolution o f the model compounds. An effective 3.5 (IDM ) to 8-fold (DH) reversal o f thermal 

control o f drug diffusion (decrease in drug dissolution) was achieved. The extent o f the control 

was solubility dependant with least control o f IDM.

At 20“C, the release mechanism varied from Fickian diffusion for IDM to anomalous diffusion 

for SA and DH. As the solubility o f the model compounds increased the diffusion exponent 

increased towards unity indicative o f zero order kinetics. Due to the hydrophilic state o f the gel, 

the total drug release occurred much quicker compared to release profiles at 37“C ranging from 

24hrs to 72 hrs for DH and IDM respectively. After 24 hrs the release rate o f SA levelled o ff 

with only 80% o f the loading released and no subsequent release was seen. The acid 

dissociation constant (Table 4.10) o f each model compound appeared to play a role in 

determining the time o f total drug release at both temperatures. During the timescale studied
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(96hrs) SA did not reach total drug release at either temperature. Controlled drug release o f SA 

has been studied using different types o f formulations, such as PLA tablets and poly (ethylene 

oxide) (PEO) hydrogels (Andreopolous et al., 2001, Savas et al., 2001). The release rate from 

PLA tablets o f  various m olecular weights was investigated. This also found that increasing the 

SA loading increased the rate o f  release however the total delivery time was the same for all 

samples studied. This was attributed to interactions o f  SA with the polymeric matrix PLA, 

where hydrolysis was likely to be promoted by the presence o f an acidic substance. Savas et al., 

(2001) similarly noted that release o f  various model compounds from PEO hydrogels depended 

on the strength o f  association between PEO and the active substances. The formation o f 

hydrogen bond was attributed to the interaction between H donor and acceptor functional 

groups. In addition Coughlan and Corrigan (2004) noted binding between model compounds 

(benzoates) and PNIPAAM. The effect o f  the binding on the hydrogel was clarified in relation 

to LCST and swelling kinetics. Drug release rates were shown to be dependent on the drug 

binding properties.

The ability to therm ally control the release o f  drug from biodegradable matrix was most 

successful with IDM, followed by DH and SA. The drug-polymer interactions played an 

important role in determ ining the extent o f drug release at both temperatures. SA-polymer 

interactions prevented total release o f the loaded drug at either temperature. The possibility o f 

the surrounding environm ent changing due to the acidic nature o f the degrading hydrogel 

networks may also reduce the drugs solubility leading to a reduced affinity for the external 

medium. This resulted in tem perature having a less significant effect on release. Thermal 

control o f the release rate o f  IDM was most successful. This could be attributed to the 

entrapment o f IDM at 37°C within the hydrophobic PLA domains.
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5.3.3 Dextran release from PNP2.2:

The fractions released over time o f the dextrans are shown in Figure 5.15. A much greater 

release was observed at 20°C for all dextran fractions in comparison to release at 37“C. The 

release profiles all gave poor fits when plotted against the square root o f time. Examination of 

the release profiles reveals no trend or molecular weight gradient dependency (p>0.05) on the 

rate of release. When the diffusional exponent, n, was allowed to vary better fits resulted (Table 

5.4).

Table 5.4: Release rate constants fk/J at 20°C calculated using equation 2.22 along with their 

associated coefficients o f  determination (CD). Also shown are the diffusional exponents (n) and 

release rate constants (kp) calculated using the power law equation 2.25 (Peppas, 1985).

20°C k|,2o(min'°^)(xlO^) CD kp2o(min)(xlO^) n ± s.d CD

D4 3.45 ±0.037 0.4790 19.07± 1.40 0.1974± 0.163 0.9847
DIO 7.17 ±0.731 0.7530 17.25 ± 4.05 0.2845 ± 0.060 0.9263

D40 3.48 ±0.145 0.9290 07.93 ± 0.57 0.3451 ± 0.138 0.9938

D70 5.64 ±0.641 0.5457 20.79 ± 1.71 0.2095 ± 0.019 0.9937

A trend was observed for the first three dextran fractions of the series (< 40,000Daltons) and the 

rate of release. The higher molecular weight dextrans would be expected to give slower release 

rate than D4 as a result of a slower diffusional co-efficient and a greater hindrance o f release. In 

the present study the release rate increased the smaller the MW dextran with the exception of 

D70.

In chapter 4 it was observed that the greater the molecular diameter o f the dextrans fractions the 

more difficulty they had with accessing the pores within the hydrogel network (~40A). This 

may explain the higher release rate o f D70 (98 A) where a large portion of the pores where not 

accessible to the molecular probe, leading to drug on the surface o f the matrix. In addition drug- 

polymer interactions between the dextrans and the polymer may cause the reduction in the 

release rate. The duration taken for complete drug dissolution was dependent on MW with the 

smaller MW taking the least time (Figure 5.15 (a)). The diffusional exponents were all 

significantly less then 0.5 indicative of potential drug-polymer interactions. Furthermore in 

chapter 7 the effect o f loading dextran in the hydrogel system led to a significant impact on the 

swelling kinetics, which could in turn be influencing the release rates.

At 3TC , a sharp burst release o f the dextran fractions were observed in the early time period 

(<0.5hrs) (Figure 5.15 (b)). This can be attributed to drug present on the surface of the matrix.
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There was no further release after the burst effect due to the hydrogel pore size (~9A) being 

smaller than the molecular diameter o f the dextrans (25A to 98A) (Coughlan and Corrigan, 

2004). Therefore the effect o f the higher temperature was to stop the release o f the relatively 

larger soluble dextrans.
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Figure 5.15: (a) Plot o f dextran fraction released over time at 20°C (b) fraction dextran released 

over time at 37“C. [D4 (■ ), D IO  ( A ) ,  D40 ( • ) ,  D70 (x)].

The present study showed that the drug release rate from a thermoresponsive-co-biodegradable 

hydrogel depended on the temperature and the nature and size o f the model drug used. From 

these experiments predictions o f the release rate as well as the ability to control the extent o f  

drug release can be made at both temperatures with potential to predict the pattern o f pulsatile 

release.

143



Increasing the tem perature increased both the solubility  and intrinsic dissolution rate o f  the 

m odel drugs as expected. In contrast, increasing the tem perature decreased the ability  o f  the 

hydrogel to  sw ell and decreased the rate o f  diffusion as w ell as the diffusional exponent o f  the 

drug from the system . In therm oresponsive system s these tw o tem perature effects counteract 

one another and an effective reversal o f  therm al control resulted. The m agnitude o f  this reversal 

w as particularly  dependent on drug size, w here drugs w ith m olecular d iam eter >20A (dextrans) 

w ere not released at the higher tem peratures during the tim escale studied. H ow ever the 

incorporation o f  large drugs into a tigh tly  crosslinked netw ork such that the m olecules cannot 

pass through the netw ork pores w ill result in degradation controlled release if  surface/bulk 

erosion occurs and the netw ork size w ill increase allow ing the drug to d iffuse into the m edium .

The sm aller M W  com pounds (m olecular d iam eter <8 A) w ere sm all enough to  perm eate 

through the m atrix  how ever solubility  and po lym er-d rug  in teractions played an im portant role 

in determ ining the extent o f  release. DH w as diffusion controlled. H ow ever after 3 days IDM , 

SA and DH reached 20, 50 and 80%  release respectively. The diffusional exponents (n) w ere 

n<0.5 is reflective o f  the entrapm ent or in teractions form ed w ithin the m atrix  above the LCST. 

A levelling o ff  o f  the drug release rate in both SA and IDM suggest the physiochem ical 

properties o f  the drugs could be contro lling  the degree o f  sw elling  and the degradation rate.

At 20°C, the dextran series show ed no obvious trend during early  tim e release probably  due to  a 

m olecular size gradient form ation during  loading. A fter the early  tim e period the larger bulkier 

dextran fractions d isplayed slow er release rates as w ould be expected. In spite o f  the highly 

sw ollen gel (~4|.im) at 20“C the m echanism  and duration o f  release for the sm aller m olecular 

w eight drugs w ere dependent on the solubility  o f  the series as well as degree o f  acid 

dissociation. Release o f  IDM was d iffusion controlled in contrast to non-Fickian release kinetics 

o f  SA and DH. T he release o f  SA levelled o ff  at 80% o f  the  total drug release. In the case o f  

acidic drugs one can expect faster hydrolysis o f  the ester bonds in PLA based polym ers 

(T arvainen et al., 2006).
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5.4 AN INVESTIGATION INTO THE EFFECT OF PLA CONTENT ON THE 

RELEASE KINETICS FROM PNIPAAM-CO-PLA HYDROGELS.

The drug release studies presented in Section 5.3 were preformed using PNIPAAM -co-PLA 

(86-14 molar ratio respectively) hydrogel with PLA MW 2000. Three other hydrogel systems 

were also synthesised by varying the molar ratios o f PNIPAAM to PLA; the homopolymer PNP 

P N P I .2  (93-7), and PNP3.2 (72-28).

Studies by Peppas et al., (1985) have shown the importance o f crosslinking in controlling the 

mesh size and therefore the rate o f  drug release from swellable devices. Generally the release o f 

solutes from non-degradable hydrogels follows first order kinetics (Van Dijkhuizen-Radersma 

et al, 2005). However increasing the crosslinking density decreases the mesh size at a molecular 

level leading to a smaller volume available for solute transport. Omidian et al., (1998) and 

Kabiri et al., (2003) have shown changes in the swelling kinetics o f  hydrogels due to increased 

crosslinking density.

For degradable polymers, other release profiles may be obtained such as zero order kinetics or 

delayed release (Dijkhuizen-Radersma et al, 2005). Degradation o f the matrix may increase the 

mesh size, which will increase the diffusion co-efficient. In addition release rate may be altered 

due to erosion and/or pore formation. In chapter 4, the swelling studies at 20°C showed a 

decrease in the swelling rate on increasing the PLA content. At 37“C, a reverse trend was seen 

whereby a greater effective pore size was observed in PNP3.2 at equilibrium swelling. In 

addition Section 5.2 revealed the rate o f degradation o f  the hydrogel series was shown to be 

faster at 20°C with degradation o f the polymer at both tem peratures significantly greater the 

higher the PLA content.

Co-polymerisation o f  PLA with PNIPAAM resulted in a significant increase in the rate o f 

degradation at 20°C due to the increased hydrophilicity o f  the matrix relative to that o f linear 

PLA (Section 5.2). The present section examines the release patterns from a series o f 

thermoresoponsive-co-biodegradable hydrogels at 20“C and 37“C.
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5.4.1 Drug release of smaller molecular weight compounds from the hydrogel series

The release o f DH, SA and IDM from the four hydrogels was examined at 20°C and 37°C.

5.4.1.1 DH release from a range of hydrogel systems:

The fraction released o f DH over time at both 20°C and 37°C is shown in Figure 5.16. The 

fraction released was fitted to Equation 2.25 (Peppas, 1985) (Table 5.5) and there was an 

increase in the diffusional exponent (n) with increasing the amount o f PLA at 37°C and 20°C. 

At 20°C increasing the amount o f PLA resulted in an anomalous release pattern, deviating from 

Fickian diffusion behaviour and resulting in a near zero order release pattern. In order to 

compare the release rates, the release exponents were fixed as unity and reasonable fits were 

obtained as shown in Table 5.5.

A plot o f  the release rate constant o f  DH against the percent o f  PLA in the hydrogel systems is 

displayed in Figure 5.17 both above and below the LCST. There was a significant decrease 

(R^=0.9883) in the rate o f release with increasing the percent o f PLA for the co-polymeric 

systems. In the early time release the presence o f PLA appeared to assist the release DH 

however after 72hrs PNP3_2 had only reached 83% o f the total release while PNP and PN P I .2 

and PNP2.2 had 100% o f the total loading released (Appendix VIII). Increasing the PLA content 

within the hydrogel network appears to lead to a stronger interaction between the polymer and 

drug reducing the drug release rate. The pore size at equilibrium swelling was shown by SEM to 

decrease as the percent o f  PLA incorporated into the gel increased. The reduced release rate 

may be due to a slower swelling rate and a reduced pore size with a higher level o f  PLA.

At 37“C, above the LCST, release was much slower than at 20°C and increases with increased 

PLA content, as did polymer swelling (Figure 4.13). In contrast below the LCST, where 

polymer swelling was much greater, drug release was also faster, but tended to decrease with 

increased PLA content. This trend was also in line with the change in swelling at 20“C, which 

decreased with increasing PLA. At 37°C, the diffusional exponents were classified as Fickian 

behaviour suggesting that the rate o f release was significantly slower than that o f  the polymer 

relaxation at this temperature. A greater effective pore size with increasing PLA content was 

observed by SEM suggesting a greater free volume or diffusional space for transport. This was 

reflected in the release rate constants o f DH where a linear dependence on composition was 

seen with an value o f 0.9403 (Figure 5.17). Only 30-60%  release was achieved after 48 

hours depending on hydrogel composition. The higher level o f  PLA may be acting in these 

systems to prevent complete hydrophobic collapse o f the thermoresponsive polymer resulting in 

a greater effective pore size as the PLA content increased.
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Table 5.5: Release rate constants (kji^ o f  DH, SA and IDM  from  various hydrogels at 20 and 3 T C  calculated using Equation 2.22 (Higuchi, 1961) 

along with their co-efficient o f  determination (CD). Also shown is the diffiisional exponent (n) and release rate constants (kjp) estimated using equation 

2.25 (Peppas, 1985). D H  was also fitted  to zero order kinetics and release rate constants (k^ are presented in Table 5.5 below.

F — br-kdh F=kdpt" F=kdt
kdh (min'“^)(xlO) CD k<,p(mm")(X10) n±s.d. C.D kd(min'XXlO^) C.D. Kdh37̂ kdh20

20"C kdh20 kdp20

P N P  (D H ) 2.43±0.800 0.9572 1.394±0.439 0.5994±0.0604 0.9700 0.135±0.009 0.8539 0.3584 1
PNP1_2(DH ) 4.16±0.320 0.9269 1.556±0.256 0.7296±0.0686 0.9956 0.457±0.030 0.9393 0.2401 1

P N P 2.2(D H ) 3.88±0.003 0.9107 1.005±0.256 0.7867±0.0126 0.9913 0.350±0.010 0.9670 0.3453 1

PN P 3.2(D H ) 2.96±0.002 0.9310 0.750±0.212 0.7531±0.0698 0.9893 0.188±0.011 0.9589 0.5262 1

PN P  (S A ) 2.48±0.072 0.9545 2.991±0.776 0.4671±0.0456 0.9565 0.2705 1
P N P 1.2(SA ) 2.52 ±0.040 0.9930 1.85U0.156 0.5545±0.0147 0.9973 0.3170 1

PNP2_2(SA) 2.51 ±0.040 0.9903 1.300±0.232 0.6165±0.0638 0.9906 0.3968 1

P N P 3.2(SA ) 1.45±0.051 0.9311 3.063±0.200 0.3508±0.0106 0.9941 0.6910 1

PN P  (ID M ) 1.36±0.120 0.6693 0.946±0.025 0.6008±0.0046 0.9997 0 .2 0 0 0 1
P N P l2 (lD M ) 2.53±0.043 0.9742 1.602±0.221 0.5806±0.0647 0.9935 0 .1201 1

PN P22(1D M ) 2.1U 0.050 0.9515 2.653±0.428 0.4597±0.0551 0.9920 0.3044 1

P N P 32(ID M ) 1.39±0.150 0.7594 0.868±0.047 0.5747±0.0368 0.9984 0.6561 1

37°C kdh37 CD kdp37 n±s.d. C.D k(min'')(X10^) C.D.

PN P  (D H ) 0.871±0.040 0.9087 1.498±0.377 0.4358±0.0326 0.9483
P N P 1.2(D H ) 0.999±0.020 0.8325 2.594±0.897 0.3655±0.0561 0.9078
P N P 2.2(D H ) 1.340±0.030 0.9236 2.602±0.510 0.4081±0.0284 0.9623
P N P 3.2(D H ) 1.544±0.020 0.9646 1.769±0.398 0.4784±0.0337 0.9660
PN P  (S A ) 0.671±0.060 0.9973 0.860±0.210 0.4996±0.0087 0.9597
P N P 1.2(SA ) 0.799±0.040 0.8313 2.809±0.228 0.3315±0.0245 0.9889
P N P 2.2(SA ) 0.996±0.730 0.8650 3.208±0.220 0.3435±0.0241 0.9926
P N P 3.2(SA ) 1.002±0.019 0.8805 2.915±0.358 0.3572±0.0168 0.9785

P N P  (ID M ) 0.272±0.059 0.4724 0.005±.0002 0.8965±0.2440 0.9913
P N P 12(ID M ) 0.304±0.040 0.8155 1.091±0.269 0.3532±0.0903 0.9571
P N P 22(ID M ) 0.408±0.075 0.5968 2.115±0.251 0.2781±0.0167 0.9815
P N P 32(ID M ) 0.912±0.030 0.9375 2.161±0.166 0.3850±0.0104 0.9967
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Figure 5.16: The fraction o f DH release over time at both (a) 20°C and (b) 37”C from the hydrogel series: PNP (■), P N P I .2  (A ) , PNP2.2 ( • )  and PNP3.2(x). 

The fraction released was also fitted to (c) zero order release kinetics at 20°C and (d) Fickian diffusion at 37°C.
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Chapter 5: An Investigation into the Degradation and Release Kinetics from a Series o f Gels Synthesised by varying
the Molar Ratio o f PNIPAAM to PLA (MW 2000).
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Figure 5.17: Plot o f the relationship between hydrogel composition and release rate constant o f 

DH from the hydrogel series at 20 (■) and 37°C (□).

Figure 5.18 displays the relationship between the pore size and the release rate constant. A t both 

temperatures an increase was observed in the release rate w ith increasing the PLA unit in the 

gel. A t 20”C, a trend was seen whereby the greater the pore size the faster the release rate fo r the 

co-polymer systems. A t 37°C the lack o f  dependency on the pore size may be due to the 

collapsed state o f the pores as well as increased polymer drug interactions at this temperature 

(Figure 5.18). S im ilar studies carried out on the release o f DH from P N lP A A M -co-M A A  at 

37"C showed release behaviour depends strongly on co-polymer composition (Diez-Pena et al., 

2003). Swelling behaviour, polym er-drug interactions as well as drug-solvent interactions play 

an important role in the release behaviour. This is supported by the slower release rate from 

PNP in comparison to that o f the co-polymers at 20°C (Figure 5.18).
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Figure 5.18: Relationship between the pore size and the release rate constant (kji,) o f  DH

at 20°C (■) and 37"C (□).
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The data in chapter 4 sh ow ed  that PLA reduced the therm osensitiv ity  o f  the system , the effec t  

being m ore pronounced with a higher content o f  PLA (T able 4 .4 ). T he sw ellin g  k inetics as w ell 

as the equ ilib riu m -sw ellin g  ratio further dem onstrated the decrease in therm osensitiv ity  at 37°C. 

The ability to therm ally control the release o f  active substances therefore decreased as the m olar 

ratio o f  PN IPA A M  to PLA  decreased . T his is reflected by the ratio o f  the rate constants (kdh3 7 ; 

kdh2 o) at both tem peratures (T able 5 .5 ). The ratio o f  the release rate constant varied from  0 .2 4  to  

0.5 indicative o f  a sign ificant reduction in the release o f  the active com p oun ds on increasing the 

tem perature.

The ability to control the release rate constant o f  the sm all h ighly so lu b le  DH from the hydrogel 

series w as ach ieved  by varying the m olar ratio o f  PN IPA A M  to PLA . The release profiles were 

dependent on the m onom er content as w ell as the tem perature the experim ent w as conducted. 

A b ove the LCST, both sw ellin g  and drug release w ere d iffusion  controlled  w hereas b elow  the 

LC ST, the sw ellin g  d isplayed  non-Fickian behaviour and release exp on en t approached zero  

order k inetics on increasing PLA content.

5.4.3 SA release from a range of hydrogel systems:

T he release profiles o f  SA  at 20“C and 37°C  are displayed  in Figure 5 .19 . SA  release from the 

hom opolym er PNP w as the fastest o f  all the hydrogels studied at both tem peratures. The 

relatively  s low er release o f  SA  from the co -p olym ers w as probably due to the entrapm ent o f  SA  

w ithin the hydrophobic PLA dom ains and drug polym er interactions. In addition, in chapter 4 a 

slow er sw ellin g  rate w as seen  for the hydrogels on increasing tem perature to 3 7 ”C. A lso  at 2 0 “C 

incorporating a h igher am ount o f  PLA into the hydrogel network led to a slow er rate o f  water 

uptake and sm aller eq u ilib riu m -sw ellin g  ratio. T h ese sw ellin g  k in etics w ould  be exp ected  to 

lead to sm aller s ize  pores and a slow er rate o f  form ation o f  pores w ithin  the network thereby  

hindering the release o f  the drug m olecu les.
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Chapter 5: An Investigation into the Degradation and Release Kinetics from a Series o f Gels Synthesised by varying
the Molar Ratio o f P N IP A A M  to PLA (M W  2000).
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Figure 5.19: Fraction released o f SA from the hydrogel series PNP (■), PNPI .2  (A) ,  PNP2.2 ( • )

and PNP3.2 (x) at (a) 20°C and (b) 37°C.

At 20"C, the release behaviour displayed non-Fickian release with the diffusional exponent 

increasing towards unity for the first three hydrogels o f the series (PNP-PNP2 .2 ) (Figure 

5.20(b)). PNP3.2 showed a significant decrease in the release exponent. In chapter 4 swelling 

kinetics o f PNP3.2 were characteristic o f an anomalous swelling pattern. This suggests drug 

release was considerably slower in comparison to the rate o f medium uptake (Figure 5.20(b)). 

There was no apparent differences in the release rate (p>0.05) between SA loaded hydrogels for 

the first three o f the series (Figure 5.20 (a)). A significant decrease in both the release exponent 

and release rate (p<0.05) was observed for PNP3.2 (Figure 5.20 (b)). The present results suggest 

pore size was not important in controlling release o f SA below the LCST and that polymer-drug 

interactions play a more dominant role in the release patterns.
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Figure 5.20: (a) tiie relationship between the PLA content and the release rate constants o f SA at 

both 20 (closed symbol) and 37°C (open symbol) from the hydrogel series (b) the swelling 

exponents (open symbol) from the gel series and release exponents o f SA (closed symbol) at 

20(d ) and 37°C (0) from the gel series.

A t 37°C, PNP3.2 was shown to have higher swelling rate and greater effective pore size by SEM 

relative to the other gels studied. However the release kinetics were significantly influenced by 

the hydrogel composition. The swelling o f the hydrogel series was characteristic o f Fickian 

diffusion fo r all systems studied. In addition, the rate o f release o f SA was controlled by Fickian 

diffusion. Figure 5.20 (b) displays the swelling exponent and release exponents o f SA for each 

hydrogel system. A  marked decrease is observed in the release exponent indicating that the 

swelling front advanced faster than the drug could diffuse out. This result is in agreement with 

the loading o f SA significantly reducing the rate o f swelling and size o f the pores in the gel 

and/or drug-polymer interactions (chapter 7).

As reflected in the parameters obtained when the release data was fitted to equation 2.22 

(H iguchi, 1961), an increase in the release rate constant o f SA was observed as the percent o f 

PLA increased (Table 5.5). Over longer time periods the release rate o f SA from the co-polymer 

systems effectively stopped between 70 and 90% depending on the hydrogel composition 

(Figure 5.19).
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Chapter 5: An Investigation into the Degradation and Release Kinetics from a Series o f  Gels Synthesised by varying
the Molar Ratio o f  PNIPAAM to PLA (MW 2000).

The mechanism o f release or release rate o f SA from the gels does not appear to be 

predominately controlled by the pore size from the biodegradable gels at either temperature 

(Figure 5.21).
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Figure 5.21: A plot o f  the release rate constants o f  SA against the pore size o f  the hydrogel

series at 20°C (■) and 37°C (□).

At 20°C the release mechanisms varied from Fickian to anomlolous diffusion depending on the 

composition o f the polymer matrix. By tailoring the hydrogel composition (increasing PLA 

content) a delay in the duration o f  release was achieved with a levelling o ff o f  83 and 69% o f 

the total drug delivered from PNP2.2 and PNP3.2 respectively after 3 days (Appendix VIII). In 

contrast at 37°C the diffusion exponent (n) was <0.5 indicative o f polymer-drug interactions or 

entrapment o f the drug within the polymer. After 3 days the release profile levelled o f with only 

46%, 52% and 56 % delivered from PN PI.2 , PNP2.2 and PNP3.2 respectively. The ability to 

thermally control the release rate o f  SA from the hydrogel series decreased on increasing PLA 

content as shown by the ratio o f rate constants at both temperatures, which varied from 0.27 to 

0.69 (Table 5.5). This can be attributed to the stronger affinity SA has for the polymer matrix on 

increasing PLA content and the smaller net differences between swelling rates on increasing 

PLA content.
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5.4.4 IDM release from a range of hydrogel systems:

The release profiles o f  IDM at both temperatures from the hydrogel series are shown in Figure 

5.22.
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Figure 5.22: Fraction released over time o f IDM from hydrogels containing various percentage 

o f PLA at (a) 20'C and (h) 37’C [PNP (m), PNPI.2 ( A ), PNP2.2 (•) and PNP3.2 (x)].

At 37°C, the release rate o f  IDM from the hydrogels corresponded with the pattern o f  swelling 

above the LCST, with an increase in the rate o f  release as the percent o f PLA increased. The 

release kinetics o f  IDM from the hydrogel series was also dependent on hydrogel composition. 

A significant decrease in the diffusional exponent was observed for the co-polymer systems 

with n<0.5. The tightness o f  the hydrogel network structure upon swelling as well as 

hydrophobic interactions previously seen in section 5.3.2 could be delaying the release o f IDM. 

PNP3.2 had released -5 0 %  after 3 days which can be attributed to the faster and more extensive 

formation o f a loose 3D- network structure in the PNP-co-PLA .2  gel. The extent o f  IDM release 

could be expected to depend upon the degradation rate o f  the hydrogels. The more the hydrogel 

degraded the easier the IDM could diffuse from the hydrogel.

154



Chapter 5: An Investigation into the Degradation and Release Kinetics from a Series o f Gels Synthesised by varying
the Molar Ratio o f PNIPAAM to PLA (MW 2000).

At 20°C, below the LCST, a similar release pattern was observed to that o f DH whereby the 

presence o f PLA appeared to assist the release o f IDM. In the case o f the co-polymers, the 

higher the amount o f PLA incorporated into the gel, the greater the decrease in the rate o f 

release o f IDM. When the fraction released was fitted to Equation 2.25 (Peppas), Fickian 

diffusion was observed for the co-polymeric systems. A trend emerged at both temperatures 

between the release rate constant and the hydrogel composition. A t 20°C, increasing the amount 

o f PLA in the hydrogel led to a decrease in the rate o f release o f IDM. In contrast at 37°C an 

increase in the release rate was observed on increasing PLA content with a value o f 0.9037 

(Figure 5.23 (a)).
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Figure 5.23: (a) Relationship between the release rate constants o f IDM and hydrogel 

composition at 20°C (■) and 37°C (□) (b) Relationship between the release rate constants o f 

IDM at 20°C (■) and 37°C (□) and pore size.

A plot o f the relationship between the pore size and release rate from the hydrogel series are 

given in Figure 5.23 (b). A  higher swelling results in a larger mesh size, which facilitates a 

faster drug release rate. A t 20“C, PNP deviated from the trend with a slower release rate than the 

co-polymer systems. PNP was shown to have a greater effective pore size than any o f the other 

hydrogel systems below the LCST however the presence o f PLA appears to assist the release o f 

IDM in the early stages o f drug release (Figure 5.23(a)).

The ability to thermally control the release o f IDM decreased as the percent o f PLA increased. 

The ratio o f the release rate constants at 37“C and 20°C (k3v:k2o) ranged from 0.20, 0.12, 0.19 

and 0.65 for PNP, PNPI.2 , PNP2.2 and PNP3.2 respectively (Table 5.5). The limited ability to
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thermally control the release o f IDM from PNP3.2 can be attributed to a smaller net difference in 

the swelling kinetics between both temperatures.

The effect o f  increasing the PLA content may result in strong interactions between the drug and 

PLA, which can either be strong hydrophobic binding between PLA and the drug or formation 

o f reversible polymer-drug linkages such as hydrogen bonds. This may lead to a tighter packing 

in the core. Hence, drug release takes place as a result o f  two factors; overcoming the polymer- 

drug interactions and diffusion o f the drug through the tightly meshed polymer matrix. In 

addition, a possible method o f overcoming the drug release is hydrolytic degradation o f PLA 

leading to scission o f  polymer chains. This would lead to a greater mesh size, an increase in 

solute diffusion which in turn would lead to a reduction in polymer-drug interactions.
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Chapter 5: An Investigation into the Degradation and Release Kinetics from a Series o f  Gels Synthesised by varying
the Molar Ratio o f  PNIPAAM to PLA (MW 2000).

5.4.5 Release of the Dextran fractions from hydrogel series containing PLA .2

The release of the dextran fractions from the 4 different hydrogels was investigated at 20“C and 

37°C. The release of the dextran fractions at 20°C from PNP2.2 was previously presented in 

section 5.3.3. In Figure 5.24 the dextran release profiles at 20°C from the PNP, PNPI .2 and 

PNP3.2 are displayed. A biphasic release pattern is observed in all profiles with a rapid initial 

release rate (burst) followed by a gradual increase with time.
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Figure 5.24: (a) Release of the dextran fractions D4 (■), DIO (A) ,  D40 ( • )  and D70 (x) from

(a) PNP (b) PNP 1.2 and (c) PNP3.2at 20°C.
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Table 5.6: Release rate constants (kjh) o f  the dextran series from various hydrogels at 20'C 

calculated using equation 2.22(Higuchi, 1961). The diffusional exponent and release rate 

constants (kjp) were also estimated using equation 2.25(Peppas, 1985). Also shown are the 

associated co-efficients o f determination.

F=kh"-* F=kt"

20"C kdh (min " *)(xlO^) CD
(min')(xlO^)

Diffusional 
exponent(n)

CD

PNP (D4) 2.19±0.083 0.9278 4.29±0.921 0.3803±0.0382 0.9547

PNPI.2 (D4) 2.72±0.169 0.7354 11.18±1.06 0.2475±0.0175 0.9547

PNP2.2 (D4) 4.44±0.480 0.4779 19.07±1.40 0.1907±0.0163 0.9847

PNP3.2 (D4) 1.02±0.090 0.6847 1.679±1.25 0.4125±0.102 0.6913

PNP (DIO) 2.84±0.269 0.1814 19.92±0.86 0.1526±0.0091 0.9896

P N P l2 (D I0 ) 4.63±0.569 0.2762 23.61±1.54 0.1598±0.0148 0.9845

PNP22(DI0) 5.39±0.560 0.6685 16.66±2.92 0.2497±0.0600 0.9443

PNP32(D10) 2.66±0.078 0.9668 3.51±0.820 0.4499±0.1037 0.9704

PNP (D40) 15.58±0.65 0.9802 21.95±0.3S 0.3560±0.0481 0.9931

PNP 12(040) 7.22± 1.030 0.3483 29.09±1.75 0.1528±0.0164 0.9909

PNP22 (D40) 3.55±0.174 0.7987 8.25±0.571 0.3350±0.0366 0.9940

PNP32(D40) 3.51±0.300 0.6934 14.15±1.13 0.2283±0.0682 0.9887

PNP (D70) 12.07±0.65 0.9558 15.69±4.05 0.4091±0.0892 0.9674

PNP 12(070) 10.71±0.172 0.9962 10.43±0.989 0.5088±0.0318 0.9963

PNP22 (070 ) 6.48±0.750 0.6099 20.35±2.05 0.2168±0.0197 0.9803

PNP32 (0 7 0 ) 3.02±0.320 0.4410 16.58±1.52 0.1653±0.0241 0.9778

The release profiles in Figure 5.24 at 20°C were fitted to equation 2.22 (Higuchi, 1961) and the 

model does not adequately account for the early-time period release (burst) (Table 5.6). D4, the 

smallest o f the dextran fractions, revealed a slower release rate than any of the larger fractions 

examined. The higher molecular weight dextrans may expect to have slower release rates than 

D4 from the hydrogel series due to a lower diffusion co-efficient and greater hindrance of 

release. In addition a lag phase may have been expected to be observed in the release profile of 

a molecule larger then the available mesh size (Am Ende et al., 1995). As described in chapter 

4, the higher molecular weight dextrans were not accessible to all pores at 20°C (Section 4.4.6). 

At 20°C this effect would be more pronounced on increasing the amount of lactide within the 

hydrogel system. Therefore a molecular size gradient appears to have formed during the loading 

process, particularly with the larger dextrans.
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In the case o f the homopolymer, PNP (Figure 5.24 (a)), the average pore size was larger than 

D4, DIO and D40 however a m olecular size dependent gradient still appears to have formed 

during the drug loading process. Previous studies undertaken by Coughlan and Corrigan (2004) 

observed a similar molecular size dependent pattern in the release profiles o f dextrans from 

PNP. They found that the drying process also contributed to the molecular size dependent drug 

pulse whereby larger molecules appear to become preferentially entangled in the outer sections 

o f the hydrogel during loading and particularly drying leading to this moleceular size dependent 

gradient. Similarly variations in the pore size at the surface o f the gel could be accountable for 

the observed release.

When the release profiles were fitted to Peppas equation (2.25), better results were obtained 

(Table 5.6). The time needed for complete drug release was dependent on the gel composition, 

where a longer time was needed the higher the amount o f PLA incorporated into the hydrogel. 

Possible reasons may be entrapment o f the dextran fraction within the matrix. The dextran- 

loaded gels were yellow in appearance and these matrices remained yellow throughout the 

release experiment indicative o f entrapment o f  the drug within the hydrogel system. In chapter 7 

it will be seen that loading o f  the dextrans suppressed the rate o f  swelling o f  the co-polymers, 

the effect significantly increased the higher the MW o f the dextran. A slower rate o f  swelling 

and pore formation would be expected to lead to lead to a slower rate drug release. Also 

Coughlan and Corrigan (2004) observed an increase in swelling kinetics for dextran loaded PNP 

gels where the magnitude o f acceleration was dependent on MW o f the dextran. Therefore it is 

also likely that a secondary drug-polymer interaction between PLA and dextran is reducing the 

drug affinity for the buffer medium.

In the case o f PNP3.2 the mesh size characterised by SEM was 2.82^,m (chapter 4). D4 was the 

only fraction small enough to diffuse through the gel during loading. This is reflected in the 

prolonged release o f  the dextran fraction (D4), whereas an initial rapid release was apparent for 

the higher MW fractions (Figure 5.24(c)). PNP3.2 displayed a slow rate o f  hydration during 

swelling studies, which would lead to a slower formation o f  pores large enough to accommodate 

drug diffusion (chapter 4).

On examination o f the dextran release in relation to the various pore sizes, the higher MW 

dextran revealed a pattern whereby the smaller the pores size the slower the rate and duration 

needed for complete release. Due to the entrapment o f  the dextran n (diffusional exponent) 

values were <0.5. The drug release profiles from PNP3.2 were the slowest for all dextran 

fractions, attributable to the sm aller mesh size. In addition the mechanism o f  release varied from 

Fickian diffusion for the smaller Dextran fractions to values o f n<0.5 for larger dextran fractions
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reflecting the free space available for diffusion for smaller molecules and the greater hindrance 

o f the larger MW dextran.

(a)

ni
0)

c
g
o

1.2

1

0.8

0.6

0.4

0.2

0
0 1 2 3 4 5 6 7 8

Time [hours]

(b)

0.6

0.4

0.2

0 1 2 3 4 5 6 7 8

( C ) Time [hours]

0.9

0.8

(1)  0.7
(Aro
^  0.6

o
oro
ill

0.4
1  r0.3

0.2

0 1 2 3 4 5 6 7 8

Time (hours)

Figure 5.25; (a) Release o f the dextran fractions D4 (■), DIO (A),  D40 ( • )  and D70 (x) from 

(a) PNIPAAM (b) PNPI.2 and (c) PNP3_2at 37”C.
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At 37°C, the release o f D40 and D70 from PNP3.2 occurred gradually due the surface bound 

drug (Figure 5.25). However once the initial surface bound drug was released no further release 

o f the dextrans was observed due the hydrogel pore sizes being smaller than that o f  the dextran 

fractions. The increase in tem perature was to effectively stop the diffusion rate once the surface 

dextran was released.

5.5 Conclusions:

The degradation behaviour o f  these cross-linked hydrogel networks were very different from 

degradable linear system PLA. Co-polymerisation o f  PNIPAAM and PLA led to a significant 

increase in the rate o f  degradation below the LCST. The results demonstrated the strong 

coupling o f  the network m icrostructure to the degradation rate and swelling ratio. In addition the 

network structure was formed during polymerisation and can therefore be altered by changing 

the molar ratio o f  monomers. Increasing the PLA content led to networks with lower 

characteristic Me and pore sizes and hydrogels with lower slower swelling ratios. The chemistry 

o f the polymer also played an important role in determining the degradation properties. Co

polymerisation o f PNIPAAM and PLA led to an increase in the mechanical strength and 

increase in the degradation rate, the higher the PLA content. Overall by tailoring the network 

structure the desired hydrogel properties and degradation behaviour could be designed to meet 

specific criteria.

The purpose o f the study was also to determine if a range o f  different drugs could successfully 

be released from PNP-co-PLA hydrogels and if  the release could be controlled and predicted. 

The release kinetics were dependent on the temperature at which they were conducted with a 

higher rate o f release below the LCST. The smaller MW compounds revealed a trend towards 

zero order kinetics as the PLA content increased. Drug physicochemical properties played an 

important role in the release behaviour influencing both the rate and mechanism o f  release. The 

larger macromolecules showed a MW gradient upon loading.

At 37°C, due to the entrapment o f  the higher MW model compounds, degradation controlled 

release could be obtained. Network swelling and polymer-drug interactions controlled release 

profiles o f  the model com pounds at this temperature. Depending on the drug physiochemical 

properties degradation controlled release could be obtained.
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6.1 Introduction:

The degradation behaviour o f  PNIPAAM -co-PLA gels (MW 2000) was studied in chapter 5 

revealing a strong correlation between degradation and pore size. The mechanism o f  drug 

release and release profiles were dictated by hydrogel composition, drug physiochemical 

properties, and polymer-drug interactions.

The objective o f  this study was to examine the effect o f  increasing the molecular weight o f  the 

hydrogel component PLA on the degradation behaviour and drug release profiles from a range 

o f polymer networks. A series o f  biodegradable hydrogels by varying the molar ratio o f 

PNIPAAM to PLA (M W  12000) were synthesised as previously outlined in chapter 3. 

Degradation behaviour was investigated above and below the LCST. The effect o f  temperature 

on the rate o f  drug release as well as the influence o f gel structural properties on the release 

profiles were also investigated.
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6.2.1: SWELLING AND HYDROLYTIC DEGRADATION OF PNIPAAM-CO-POLY 
(LACTIC ACID) (MW12000) BASED HYDROGELS

Previously in Chapter 4 the swelling kinetics and equilibrium-swelling ratio during the initial 

stages o f immersion in PB (up to 3 days) for the hydrogel series were discussed. Figure 6.1 

shows the continuation o f the experiment over a two-month time frame both below and above 

the LCST. Below the LCST (Figure 6.1 (a)) no statistical difference was observed in the degree 

o f  swelling over time. Previously, in Chapter 5 a continual increase in weight was observed 

until the network could not sustain itself, which was attributed to hydrolytic degradation o f the 

polymers. By increasing the MW o f PLA it would be expected to take longer for hydrolytic 

degradation to occur. A larger pore size was observed for the gels composed o f PLA MW 12000 

facilitating a larger space for solute diffusion. A possible explanation for the steady mass is a 

continual uptake o f water counterbalancing the loss o f  degraded material. Above the LCST a 

noted decrease in the swelling ratio was observed after 3 weeks with the effect more 

pronounced the higher the amount o f PLA incorporated into the gel (Figure 6.1 (b)). This can be 

explained by combined effect o f  a larger porosity capacity for solute diffusion and higher 

temperature leading to degradation or autocatalysis o f lactic acid within the gel.
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Figure 6.1: Swelling ratio o f the hydrogel series PNP (■), P N P l.n , ( A )  PNP2_i2, ( • )  and PNP3. 

12 (x) as a function o f time at (a) 20°C and (b) 37°C.

At the end o f  the experiment the hydrogel discs were removed and dried under vacuum before 

being reweighed and compared to that o f  their original dry mass. A mass loss o f 36.5%, 17.5%, 

and 31.5% was obtained for P N P l.n , PNP2_i2, PNP3.12 gels respectively after ~2 months below 

the LCST in comparison to 24%, 24.5%), 51% above the LCST after the same time period. Mass 

loss results are indicative o f degradation with an overall higher rate o f  degradation observed
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above the LCST. As previously discussed in chapter 5, the molar ratios (weight) used to 

synthesise the gels were presented in Table 4.2 (P N P I .2  (84-16 w/w), PNP2.2 (76-24 w/w), and 

PNP3.2 (56-44 w/w)). These results suggest scission and release o f PNIPAAM bonds into the 

external media as a higher mass loss is observed relative to PLA component.

6.2.2 FTIR analysis of the degradation media

Once the swelling studies were conducted and the gels removed, FTIR spectroscopy was 

conducted on the degradation medium as previously described (Section 3.3.2) to detect the 

presence o f lactic acid or PNIPAAM fragments within the swelling media. The FTIR spectra o f 

PNP3.12 swelling m edia at both 20°C and 37“C are shown in Figure 6.2. The presence o f  PLA 

was evident in the co-polymeric systems as a broad absorption band between 1850cm ' and 

1600cm ' characteristic o f the carboxylic group and hydrolytic altered ester bond o f the PLA 

backbone chain. Also a strong presence o f PNIPAAM is seen at 1372cm'' characteristic o f  the 

isopropyl group. At 37'’C a weak peak at 1670cm'' representing the amide o f PNIPAAM is seen 

over shadowed by lactic acid ester bonds. The lower end o f  the spectrum revealed four 

absorption bands in the range o f  1088-864cm '. These bands are associated with C-O stretching 

groups,-C-C stretch and the -C -C O O  stretch which are most likely a mixed contribution o f  both 

PLA and PNIPAAM. The absorbance intensities revealed a trend whereby a higher absorption 

was apparent at the upper temperature (37°C). It is worth mentioning that mass loss studies after 

swelling were in good agreement with absorption intensities indicative that degradation was 

faster overall above the LCST.
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Figure 6.2: FTIR absorption spectra o f the degradation medium o f PNPS.n at 20"C and 3T’C. 

Also shown is the buffer medium (PB) in which experiments were conducted.
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6.2.3 Acid-Base T itra tio n s  o f d eg rad atio n  m edia

The swelling medium was also analysed after 2 months by acid-base titrations in order to obtain 

the calculated amount o f degraded material, LA, within the swelling media. Table 6.1 displays 

the relationship between hydrogel composition and the molar concentration o f LA degraded 

during swelling studies. At 20°C the calculated amount o f lactic acid within the swelling 

medium ranged from 0.0075M /L to 0.0158M /L and did not appear to follow a trend (Table 6.1). 

This could be attributed to random polymerisation defects within the system in question (PN Pl, 

12) as well as the possibility o f  the crosslinker degrading thereby leading to the formation o f 

acidic by-products. These results were in agreement with the pore size estimation observed 

using SEM images o f the degraded hydrogel systems removed from the swelling medium 

(Table 6.2) (Figure 6.3 and 6.4).

Table 6.1: The concentration o f LA present in the external medium after a 2-month period at 

20"C and 37’C. Also shown are the ratios o f the increase in amount o f LA present on increasing 

temperature.

Gel [COOH] in external media 

(20°C)(M/L)

[COOH] in external media 

(37‘’C )(M /L )

[COOH]37:[COOH]2o

PN PL , 2 0.0158 0.001 0.063

PNP2.,2 0.0075 0.0125 1.666

PNP3.,2 0.0108 0.0216 2.000

* Original dry disc ~ 0.2g

At 37°C a relationship was observed whereby the higher the amount o f  poly (LA macrmomer) 

incorporated into the gel the higher the amount o f LA seen in the swelling/degradation media. 

In Chapter 4, a higher rate o f  swelling and equilibrium swelling ratio was seen the higher the 

PLA content at this temperature. Therefore a larger space for solute diffusion would be expected 

to lead to faster rate o f  hydrolytic degradation. On increasing the MW o f PLA, it should be 

noted that degradation behaviour appears to be faster at 37”C than 20°C. The effect o f 

temperature on the rate o f degradation can be seen where a 1.66 and 2-fold increase in the 

amount o f  PLA within the degradation medium was present at 37“C for PNP2.12  and PNP3.|2 

hydrogel systems respectively (Table 6.1). In Chapter 5 the reverse trend was seen on 

incorporating PLA MW 2000 into the hydrogel systems where degradation appeared to be faster 

below the LCST. The reversal in temperature control on the degradation behaviour can be 

attributed to a significantly increased pore size at 37”C for the PNP-PLA .12 gels relative to that 

o f  the PNP-PLA _2 gels (chapter 4).
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At 20“C, the calculated am ount o f LA in the external media was 71 mg, 33.75mg and 48.6mg for 

PN Pl-2 , PNP2 and PNP3 respectively. Above the LCST, 4.5mg, 56mg and 97mg o f LA were 

present in the swelling media after 2 months. In addition the overall weight loss was determined 

relative to that o f  the dry discs revealing a 35%, 16.87% and 24.3% weight loss below the 

LCST while a 2.5%, 28% and 48%  was seen above the LCST. Similar weight losses were 

observed in Section 6.1 after swelling studies. The small differences can attributed to the 

scission o f  PNIPAAAM fragments during degradation, would not be detected.

6.2.4 Scanning electron microscopy (SEM)

The effect o f increasing the MW o f  PLA on the gels was seen to lead to a greater pore size and 

increase in structural integrity in Chapter 4. After incubation for 2 months the gels were freeze 

dried and examined using SEM to compare pore size before and after degradation. The results 

are tabulated below.

Table 6.2: Calculated pore size for hydrogel series before and after degradation at both 20“C 

and 37’C. Also shown is the difference in pore size deduced from data using image tool.

Hydrogel PLA (% )(w/w) Observed pore Observed pore Change in pore

size (i^m) size (|.im) after size due to

2 0 ^
60 Days degradation

PNIPAAM 0 8.52 ± 1.70 09.80 ± 1.05 1.28
PNPL,2 7 10.61 ± 0 .2 9 29.60 ± 4 .0 5 18.99
PNP2.12 14 11.06 ± 2 .4 0 23.74 ± 3 .0 2 12.68
PNP3.12 28 11.96 ± 3 .0 0 27.35 ± 4 .5 6 15.39
37“C
PNIPAAM 0 0.89 ± 0 .5 6 0 .9 5 0 ± 0 .1 2 0.23
PNPL,2 7 3.50 ± 1.23 07.64 ±2 .15 4.14
PNP2.12 14 7.18 ± 0 .3 8 12.70 ± 3 .2 0 5.52
PNP3.12 28 7.82 ± 3 .33 16.82± 1.74 9.00

The m orphological change o f  the PNIPAAM /PLA gels as a function o f  composition ratio was 

attributed to the swelling induced as well as the hydrolytic-induced pore formation (Figure 6.3- 

6.4). Since a lower crosslinking density was observed with the higher PLA content, the swelling 

induced porous structure occurred more rapidly when immersed in PB. From the values 

calculated using image tool presented in Table 6.2 the size o f  the pores became larger with time 

o f immersion due to hydrolysis. On comparing the SEM images o f  the same MW but different 

composition ratios all PNP3.|2 gels showed thinner walls and larger pore sizes and channels due 

to hydrolytic degradation o f PLA component.
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(c i) (c ii)

Figure 6.3: SEM  images (x 500) o f  (a) PNP-1.12, (b) PNP2.J2 (c) PNP3.I2 before (i) and after (ii)

degradation at 20'C
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(a  i) (a ii)

47423 WDlO.dmra S.OkV k 500 JOOum

47410 HDll.Bmm S.OkVxSOO lOOum

Figure 6.4: SEM  images (x 500) o f  (a) PNP-I.12, (b) PNP2.I2 (c) PNPS.i^ both before (i) after

(ii) degradation at STC.

Above the LCST (37“C) a trend emerged whereby the higher the equilibrium -swelling ratio and 

percent PLA incorporated into the hydrogel the larger the increase in pore size after 

degradation. These results were in good agreem ent with [COOH] present within the swelling 

media. A trend emerged whereby the higher concentration o f  [COOH] detected in the swelling 

medium the larger the change in pore size observed after 2 months, as a result o f  hydrolytic 

degradation (Figure 6.5). Below the LCST, a linear relationship was apparent between the 

change in pore size and the [COOH] detected in the swelling media with a value o f 0.9615 

(Figure 6.5).
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Figure 6.5 [COOH] and the change in the porosity o f the gels after degradation studies

at 20'C (u) and 3TC  (a).

Overall it was apparent that by increasing the MW o f PLA component a reversal in temperature 

control on the rate o f  degradation o f these hydrogel systems was achieved. In order to analyse 

the impact o f co-polymerisation o f  PLA with temperature sensitive polymers, pure PLA 

degradation kinetics were analysed in the following section.

6.2.5: Swelling and hydrolytic degradation o f poly (Lactic acid) (M W 12000) in aqueous 

solution:

6.2.5.1: Swelling and hydrolytic degradation o f PLA:

The swelling o f the PLA tablet (M W  12000) in PB is shown in Figure 6.6. At 20°C the water 

sorption proceeds for the first 12 days at a rate much lower than that o f  the specimen with MW 

2000. At this point it is possible that equilibrium is reached whereby the rate o f swelling and 

degradation become equal during this period, so that no change in weight is observed. A second 

swelling stage emerged after this point where an increased rate o f water uptake is recorded. This 

suggests that degradation o f the higher MW PLA leads to a modified product that is more 

susceptible to swelling compared with the polymer o f low MW (Andreopoulous et al., 1999).
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Figure 6.6: Swelling ratio o f  PLA (M W  12000) as a function o f time at 20"C (■) and 37“C (□).

Temperature was shown to have a significant impact on the rate o f degradation o f PLA in 

Section 5.2. From the curve in Figure 6.6 at 37°C it is clear the sorption o f  medium accelerates 

after 2 days and further increases after 5 days. At this time there is ~two-fold increase in the rate 

o f  water sorption relative to the results observed at 20°C. The increase in water uptake is 

consistent with degradation (Andreopoulous et al., 1999).

6.2.S.2: FTIR analysis o f the degradation medium

FTIR spectra o f  the swelling media in which the PLA tablets were immersed are shown in 

Figure 6.7. The absorption intensities are higher at 37°C than at 20“C also indicative that 

degradation occurs faster at the upper temperature. The spectral evaluation o f the stretching 

vibrations corresponded with that o f  PLA MW 2000. Carbonyl stretching vibration between 

1800cm ' and 1600cm ' was seen characteristic o f  ester bond. The presence o f  water was seen 

on active sites o f  PLA similar to that o f PLA MW 2000. However absorbance intensities were 

significantly larger due to a larger number o f repeating units. The lower end o f  the spectra 

revealed 3 strong absorption bands at 1080, 988 and 863 which were assigned to the -C O - 

stretch, -C-C- stretch and the -C -C O O - stretching o f  PLA (Section 5.1). Increasing the 

molecular weight resulted in stronger intensities as would be expected due to a larger number o f  

repeating units. This was also reflected in the amount o f  water bound to the PLA active sites at 

1600cm '.
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Figure 6.7: FTIR spectra o f PLA (M W  12000) swelling media after degradation studies

at 20“C and 37°C.

6.2.S.3: Acid-base titrations of swelling media

The concentration o f PLA detected within the swelling media was quantified employing acid- 

base titrations using phenolphthalein as an indicator. The concentration [COOH] at 20“C and 

37°C detected within the media was 0.014167M/L and 0.0325M/L respectively. These results 

were used to calculate the mass o f LA  present within the degradation medium and gave values 

o f 0.06g (30%) and 0.146g (73%) respectively indicative more than a ~2.4-fold increase was 

seen on increasing the temperature. On comparing these results with the smaller MW PLA (MW  

2000) a slower degradation is observed which would be expected.

6.2.6 Conclusions

In the case o f Linear PLA, all analytical techniques were in good agreement displaying an 

increase in degradation at higher temperature. This was evident in swelling studies in addition to 

quantitative and qualitative methods employed in identifying and calculating the degree o f 

degradation. Higher absorption intensities were seen in FTIR at 37°C as well as over a two-fold 

increase in the amount o f LA seen in the swelling medium after degradation on increasing 

temperature. Furthermore on comparing these results with co-polymeric systems, it is evident 

that changing environmental and structural parameters o f the polymers can alter the degradation 

behaviour. Hydrogels offer a more open network susceptible to hydrolytic degradation. By 

altering the monomer ratios, hydrophobicity, hydrophilicity and the crosslinking density, the 

degradation o f the three dimensional networks can be modified for specific criteria.
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6.3. Model drug release:

As previously seen in chapter 5 the rate of swelling, size o f the polymer network and the 

physicochemical properties o f the drug molecule influence the drug release profiles or the 

mechanism of release. In chapter 4 a noted increase in the pore size and swelling trend was 

observed for the hydrogel series with PLA MW12000. In this section investigation o f the model 

drugs from PNP2_i2 containing MW PLA 12000 was undertaken and the effect o f hydrogel 

composition on their release profiles examined.

6.3.1 Release of Small molecular weight compounds from PN Pl.n

Release o f the small molecular weight compounds from PNP2_i2 at both 20 and 37°C in 900ml 

PB over 48 hours was examined (Figure 6.8). The fraction released at both temperatures was 

plotted against the square root of time to give the release rate constants kh2o and kh3? (Table6.2.).

Table 6.2 Release rate constants (kjfJ o f  model compounds at 20"C and 3T’C from  PNP2.J2 

calculated with equation 2.22 (Higuchi, 1961) along with their co-efficient o f  determination 

(CD). Also shown is the release rate constant (kjp) are their diffusional exponents when n is 

allowed to vary (Peppas, 1985).

F=kt"' F = kf

2 0 ‘C Aj««(min‘'^)(xlO^) C.D ^j/,2o(min')(xl0^) n ±s.d C.D. k(lH37-' k jh 2 0

DH 3.841 ±0.0036 0.8928 0.751 ±0.1008 0.8451±0.027 0.9983 0.4186:1

SA 3.143 ±0.0004 0.9929 2.287±0.1614 0.5589±0.012 0.9982 0.4101:1

IDM 1.603 ±0.0005 0.9515 1.859 ± 0.3378 0.5822±0.058 0.9599 0.6356:1

3T‘C ^<y«7(min“^)(xl0^) C.D. ^</pi7(min')(xl0^) n ±s.d C.D. k j h 3 7 - k jh 2 0

DH 1.608 ±0.0003 0.9848 1.859±0.2512 0.4769±0.021 0.9864

SA 1.289 ±0.0073 0.9987 1.436 ± 0.03625 0.4835±0.003 0.9951

IDM 1.019 ±0.0075 0.9982 0.973 ± 0.0478 0.5066±0.006 0.9984

The increase in pore size resulted in rapid drug diffusion at both temperatures with least thermal 

control observed by IDM. As previously seen in chapter 5, the release rate constants increased 

with increasing solubility at both temperatures. When the diffusional exponent was allowed to 

vary (EQN 2.25) the contribution of swelling to the release mechanism could be examined. At 

37°C all systems were characteristic o f Fickian diffusion. The ability to thermally control the 

rate of release was less successful using gel composed of a higher MW PLA. The ratios between 

kj | ,3 7 and kji,2o shown in Table 6.2 indicate poorer thermal control on increasing temperature 

relative to that of the systems composed o f PLA MW 2000.
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C hapter 6: An Investigation into the D egradation and Release K inetics from  a Series o f  Gels Synthesised by varying
the M olar Ratio o f  PN IPAA M  to PLA (M W  12000).

At 37“C a noted increase in the diffusional exponent occurred as the solubility o f the model 

drugs increased. After 48 hours DH and SA had reached 90% release whereas IDM had reached 

50% release. However a 2.2 fold increase in the release o f IDM was observed in comparison to 

that o f  the hydrogel system with PLA 2000 incorporated into the gel. This can be attributed to a 

significantly larger mesh size above the LCST on increasing the MW o f the PLA co-monomer.

At 20°C the diffusional exponent was dependent on the drug physiochemical properties where n 

approached unity as the pKa increased. Increasing the m olecular weight o f  PLA resulted in an 

increase in the overall rate o f  drug release and the mechanism o f  release was dependent on the 

PLA component. This is apparent in the lower diffusional exponent o f  SA in comparison with 

the release exponent from co-polymeric systems o f  lower MW PLA, indicative o f  polymer drug 

interactions.

The time needed for total drug release varied from 2 to 5 days, with DH taking 5 days and SA 

and IDM taking 2 days. The significantly larger mesh size on increasing the MW PLA did not 

significantly change the rate o f DH release, however a noted increase in the diffusional 

exponent as well as the duration for total drug release was observed. The model compounds 

with poor solubility, IDM and SA, resulted in an increase in drug release relative to that o f  PLA 

MW 2000 systems, which can be attributed to a larger space for solute diffusion and dissolution.
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6.4 AN INVESTIGATION INTO THE EFFECT OF THE PLA (MW 12000) ON THE 

RELEASE KINETICS FROM PNIPAAM-PLA HYDROGELS

The drug release studies presented in section 6.3 were preformed using PNlPAAM-co-PLA (86- 

14 molar ratio NIPAAM-PLA respectively) PNP2.|2 hydrogel. Three other hydrogel systems 

were also synthesised by varying the molar ratios of PNIPAAM to PLA (MW 12000); the 

homopolymer PNP, PN Pl.n and PNPS.^. As previously seen, degradation behaviour can be 

manipulated by introducing co-monomers. The aim of the present study was to evaluate the 

drug release from the hydrogel series with PLA MW 12000 incorporated into the backbone of 

the three dimensional network.

6.4.1 DH release from PNP-PLA . 1 2  hydrogel systems

The fraction of release of DH as a function of time at 20°C and 37“C from the various hydrogel 

systems is displayed in Figure 6.9. The release was greater at 20°C due to a greater contribution 

of swelling. The difference in the release profiles was reflective of the increase in the PLA 

content. The fraction o f release was fitted to equation 2.25 (Peppas, 1985) (Table 6.3) and there 

was a significant increase in the release rate constant with increasing the amount of PLA 

incorporated into the gel.
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Figure 6.9: The fraction o f DH released over time at both (a) 20°C and (b) 37°C from the

hydrogels series PNP (■), PNPLn (A) ,  PNP2_|2 ( • )  and PNP3.12 (x).
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Table 6.3: Release rate constants (kjfJ o f  DH, SA and ID M from  PNP-PLA.u hydrogels at 20 

and 37'C calculated using Equation 2.22 (Higuchi, 1961) along with their co-efficient o f  

determination (CD). Also shown is diffusional exponent (n) and release rate constant (kjp) 

estimated using 2.25 (Peppas, 1985).

20°C F = k h“ ' F=kt"

k,/l,20

(min“^)(xlO^)

C.D. \^cip20

(min')(xlO^)

n ±s.d C.D. k<ili37:k<yi,20

PNP (DH) 2.43±0.08 0.9572 1.132±0.38 0.5944±0.06 0.9710 0.3584:1

PNPI,2(DH ) 3.84±0.03 0.9345 1.688±0.53 0.6953±0.06 0.9840 0.5208:1

PNP2,2(DH) 4.21±0.04 0.8928 0.75U0.10 0.8451±0.02 0.9983 0.3800:1

PNP3|2(DH) 5.26±0.02 0.9702 4.882±1.30 0.5207±0.08 0.9713 0.8041:1

PNP (SA) 2.48±0.07 0.9545 1.206±0.09 0.4671±0.04 0.9957 0.2700:1

PN P L |2(SA ) 2.72±0.04 0.9903 1.845±0.16 0.5702±0.01 0.9973 0.4705:1

PNP2.|2(SA) 3.14±0.04 0.9929 2.287±0.16 0.5589±0.01 0.9982 0.4076:1

PNP3.|2(SA) 3.31±0.06 0.9883 2.814±0.44 0.5314±0.03 0.9900 0.6737:1

PNP (IDM) 1.36±0.12 0.6693 0.946±0.02 0.6008±0.01 0.9997 0.2000:1

PNPI|2(IDM ) 1.64±0.04 0.9742 0.711±0.06 0.6468±0.01 0.9977 0.2579:1

PNP2,2(!DM) 1.60±0.05 0.9515 1.859±0.33 0.5822±0.05 0.9599 0.6875:1

PNP3|2(IDM) 1.44±0.15 0.7594 0.01 liO.Ol 1.3370±0.21 0.9258 1.1805:1

37°C k jh 3 7 C.D. Kipio n ±s.d C.D. kjl,37:k^,20

PNP (DH) 0.871±0.04 0.9087 1.498±0.37 0.4358±0.03 0.9483

PNP1|2(DH) 2.050±0.02 0.9913 2.466±0.25 0.4675±0.01 0.9934

PNP2,2(DH) 1.600±0.03 0.9848 1.859±0.25 0.4769±0.02 0.9864

PNP3|2(DH) 4.234±0.02 0.9439 2.112±0.55 0.6629±0.08 0.9854

PNP (SA ) 0.671±0.06 0.9973 0.703±0.99 0.4939±0.01 0.9974

PNP1.,2(SA) 0.788±0.02 0.9545 1.572±0.19 0.4080±0.03 0.9856

PNP2.|2(SA) 1.289±0.73 0.9987 1.436±0.03 0.4835±0.01 0.9951

PNP3.,2(SA) 2.230±0.01 0.9983 1.897±0.05 0.5285±0.01 0.9996

PNP (IDM) 0.272±0.05 0.4724 2.69E'“±1.05E‘' 1,97±0.2440 0.9349

PNPI,2(IDM ) 0.423±0.04 0.6737 0.986±0.06 0.3964±0.08 0.6296

PNP2|2(IDM) 1.109±0.07 0.9982 0.973±0.04 0.5066±0.01 0.9984

PNP3|2(IDM) 1.709±0.03 0.9842 2.278±0.28 0.4493±0.02 0.9898

At 20°C, introducing PLA resulted in non-Fickian release pattern (Peppas, EQN 2.25). In order 

to compare the release rates the diffusional exponent was fixed as 0.5 and reasonable fits were 

obtained as shown in Table 6.3. A plot of the release rate against the percent of PLA and the
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pore size gave a linear relationship with values o f  0.922 and 0.978 at 20°C respectively 

(Figure 6.10). P N P l.n  and PNP2.|2 displayed a continuous release in drug after 24 hours 

whereas PNPS.^ had levelled o ff with -9 5 %  o f the total drug released within 8 hours. After 3 

days ~95% release was achieved from all systems.
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Figure 6.10 (a); Relationship between the hydrogel composition and release rate constant o f DH 

at 20°C (■) and 37°C(n) (b); Relationship between the release rate constant o f  DH and pore size

at20°C  (■ )and37°C (n ).

At 37'’C, release was much slower than at 20°C and increased with increasing PLA content, as 

did polymer swelling. The diffusional exponent increased as PLA content increased varying 

from Fickian to anomalous diffusion indicative that the mechanism o f  release above the LCST 

was composition dependent. After 3 days drug release levelled o ff  with 95%, 80% and 60% o f 

the total drug was released for PNP3_i2, PNP2_i2 and P N P l.n  respectively. No further release 

was seen without decreasing the temperature. Above the LCST, an upward trend was seen 

between the pore size and release rate constant.

The thermal ability to control the rate o f  release decreased as the percent o f PLA increased. This 

can be explained relative to the differences in the swelling kinetics as well as the equilibrium- 

swelling ratio. A significant reduction in the crosslinking density was seen using the Flory- 

Rehner theory (Section 4.4.5), on increasing MW o f PLA in addition to the amount o f PLA 

incorporated into the gel. This led to a higher swelling ratio o f the gels at both temperatures the 

higher the PLA content. Similarly an increase in pore size was observed with increasing PLA
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the Molar Ratio o f PNIPAAM to PLA (MW 12000).

content using SEM. These results are illustrated by the ratio of the rate constants at both 

temperatures in Table 6.3 where the ratios varied dependent on composition.

6.4.2 SA release from PNP-PLA . 1 2  hydrogel systems

The release profiles of SA at 20°C and 37°C are displayed in Figure 6.11
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Figure 6.11: The fraction o f SA release over time at both (a) 20°C and (b) 37°C from the 

hydrogels series PNP (■), PN Pl . , 2  (A) ,  PNP2.,2 ( • )  and PNP3.,2 (x).

PNP3.I2 gel had the fastest SA release rate of the all the gels at both temperatures, which in turn 

is reflective o f the swelling kinetics. The release rate had a linear correlation with hydrogel 

composition at both temperatures with values of 0.984 and 0.9246 at 20°C and 37°C 

respectively. At 20°C the release behaviour for the co-polymeric systems was characteristic of 

non-Fickian behaviour. A levelling off o f drug release was achieved within 24 hours for all 

systems.

At 37”C the rate and duration needed for total drug release were significantly influenced by 

hydrogel composition. This can be attributed to the collapsed state o f the hydrogel network. The 

diffusional exponent increased as the percent of PLA increased. In addition the mechanism of
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release and rate of release of SA from the hydrogel series was controlled by the pore size 

available for diffusion at both temperatures. A statistical difference (p<0.05) was observed 

between the pore size and rate of release at both temperatures (Figure 6.12) and a trend was 

established with a value of 0.9051.
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Figure 6.12 Relationship between the release rate constant ofSA from the hydrogel series and 

the pore size o f the hydrogel series.

6.4.3 IDM release from PNP-PLA . 1 2  hydrogel systems

The release profiles of IDM at both temperatures from the hydrogel series are shown in Figure
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Figure 6.13: The fraction of IDM release over time at both a) 20°C and b) 37°C from the 

hydrogels series PNP (■), 93-7 (A) ,  86-14(«) and 72-28(x).
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At 37°C, the release rates from the hydrogels corresponded to the swelling pattern above the 

LCST with a linear correlation (R^=0.9610) between the rate o f IDM release and hydrogel 

composition (Figure 6.14 (a)). The release kinetics are characteristic o f Fickian diffusion. A 2- 

fold increase was seen in the release o f IDM on increasing the MW o f PLA. This can be 

attributed to the lower crosslinking density o f the three dimensional network leading to a more 

porous structure. As a result o f a larger more open network the ability to thermally control the 

release o f IDM significantly decreased (p<0.05). After 3 days PNPS.n had successfully released 

the total amount o f IDM loaded.

O
X

d

s 1tf)
8 0.8 
d>
(A

S 0.6
y =  0 .1 8 9 7 X -0.0415  

= 0.8661
0.4ro

a:
0.2

0 5 10 15

(a)

o
X

c
E
2
cro
05
c
oo
(U(/)nj0
(U
(U

CH y = 0.0544x + 0,2124 

= 0.961
0.2

200 10 30

% PLLA
Pore size (urn)

Figure: 6.14 (a); Relationship between hydrogel composition and release rate constants o f IDM 

at 20°C (■) and 37°C(n) (b): Relationship between release rate constants o f IDM and pore size 

o f the hydrogel series at 20°C (■) and 37°C (□).

At 20”C, in the case o f the co-polymers, drug release was faster, the greater the rate o f swelling. 

Increasing the amount o f PLA appeared to assist the release IDM in the early stages after 6 and 

8 hours for PNP3.|2 and PNP2.|2 respectively. The release mechanism (Peppas EQN. 2.25) 

characteristic o f non-Fickian behaviour, approached unity as the concentration o f PLA 

increased. The release rate decreased as the percent o f PLA incorporated into the gel increased 

(Figure 6.14 (a)). A possible explanation maybe hydrophobic interaction between the model 

drug and PLA component in the gel. Figure 6.154 (b) displays the relationship between the pore 

size and release rates, which indicate an increase in the rate o f release as the pore size increases 

above the LCST, however composition appears to play an important role below the LCST.
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6.5: Conclusions:

The degradation behaviour was significantly altered by incorporation o f  high MW PLA and the 

MW effect was composition dependent. Co-polymerisation o f PNIPAM with PLA.n led to a 

significant increase in the pore size and reduction in the crosslinking density relative to PNP- 

PLA .2 systems as previously seen in Section 4.12. The swelling kinetics therefore were also 

modified leading to a greater space for solute diffusion. As a result an effective reversal in the 

control o f the rate o f  degradation was observed on switching tem perature from below to above 

the LCST in comparison to that o f  the sm aller MW PLA hydrogel series. All systems revealed a 

similar trend whereby the higher the PLA component incorporated in to the gel the faster the 

degradation behaviour both below and above the LCST.

Release studies varied from Fickian diffusion above the LCST to anom alous or case 11 diffusion 

below the LCST. All model drug compounds had relatively small molecular diam eter relative to 

that o f  the mesh size o f  co-polymeric systems indicating degradation was not necessary for 

release to occur. The release kinetics were dependent on the tem perature at which they were 

conducted with a higher rate o f release overall below the LCST. IDM, a poorly soluble drug, 

revealed a faster rate o f  release above the LCST as a result o f  the increased mesh size o f  

P N P 3.I2-  Another contributing factor o f the fast release rate from P N P 3 . |2  at 37“C could be the 

relative closeness o f  that temperature to the LCST. As a result the swelling ratio would be 

relatively large allowing diffusion o f  the drugs from a looser network compared to that o f  a 

fully collapsed network. However, drug physiochemical properties played an important role in 

the release behaviour both influencing rate and mechanism o f release.
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THE EFFECT OF DRUG PHYSCIOCHEMICAL PROPERTIES ON SWELLING/ 

DESWELLING KINETICS AND PULSATILE DRUG RELEASE FROM PNP2.2



Chapter 7 : The E ffect o f  Drug Physicochem ical Properties on S w ellin g /D esw ellin g  K inetics and Pulsatile Drug R elease
from PNP2.2.

7.1 INTRODUCTION:

As discussed in chapter 2, the m ajority o f  the published research focused on achieving 

therm oresponsive pulsatile drug delivery has involved heterogeneous PNIPAAM  gels. H ydrophobic 

BMA is the m ost w idely researched co-m onom er introduced into PNIPAAM  gels for pulsatile drug 

delivery. These delivery system s have proved successful in increasing the m echanical strength and 

have achieved “o n -o ff’ regulation o f  drug release in response to external tem perature changes. 

Com plete “o n -o ff ’ regulation o f  drug release using poly (N -substituted acrylam ide) co-polym ers 

has been explained by the presence o f  a surface m odulated polym eric skin layer form ation. A ltering 

the length and m obility o f  the alkyl side chains has controlled this dense skin layer process [Okano 

e ta l., 1990, and Bae et al., 1991, Y oshida et al., 1991, G utow ska et al., 1992].

Limited research is available on degradable pulsatile drug delivery system s. Therm oresponsive 

degradable polym eric m icelle system s have been developed but not investigated for on-off 

regulation o f  drug release (Liu et al., 2003). M akino et al., (2000) achieved pulsatile release o f  

estradiol from poly (lactide-co-glycolide) m icrospheres. Such system s cannot be controlled by 

stimuli to trigger pulsatile release. Instead control o f  pulsatile release from such system s was 

limited to the tim e needed for the system s to degrade. Recently degradable therm ally sensitive 

iTiicelles made from poly (N -isopropylacrylam ide-co-N ,N -dim ethylacrylam ide-b- poly(D ,L- iactide- 

co-glycolide)) have been developed (Liu et al., 2005). Their findings indicated drug release could 

be tailored by altering the length o f  the PLGA block. The results showed drug release responded to 

environmental changes how ever the ability to control “o n -o ff’ release has not yet been investigated.

The present chapter exam ines pulsatile drug release from a novel therm oresposive biodegradable 

hydrogel. PNP2.2 was chosen as the tailored hydrogel to obtain better control over degradation and 

drug release. By introduction o f  PLA into the backbone o f  the gel, m anipulation o f  the LCST was 

achieved to that near o f  body tem perature (Section 4.4.2). The ability o f  PN lPA A M -co-PLA  to 

therm ally switch o ff  drug release will be exam ined using a range o f  m acrom olecules and small 

m olecular weight com pounds. The extent to which the chosen model com pounds or drug influenced 

the rate o f  sw elling o f  the system, the drug diffusivity w ithin the gel and diffusional release rates o f  

the drug from the system  as well as the size o f  the drug pulse seen follow ing contraction will be 

examined. A range o f  probe m olecules varying in physiochem ical properties such as m olecular 

weight, solubility, and chemical nature were chosen as model com pounds. The hydrogels were 

loaded with drug solutions as described previously (Section 3.4) and their sw elling/contraction rates 

examined.
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7 .2  IN F L U E N C E  O F  M O D E L  D R U G S  O N  S W E L L IN G /D E S W E L L I N G

In chapter 4 , the sw e lh n g  and d e sw e llin g  /con traction  patterns o f  the un loaded  PNP2.2 d isc  in PB on  

sw itch in g  tem perature b etw een  20°C  and 37°C  w a s sh ow n  in F igure 4 .2 2  a lo n g  w ith  the  

corresp on d in g  sw e llin g  and contraction  rates. T he sw e llin g  (k ji) w as proportional to  the square root 

o f  tim e during the first sw e llin g  period  at 20°C  (0-1 hr) (E quation  2 .2 2 , H ig u ch i), w hereas a 

d ecrease  in the d iffu sio n  exp on en t w as ob served  during the seco n d  sw e ll in g  period  at 20°C  (4-7hr).

A ll stu d ies undertaken in the fo llo w in g  chapter in v o lv ed  th e  use o f  PNP2.2 h yd rogel system . T he  

sw e llin g  and contraction  patterns o f  the d ru g-loaded  d is c s  are sh ow n  in F igure 7 .1 (a -d ) a lon g  w ith  

the corresp on d in g  pattern for the un loaded  h ydrogel (sh o w n  as a d ashed  lin e). T h e in flu en ce  o f  the 

various drugs on the sw e llin g  contraction  pattern w as a lso  quantified  u sin g  the sw e llin g  rate 

con stan ts (k^i, ks2 ) and the m axim um  contraction  rates (kMci> kMC2 )- T h e  v a lu es ob ta in ed  are sh ow n  

in T ab le 7 .1 .

7 .2 .1  S m a ll m o le c u la r  w e ig h t  c o m p o u n d s :

T h e e ffec t o f  each  o f  the hydroph ob ic drugs w as to d ecrea se  the rate o f  sw e llin g  o f  the hydrogel 

w h ile  the reverse w as seen  in the ca se  o f  d iltiazem  hydroch loride. T he data in T ab le  7.1 ind icates  

that during the first sw e llin g  period  (ksi), the sw e llin g  k in etics  g a v e  reason ab le  fits  w h en  described  

as d iffu sion  con tro lled . T here w as no statistica l d ifferen ce  in the sw e llin g  rate b e tw een  d iltiazem  

and in d om eth acin  loaded  h yd rogels w h ereas a 1 .5 -fo ld  in crease  in the rate o f  in d om eth acin -load ed  

hydrogel w as ob served  in com p arison  to  that o f  sa lic y lic  acid. T h e e ffec t o f  the drug w as to  

d ecrease  the rate o f  d iffu sio n  o f  the m ed iu m  into the h yd rogel netw ork at 20°C .

T he sw e llin g  rate during period  2 w as s ig n ifica n tly  greater than that during period  1. T h is  e ffec t can  

be attributed to the d im in ish in g  e ffec t o f  the drug-m atrix  interaction  o v er  tim e as th e  outerm ost 

layer o f  the g e l b eg in s to  sw e ll and drug is  released . A  d ecrease  in the d iffu sio n a l ex p o n en t (n < 0 .5 )  

during period  2 w as seen  o f  the order D H > D B > 1 D M > S A  com pared  to  that o f  the un loaded  gel 

(T ab le  7 .1 ). T he ch an ge  in the sw e llin g  rate constan t is  d ep icted  in F igure 7 .2  w h ich  sh o w s a 

relationsh ip  (R^= 0 .9 1 0 2 )  b etw een  the sw e llin g  rate con stan t during period  1 (k s i)  and d iffu sion a l 

ex p o n en t (n ) for the sw e llin g  during period  2.
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Figure 7.1: Swelling-contraction of unloaded hydrogel disc (—) on temperature switch between 20°C and liTC for comparison with drug loaded 

systems (A) DH (♦), and DB (0), (b) INDO (c) SA and (D) D4 (■), DIO ( A), D40 (•)  and D70 (x).
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Table 7.1: Sw elling rate constants (kj) and maximum contraction rates (kmc) for the two swelling-contraction cycles (Fig 7.1(a-d).

M - kdt"^ M==kdt"

(ksl)
(m in °^ )(x lO -)

C D (ks2)
(min°^)(xlO-)

C D Diffusional  
Exponent (nj)

C D Diffusional
Exponent(n2)

CD kM C l

( m in ' ) (x lO ')

klvlC2

(min')(xlO")

unloade 10.108±0.41 0.9538 13.53±0.93 0.7709 0.3616±0.022 0.9938 0.3I88±0.044 0.9 189 8.50±0.I9 13.15±0.32

DH 10.80±0.36 0.9715 14.90±0.97 0.7298 0.4292±0.005 0.9805 0.3076±0.095 0.9952 8.96±0.2 I7.43±0.22

DB 8.18±0.37 0.9441 9.91±0.67 0.6921 0.370U 0.0I8 0.9794 0.3049±0.028 0.9966 7.53±0.1 10.I6±0.0

IDM 7.67±0.26 0.9696 I0.I3±0.8 0.5100 0.4104±0.075 0.9844 0.2596±0.033 0.9690 6.77±0.0 8.31±0.01

S.A 4.88±0.22 0.9510 6.79±0.64 0.4083 0.5050±0.033 0.9510 0.2315±0.024 0.9783 6.37±0.079 8.29±0.02

D4 7.83±0.22 0.9828 11.83±0.70 0.7875 0.5848±0.028 0.9920 0.3246±0.015 0.9884 7.77±0.021 I2.83±0.25

DIO 6.45±0.23 0.9758 10.79±0.79 0.8960 0.6384±0.095 0.9974 0.3652±0.015 0.9903 7.35±. 064 12.78±0.14

D40 6.50±0.20 0.9800 9.90±0.50 0.8627 0.5822±0.011 0.9883 0.354l±0.026 0.9780 7.39±. 090 10.80±0.09

D70 5.82±0.19 0.9777 8.87±0.90 0.9035 0.5798±0.019 0.9858 0.3708±0.056 0.9877 6.54±0.154 8.79±0.021
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Figure 7.2: Relationship between the swelling rate constants (k î) and diffusional exponent (n )̂ during the 

second swelling period.

The sw elling level prior to tem perature switch influenced the m agnitude o f  contraction at the switch 

tem perature. The rate o f  sw elling decreased in the order DH>DB>1DM >SA whereby the low er the 

sw elling at a particular time the sm aller the m agnitude o f  contraction. At 37”C, (the residual 

sw elling volum e), a sim ilar trend was observed whereby the physicochem ical properties o f  the 

drugs influenced the m agnitude o f  the residual sw elling volum e. A noted increase in the sw elling 

was observed in the case o f  DH whereas the rem aining com pounds decreased the sw elling ratio 

relative to that o f  the unloaded hydrogel.

7 .2 .2  D ex tran  p u lsa tile  sw ellin g :

The loading o f  the series o f  dextrans ranging in m olecular w eight from 4000 to 70,000 Daltons 

suppressed the rate o f  sw elling o f  the PN lPA A M -co-PLA .2  hydrogel (Figure 7.1(d)). This effect 

was significantly increased (p<0.05) the higher the m olecular weight o f  dextran. Coughlan and 

Corrigan (2004) studied the sw elling o f  dextran fractions in PNIPAAM  and found an increase in the 

rate o f  sw elling due to the hydrophilic nature o f  dextran. The decrease in the sw elling o f  the 

dextran-loaded polym ers could be attributed to binding o f  the dextran fractions in the PLA

y = 0.0086X + 0.1851 
= 0.9102

---1 I —-—-T ■■■ ■■- r
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com ponent o f  the polymer. The binding o f  the dextran containing hydroxyl groups to the ester bond 

is sensitive to hydrolytic cleavage (Larson, 1998). Sw elling during period 1 (0-1 hrs) was 

characteristic o f  anom alous behaviour, suggesting a relaxation-controlled m echanism.

Both sw elling periods at 20°C were fitted to equation 2.25,(H iguchi 1961) in order to com pare 

swelling rates. The sw elling profiles gave a reasonable fit to the diffusion-controlled model. In each 

case the sw elling rate constant during period 2 was significantly greater than that during period 1 

and a decreasing trend (R^=0.9692) was observed between the swelling rate constant and the logged 

m olecular weight o f  each dextran fraction (F igure 7.3). The rate constant decreased from 7.83(xlO^) 

(min'^*^) to 5.82(xlO^)(min'®^) depending on the MW  dextran loaded in the gel.

y = -2.1963X+ 19.709 
= 0.9692

10 -

R  ̂= 0.7732

D)

3 3.5 4.5 54

Log m olecular weight (D aftons)(x10^)

Figure 7.3: Relationship between the molecular weight o f  the dextrans and the swelling rate constant o f  

loaded dextran hydrogel during swelling period  I(m) and period  2(a).

The residual volum e at 37“C following the first contraction period was sim ilar or decreased in 

com parison to that o f  the unloaded hydrogel due to the presence o f  dextran. The effect is more 

apparent the higher the MW  o f  dextran as indicated above.

The decrease in the rate o f  sw elling caused by the dextrans m olecules resulted in a smaller 

m agnitude and rate o f  contraction on sw itching the tem perature (Table 7.1). The higher the swelling 

level attained, the greater the m agnitude and rate o f  contraction (Figure 7.1).
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For all the drugs exam ined, a linear relationship existed betw een the total m agnitude o f  contraction 

and the Kmc (Figure 7.4 (b)). In the case o f  the sm aller m olecular weight drugs a plot o f  swelling 

level prior to sw itch against the total contraction gave a value o f  0.8324 while the dextran series 

gave a value o f  0.9398 (Figure 7.4(a)). The sw elling and contraction cycles o f  the 

therm oresponsive hydrogels were therefore shown to be strongly influenced by the physiochem ical 

properties o f  the loaded drug.
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Figure 7.4: Relationship between total magnitude o f  contraction and the (a) fraction swollen prior to switch

(b) maximum contraction rate (K^c)-
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The hydrophilic model drug DH increased the rate o f  sw elling o f  the hydrogel while other 

com pounds decreased the rate o f  sw elling for all drug-loaded hydrogels. The effects o f  the 

incorporated drugs influenced not only the rate o f  sw elling but in turn influenced the swelling prior 

to switch and the m agnitude o f  contraction. Polym er-drug interactions/binding may be playing an 

im portant role in the swelling kinetics. Tarvainen et al., (2006) loaded neutral and acidic drugs in to 

co-polym eric system s containing PLA and noted a catalytic effect on the degradation rate o f  the 

polym er system. In the following section, the effect o f  the level o f  sw elling which in turn is related 

to the pore size and m agnitude o f  contraction will be exam ined in relation to the pulsed drug 

delivery. Analysis o f  the drug release kinetics will be examined.

7.3 Pulsatile Drug Release

The effect o f  the tem perature switch between 20°C and 37°C on the fraction and rate o f  drug release 

from the hydrogel was examined.

7.3.1 Pulsatile release o f  small m olecular weight com pounds

The cum ulative fraction released and corresponding release rate o f  each o f  the small m olecular 

weight com pounds on sw itching the external tem perature over an 8 hour tim e fram e is shown in 

Figure 7.5 Release o f  the model com pounds occurred at 20°C during both sw elling periods (0-1 hr, 

4-7hr) as the hydrogel swelled allow ing medium influx and thus drug diffusion. A tem perature 

switch above the LCST caused a rapid desw elling or contraction o f  the hydrogel lim iting drug 

diffusion (Figure 7.5)

(a)
0.9

20°C

ora

I OATO
I  0.3 

“  0.2

0 2 6 84

^ 0.9
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I 0.6
0
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•5 0.4

1 0.3 

O 0.2
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Figure 7.5: (a) C um ulative fraction released o f  (a) DH (■) and DB (A) and (b) cum ulative fraction 

released o f  SA (0) and INDO ( • )  on tem perature switch between 20 “C and 37‘’C.
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The fraction o f drug released during the first swelling period was fitted to the Higuchi and Peppas 

equations (Equation 2.22, Higuchi) (Equation 2.25, Peppas) and the release parameters obtained (kj, 

kp) are given in Table 7.2 A reasonable representation o f release was obtained and allowed the use 

of kh to compare the different release profiles from the gel with the exception o f IDM which 

approximated zero order kinetics.

Table 7.2: Release rate constant (k/J at 2(f’C (Equation 2.22, Higuchi, 1961) and area under release rate 

curves versus time (AUC) obtained on temperature switch to 37‘C. Also given are the coefficients o f 

determination associated with the release rate constant (kp) and diffusional coefficients (n) when release 

profiles were fitted to equation 2.25 (Peppas, 1985).

F = k / ' F = k /

(kh)
(min °^)(xlO^)

C D (kp)

(min')(xlO^)
n ±s.d C.D (AUC) 

(fraction x 10̂ )

SA 3.470±0.0005 0.9938 2.977±0.252 0.5429±0.030 0.9964 1.7673

IDM 0.199±0.052 1.0040±0.067 0.9923 0.31635

DB 2.230±0.0014 0.8171 5.414±0.464 0.2493±0.026 0.9895 1.05418

DH 3.6I7±0.0007 0.9902 4.682±0.084 0.4275±0.005 0.9997 1.9477

D4 7.353±0.0055 0.8957 14.90± 1.261 0.3002±0.025 0.9914 0.46831

DIO 9.835±0.0075 0.8095 24.19± 1.974 0.2446±0.023 0.9903 0.39073

D40 10.573±0.007 0.8210 27.29±1.276 0.2062±0.000 0.9964 0.63573

D70 12.670±0.008 0.8655 23.11±5.115 0.3148±0.063 0.9460 0.0764

Figure 7.6 (a-d) shows the experimental release rate o f each o f the model compounds from PNP2.2 

gels in response to stepwise temperature changes between 20°C and 37°C. At each temperature 

switch, a sharp peak was observed immediately after the temperature was increased. Drug is rapidly 

squeezed from the gel surface accompanying large volume changes due o f contraction in the gel. 

The area under the release rate curve (AUC) was calculated in order to quantify the drug pulse seen 

on increasing the temperature (Table 7.2). For the hydrophobic series o f drugs, the AUC was found 

to be proportional to the drug solubility (R^=0.9476). In addition a linear relationship was seen 

between the release rate constant (kh) and the AUC (R^=0.9909). This in turn relates the magnitude 

o f drug pulse to the solubility o f the drug. This relationship suggests that the drug pulse was 

attributed to the presence o f dissolved drug in the swelling front surrounding the drug core prior to 

temperature increase. Such drug was mechanically squeezed out as the polymer chains collapse.
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Figure 7.6: Corresponding release rates o f (a) DH, (b) DB, (c) SA and (d) IDM  on temperature switch between 20°C and 37°C (n=3).
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On increasing tem perature, all release profiles showed repeated fluctuations or sharp peaks after a 

lag time. Follow ing tem perature change, accum ulation o f  internal pressure within the gel will occur 

in an attem pt to extrude w ater from inside the shrinking gel. This resulted in a rapid outflow  o f 

m edium  to dissipate the pressure gradient after a certain tim e period. The intensities o f  these 

fluctuations dim inished after a third cycle. At 37“C a negligible release rate was seen w ith all 

release profiles, except for the initial burst effect. These results imply that the release o f  small 

m olecular w eight com pounds from the therm oresponsive PN P-PLA .2  hydrogel is predom inately 

governed by the hydration o f  the gel. These results illustrate the effectiveness o f  these 

biodegradable therm oreponsive hydrogels as on -off regulators o f  controlled drug release.

Drug physiochem ical properties played a significant role in the hydrogel release rate and transport 

mechanism  at 20°C. Release data was fitted to EQN. 2.25 to give the diffusional exponent (n), 

which gave an indication o f  the release m echanism . In Table 7.2 it is shown that the values o f  the 

diffusional exponent (n) ranged from 0.20 to 1 depending on which model drug was been examined. 

Analysis o f  the release kinetics reveals that SA and IDM were both anom alous and Case 11 

controlled. This is indicative o f  relaxation o f  the polym er or com bined diffusion and degradation 

controlled m echanism. The release rate o f  indom ethacin on tem perature switch between 20 and 

37“C did not show pulsed drug release on the first tem perature change (Figure 7.6 (d)). In addition a 

large release was seen after 26hrs mid cycle o f  the third switch. This could be attributed to phase 

erosion w hereby hydrolysis o f  PLA can lead to diffusion o f  the drug through the disrupted porous 

network.

Visual observation o f  the discs showed evidence o f  form ation o f  a dense skin layer, which may be 

the cause o f  lim ited diffusion and dissolution o f  the drug. Furtherm ore the pore size, as m easured by 

SEM at 37”C, revealed a pore size larger than the m olecular diam eter o f  the drugs. These results are 

suggestive o f  a dense skin layer form ation. The change in the release rate was quantified by 

calculating the quasi steady state release rate constant (kss) and this was em ployed to com pare 

release rates before and after tem perature switch. The constant was defined as the average release 

rate at each tem perature excluding the first thirty m inutes after tem perature switch. The proxim ity 

o f  this value to zero may be used to indicate the ability o f  the hydrogel to therm ally shut o ff  release. 

Figure 7.7 displays a bar chart o f  the kss o f  the model com pounds.
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Figure 7.7: steady state release rate constants (kss) fo r  the small molecular weight compounds after first 

temperature(l) and second temperature (2) switch; defined as the average release rate at each temperature, 

excluding first 30 min after temperature switch.

From The bar chart it can be observed that all system s approxim ated o n -o ff  release when the 

tem perature was increased above the LCST. The error bars in proxim ity to or crossing the x-axis 

indicates the perm eability o f  the drug from the gel decreased and drug release was effectively 

stopped.

7.3.2 Pulsatile release o f  dextran fractions from PNP2.2

The cum ulative fraction released and the corresponding release rate o f  a series o f  dextrans on 

sw itching the external tem perature is shown in Figure 7.8.
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Figure 7.8: Cumulative amount o f  D4 (m), DIO (A.), D40 (•), and D70 (x) from  PNP2.2 (top) and the swelling 

rate o f D4 (a) and D70 (x) shown fo r  clarity on temperature switch (bottom).
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A pulsatile on-off release pattern was evident in this series with the pattern o f  release varying with 

m olecular weight o f  the dextrans. During release period 1 (0-1 hr) ~50to 90%  o f  the total drug was 

released depending on the M W  o f  the dextran. Hence lim ited drug was rem aining for pulsatile drug 

delivery. After release period 2 (4-7 hrs) 100% drug release was achieved for all dextrans.

At higher tem peratures (37°C) the cessation o f  drug delivery was achieved. All system s were 

successful for on-off pulsatile delivery, how ever a trend was noted whereby the higher the 

m olecular weight o f  the dextran fraction the greater the release rate constant. Bulkier larger 

m olecules would have been expected to have a slow er release rate in com parison to  that o f  sm aller 

molecules.

In addition, the rate o f  sw elling significantly decreased in PNP2.2 gels the higher the MW  dextrans 

incorporated into the gel (Section 7.4). A reduced influx o f  w ater into the gel would decrease the 

release rate, in chapter 4, the size exclusion technique found that a larger proportion o f  D4 would 

penetrate the core o f  the gel than that o f  D70. This suggests that the m olecular diam eter o f  the drug 

and reduced pore size o f  the gel due to the incorporation o f  PLA into the backbone o f  the gel 

resulted in a higher proportion o f  model drug at the interface o f  the glassy and rubbery phases o f  the 

swelling hydrogel. Since dextran is very soluble a high release rate would be seen, as the m olecule 

would diffuse m ore rapidly from the outer surface o f  the gel. A linear relationship (R^=0.9048) 

between the m olecular weight and release rate constant was noted (Figure 7.9 (a)), in addition an 

inverse relationship between sw elling rate constant and the release rate constant existed (Figure 7.9 

(b)). The larger m olecules therefore appear to be predom inately entangled in the outer section o f  the 

hydrogel creating a m olecular size dependant gradient.
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Figure 7.9: (a) Relationship between molecular weight and release rate constant (kJ and (b) Relationship 

between the swelling rate (k,i) constant and release rate constant (kJ o f  the dextran fractions.

In order to quantify the drug pulse seen on temperature increase, the area under the release rate 

curve was calculated for the dextrans and is shown in Table 7.2. It is clear that the higher molecular 

weight o f the series the less the amount o f drug was squeezed out. The magnitude o f drug pulse is 

consistent with a greater hindrance to transport larger drug molecules. These results are consistent 

with a lower diffusional coefficient compared to that o f the smaller molecular weight compounds 

(Table 7.2). A  trend was seen (R^=0.9672) between the release rate constant and the AUC (Figure 

7.10 (a)). Also a relationship (R^=0.9905) existed between the swelling prior to switch and the AUC 

(Figure 7.10 (b)). In section 7.2.2, a notable decrease in the swelling rate, which in turn influenced 

the rate o f contraction, was observed for the dextran series, the effect increasing the higher the 

molecular weight. The larger drug pulse can be attributed to a greater magnitude o f contraction and 

also to a greater amount o f drug present at the time o f contraction.

In these studies rapid diffusion o f dextran during the first swelling period from the outer region o f 

the swollen hydrogel occurred. Dextran release in pulsatile studies is faster than release observed 

during non-pulsatile release experiments reported in chapter 5. This can be ascribed to different 

loading times employed for the individual studies. In the sustained release experiments undertaken, 

a loading time o f 120hrs was employed whereas the drug-loading time for pulsatile release was
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48hrs. Yu and Grainger (1995) also attributed a burst release o f insulin from hydrogels due to 

incorporation o f the drug in the surface layers during the solvent sorption method o f loading. 

Coughlan and Corrigan (2004) sim ilarly noted a molecular weight dependent gradient on pulsatile 

release o f dextran molecules. This was attributed to both the loading and subsequent drying process
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Figure 7.10 (a): Relationship between the release rate constant (k fj and the area under the release rate curve 

and (h) relationship between the swelling level p r io r to switch and the area under the curve.

lA: Conclusions:

These novel biodegradable hydrogels poly (N-isopropylacrylamide-co-PLA) (PNP2 .2) are a 

potential new molecular structure to achieve intelligent drug delivery system. An increase in the 

LCST nearer to body temperature was achieved by the incorporation o f FLA into the backbone o f 

PNIPAAM. Increasing temperature appeared to induce formation o f a dehydrated polymeric surface 

skin layer that stopped permeation. PNP2.2 gels shrink up to 80% their original volume on 

temperature switch suggesting the formation o f a dense skin layer on the surface o f the gel. In 

addition to the skin thickness, response to hydration and dehydration as a result o f stepwise 

temperature change was rapid. This is reflected in the gradual decrease and a quick recovery o f 

transmittance (Section 4.3.4). Therefore the incorporation o f biodegradable hydrophobic co-
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m onom er PLA appears to strengthen the dense skin layer. This is further dem onstrated by the 

effectiveness o f  therm al control o f  the sm aller m olecular weight drugs. O n-off regulation o f  all drug 

com pounds was achieved as dem onstrated by the dram atic changes in the quasi steady state release 

constant (kss) both before and after tem perature switch (Figure 7.7).

In the case o f  the dextran fractions, hydrogel contraction resulted in a drug pulse, whereby the 

m agnitude o f  the drug pulse was related to the rate o f  contraction. A pulsatile “o n -o ff’ pattern was 

evident in this series with the pattern o f  release varying with the m olecular weight. Release was 

likely governed by a m olecular weight dependent gradient induced during the loading process.

Control o f  on-off drug release during tem perature switch is possible by m anipulation o f  the swelling 

behaviour (changing co-m onom er content) o f  the gel, which in turn alters the size o f  inner diam eter 

available for diffusion. PN lPA A M -co-PLA  polym ers constitute a unique intelligent drug delivery 

device whereby the geom etry and pore size available for diffusion may be m anipulated by varying 

m olar ratios o f  reactants.

198



CHAPTER 8: 

GENERAL DISCUSSION



C hapter 8: General Discussion

8.1 INTRODUCTION

A novel series o f thermoresponsive and biodegradable drug delivery systems were synthesised 

and characterised in the course o f  this project. Both structural parameters and the degradation 

behaviour were investigated relative to polymer composition and temperature. The potential use 

o f  these novel systems was examined using a range o f  model drugs in both sustained and 

pulsatile release. The effect o f changing molar composition o f  the co-polymeric systems, MW 

o f the PLA component and tem perature was investigated in relation to the drug release process. 

The findings o f  the present work indicate a new drug delivery system, which may be tailored to 

meet specific criteria for drug release.

8.2 Thermoresponsive properties and swelling dynamics of hydrogels

Temperature sensitive hydrogels have been studied for drug delivery systems due to their 

unique thermoresponsive properties in water (Schild 1990, Galaev and Mattiasson, 1999). 

Kinetics and thermodynamics o f  the phase transition can be controlled by well-designed 

m olecular parameters. Table 8.1 below summaries the composition and thermoresponsive 

behaviour o f  each system investigated.

Table 8 .1: Hydrogel systems thermoresposive properties

Hydrogel PNIPAAM:PLA 

(w/w) ratio

LCST(°C) S.R.20 S.R.37 Px Pores size 

(^m )(20“C)

Pore size 

(nm)(37°C)

PNP 100-0 28.41 8.53 0.1957 0.0164 8.52 0.8940

PNPI.2 93-7 29.11 7.30 0.5326 0 .0 2 0 0 5.79 2.09

PNP2-2 86-14 30.33 6.61 0.7842 0.0217 3.94 2.13

PNP3-2 72-28 31.52 5.85 0.7400 0.0249 2.82 2.57

PNP1.,2 93-7 31.94 10.54 0.6212 0.0103 10.61 3.50

PNP2-12 86-14 34.17 11.74 1.519 0.0090 11.06 7.18

PNP3-12 72-28 36.69 14.14 4.450 0.0065 11.96 7.82

Py= crosslinking density 

S.R.= Swelling ratio

The main influence on S.R. is the m olecular weight between crosslinks, which was altered in 

this case by changing the m olecular weight o f  the macromers, and increasing the proportion o f 

hydrophobic moiety PLA. Interestingly hydrogels o f  the same m olar ratio composition but
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higher MW PLA showed an increase in the equihbrium-swelling ratio; the most significant 

change seen in PNP3 system with a 2.4 (14.14/5.85) and 6-fold (4.45/0.74) difference at 20°C 

and 37°C respectively. Hydrogels with a smaller MW PLA produced gels with a tighter 

structure that hindered the mobility o f the polymer chains and resisted the osmotic pressure o f 

the swelling media. As a result the hydrogels swelled to a lesser extent and reached equilibrium 

much faster compared to gels with larger macromers.

It is known that PNIPAAM ’s tacticity has a major influence on PN IPAAM ’s LCST (Schild 

1990). Other solution components can exert a significant and predictable effect on PNIPAA M ’s 

LCST (Section 1.6-1.7). In Chapter 4 it was observed that increasing PLA content increased the 

LCST, the effect becoming more pronounced the higher the MW. This result was attributed to 

polarity o f  the polymer favouring polymer-water interactions over polymer-polymer 

interactions. Similarly Chung et al., (1998) prepared a number o f  polar and non-polar end- 

modified PNIPAAM ’s. They prepared amine and hydroxyl term inated PNIPAAM  oligomers 

and found that the hydroxyl group increased the PNIPAAM LCST more than the amino group.

The effect o f molecular weight on the LCST in aqueous solution has also been explored by 

numerous authors (Furyk et al., 2006). An increase in the MW was shown to decrease the LCST 

o f  thermoresposive polymers (Schild and Tirrell, 1990). In the current work a decrease is 

observed in the LCST on increasing MW in both o f  the hydrogel series. However increasing the 

PLA content increases the LCST o f  the polymers (Table 8.1). Furthermore the higher MW PLA 

caused the greatest increase in the LCST. The Flory-Huggins theory has also been adapted to 

explain the effect o f  the molecular weight on the LCST (Equation 8.1).

+  EQN8.1

Where;

r is the ratio o f molar volume o f polymer over the molar volume o f  solvent 

Xc is polymer-solvent interaction parameter

The polymer-solvent interaction parameter, Xc, changes as the size o f the polymer changes since 

the ratio o f  molar volumes o f polymer over solvent decreases as the degree o f  polymerisation 

decreases thus causing Xc to increase (EQN 8.1).
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8.3 Hydrogel swelling and degradation

Many studies have shown that microstrucutral design and chemical composition can be used to 

tailor improved polymeric matrices (Pillai and Panchagnula 2001). However few polymeric 

systems com bining both smart and biodegradable properties have been synthesised and 

investigated in relation to drug delivery. An integral part o f  hydrogel properties is the swelling 

behaviour in water. The swelling behaviour o f  PNIPAAM -PLA gels was investigated in 

conjunction with both structural and environmental parameters. The effect o f  temperature, 

composition, m olecular weight distribution and morphology on the rate o f  degradation o f these 

novel intelligent-co-biodegradable hydrogels was investigated in both Chapter 5 and 6.

8.3.1 Effect o f structural parameters:

Synthesising polymers with hydrolytically unstable ester groups accomplished degradation. 

Also by changing the m olar ratio o f  monomers during polymerisation, control o f  the hydrogel 

degradation was achieved.

In the case o f  PNP-co-PLA .2  systems, below the LCST, the influence o f  composition o f  the 

molar ratio o f  PNP to PLA was to display a faster rate o f  degradation characteristic o f  zero 

order kinetics the higher the PLA component. Similarly Davis et al., (2003) showed that the 

mass loss o f  poly (LA -co-CA) (lactic acid-co-caproic acid) diethylene glycol based networks is 

a function o f  both hydrolysis kinetics and network structure.

The S.R increased as a function o f  time after which a decrease in mass was observed (Section 

5.2). During degradation, two factors are o f  importance. Firstly, degradation causes an increase 

in the num ber o f  carboxylic acid chain ends, which are known to autocatalyse ester hydrolysis. 

Secondly, oligom ers that are soluble in the surrounding aqueous medium can escape from the 

matrix. As degradation advances soluble oligomers close to the surface can leach out before 

they fully degrade whereas those remaining in the core o f  the matrix remain entrapped. This 

yields a low pH value in the core, which in turn results in accelerated degradation (Li and Vert 

1994; van Dijk-W olthuls, Tsang and Kettenes-van den BoschW.E. Hennink 1997). This could 

also be a contributing factor to the higher rate o f  degradation the higher the PLA content.

Changing the m olecular weight between crosslinks o f  co-polymeric systems was also achieved 

by increasing the MW o f the PLA component. A significant increase in pore size was observed 

for the PNP-co-PLA .1 2  hydrogel systems. This was attributed to a lower cross-linking density. 

However the increase in space available for solute diffusion did not lead to a greater rate o f
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degradation with respect to PNP-co-PlA .2 systems. This was reflected in the [COOH] found 

within the degradation media at the end o f the swelling studies (Section 8.3.3).

A faster rate o f degradation was evident for all systems with a higher FLA content. Gel 

permeation chromatography (GPC) results for the linear polymers reveal a smaller MW 

polymer the higher the PLA content in the hydrogel networks (Chapter 4). This would be 

expected to lead to a faster rate o f  degradation. In addition introducing a higher MW PLA into 

the hydrogel would be expected to reduce the rate o f  degradation and this was found to be the 

case (Table 8.2).

The morphology o f  the hydrogels before and during hydrolytic degradation was observed by 

means o f Scanning Electron Microscopy. Overall a greater increase in the average pore size was 

observed for the gels containing PLA .1 2  in spite o f a slower rate o f  degradation. This can be 

explained in terms o f longer PLA chains within the polymer, reducing crosslinking density and 

increasing cyclisation on polymerisation; all are contributing factors to the network structure on 

increasing the MW. A looser network structure will lead to greater pore size on degradation as 

opposed to a tighter closely meshed network resulting in a larger number o f pores when freshly 

polymerised (Section 4.2).

8.3.2 Effect of Temperature:

Variations in temperature will affect the Flory-Higgins interaction parameter, reducing swelling 

o f the hydrogels with increasing temperature. W hile changes in swelling will directly affect the 

degradation o f the hydrogels such that the reduction in swelling will reduce the degradation rate, 

it is the hydrolysis that is the primary factor governing the degradation o f  the lactide groups. 

The reaction rate constants for hydrolysis are usually temperature dependent with the rate o f  a 

reaction typically increasing with temperature. This is reflected in the linear PLA systems where 

degradation for both PLA .2  and PLA_ |2  were faster at 37“C than at 20°C (Chapter 5& 6). This 

produces two opposing forces that are at play in the degradation o f hydrogels as a function o f 

temperature. At low temperature the swelling and degradation are increased due to interaction 

parameter (i.e. the hydration state o f  the polymer) but the degradation rate decreased due to the 

lower temperature. In contrast at elevated temperatures the swelling is reduced but the 

degradation is increased. The complexity o f the conditions o f  degradation are reflected in the 

fact that degradation appeared to be faster at 37°C for the PNP-coPLA .1 2 gels while the opposite 

was seen for PNP-co-PLA _2 hydrogel series with a faster degradation rate below the LCST. 

These results reveal that a combination o f both swelling and temperature are important in the
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role o f  degradation o f  tlie hydrogel series. Table 8.2 reveals the [COOH] present in the 

degradation media at both temperatures for both hydrogel series.

Table 8.2: The [COOH] present in the degradation media after 2 months for each hydrogel 

series. In addition the difference in the [COOH] is displayed between systems on increasing 

MW precursor PLA.

Gels composed of PLA_2 Gels composed of PLA. 12

Gel

20°C

PN1PAAM:PLA

(w/w)

[COOH] in 

external media 

(mol/L)

M ass loss (%) [COOH] in external 

media (mol/L)

Mass loss 

(%)

PNPl 93-7 0.0195 21.50 0.0158 36.5

PNP2 86-14 0.0291 30.38 0.0075 17.5

PNP3 72-28 0.0333 40.00 0.0108 31.5

37°C

PNPl 93-7 0.0066 13.34 0.0010 24.0

PNP2 86-14 0.0141 25.59 0.0125 24.5

PNP3 72-28 0.0191 33.05 0.0216 51.0

On examination o f the results; an increase in [COOH] was seen on increasing lactide 

concentration within the polymer. The calculated difference in concentration o f  degraded acidic 

products at the end o f the experiment (2 months) within the swelling media shows a faster rate 

o f degradation at 20°C for PLA . 2  systems relative to that o f  the PLA.^ systems indicating that 

the rate o f  degradation was faster for the sm aller MW gels (Table 8.2). At 37”C the reverse is 

seen whereby increasing the MW o f  PLA unit in the addition to the amount incorporated into 

the gel leads to a faster rate o f  degradation for the PNP3_i2 gel. Overall on increasing the LA 

content a less significant difference is seen in the rate o f  degradation, which can be attributed to 

the higher degree o f  swelling o f the PNP-co-PIA.n hydrogel systems. Table 8.2 also displays 

the mass loss determined after swelling experiments. The results were in good agreem ent with 

the concentration LA present within the external media whereby a greater increase in mass loss 

was observed the higher the LA concentration within the external media.

The degradation rate o f  the hydrogels under simulated physiological conditions was tuneable by 

the length and composition o f the PLA monomer and also crosslinking degree. Therefore it is 

possible to tailor the rate to a large extent to meet diverse requirements for various applications 

in medical fields.
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8.4 Hydrogel swelling and release studies

Thermoresponsive hydrogels have proved to be effective in sustained release and on-off release 

regulation. Drug release from thermoresponsive hydrogels can be controlled by utilisation o f  the 

drug diffusion process below the LCST or by use o f  the pulse o f drug on temperature switch 

above the LCST. The effect o f  both swelling and degradation o f polymer matrices on solute 

diffusion has been the subject o f  many studies (van Dijkhuizen-Radersma, Metairie, Roosma, de 

Groot and Bezemer 2005). The diffusion o f solutes through these matrices depends on the size 

o f  the solute in relation to the mesh size o f the polymer matrix. Some o f  the factors affecting the 

polymer mesh size are chain mobility, chain entanglements, cross-linking density, crystallinity 

and equilibrium degree o f  swelling. Degradation o f  the matrix may increase the diffusion co

efficient. In addition the release rate may alter due to erosion (mass loss) and/or pore formation. 

These factors in addition to polym er-drug interactions are important and will be discussed.

8.4.1 Hydrogel swelling and diffusional drug release

Several parameters such as pore size, degradability o f hydrogel, hydrophobicity, concentration 

o f a drug and the presence o f  specific interactions between hydrogels and incorporated drug can 

affect drug release from hydrogels (Jeong, Bae and Kim 2000; Coughlan, Quilty and Corrigan 

2004). In the present work synthesis and evaluation o f  the role o f  hydrogel composition, 

network parameters, temperature and degradation on the drug release mechanisms were 

examined in relation to the range o f  novel smart-co-biodegradable gels.

The effect o f  tem perature rise from 20°C to 37°C was shown in Chapter 5 to increase both the 

solubility and intrinsic dissolution rate o f the pure drugs as expected. The environmental 

temperature however also significantly affected the hydrogel series with a decrease in both the 

rate and extent o f  hydrogel swelling at the higher temperature. The net effect o f a temperature 

rise on release o f  the drugs from the hydrogels was a decrease in the release rate due to the 

influence o f  the mesh size on diffusion o f  the drugs. In addition the diffusional exponents were 

higher at 20°C than 37°C due to the greater contribution o f  the swelling process or increased 

hydrophilicity o f  the polymer on the rate o f  release.

The ability to prevent the release o f  the model compounds at constant temperature above the 

LCST (37°C) and stop release after a temperature “switch” to 37°C was examined in Chapter 7 

with the chosen hydrogel system PNP2.2 Figure 8.1 displays the quasi steady state release 

constants as previously described in Chapter 7. The proximity o f  the 37°C value to zero may be 

used to indicate the ability o f the hydrogel to thermally shut o ff release.
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Figure 8.1: Steady state release rate constants (kss) for the model compounds: defined as the 

average release rate after the first temperature switch (1) and second tem perature (2) switch: 

excluding the first 30min after temperature switch.

From the bar chart it can be observed that the small molecular weight compounds (~8A) 

achieved an o ff state when temperature was raised above the LCST. The hydrogel PNP2.2 was 

shown to have a pore size o f 2.13fim in the shrunken state. Pulsatile release has previously been 

explained by the formation o f a dense, less permeable surface layer o f  the gel, described as a 

“skin’Mype barrier (Yoshida et al., 1991). This is a result o f  the outer surface o f  the gel being 

exposed to warmer water on increasing tem perature therefore it immediately shrinks to form a 

surface layer more dense than the bulk matrix. In previous studies the length o f  the side alkyl 

chain has shown to control the thickness and density o f  the surface layer. The current hydrogel 

system showed evidence o f  the formation o f  a dense skin layer on deswelling. As a 

consequence, the small model drugs were successfully prevented from diffusing through the gel. 

This suggests that pore size is not an important factor in these release systems but the formation 

o f  skin-type barrier capable o f  stopping release on increasing temperature. The skin layer in the 

present system may be a specific effect due to the presence o f the long chain hydrophobic co

monomers incorporated into the gel.

205



The m agnitude o f  thermal control w as a lso  particularly dependent on drug size  and pore size. In 

the case o f  the h igher M W  com pounds a burst effec t w as seen  in the early stages o f  release  

(> lh r )  after w hich  no further release w as observed . T his burst effec t can be attributed to the 

m odel com pound on the surface o f  the gel as the loading con d itions did not perm it the 

equilibrium  perm eation o f  the solu te into the gel. T his result is a lso  reflected in the bar chart in 

Figure 8.1 where no release w as observed  during the second  sw ellin g  period (Figure 8.1; 2 0 “C 

(2 )).

PNP2.2 w as a lso  investigated  in sustained release above the L C ST (3 7 ”C ) in Chapter 5. The  

solu te s ize  and shape, its relative hydrophilic and hydrophobic character and the availab ility  o f  

water m o lecu les for hydrating the so lu te m o lecu les are important factors govern ing  solu te  

perm eation through any particular hydrogel (R osiak  et al., 1999). The release o f  the sm aller  

m olecular w eigh t drugs w as prevented to a lim ited extent. DH , SA  and IDM had levelled  o f f  

w ith on ly  0 .67 , 0 .5 0  and 0 .19  o f  the drug-loading fraction delivered, in the case  o f  D H , a water- 

so lu b le drug, the fraction o f  pores assessab le  to the drug w as found to be relatively  large 

(S ection  4 .4 .4 ). The release o f  IDM  and S A , both hydrophobic m odel com pounds, w as  

dependent on the sw ellin g  ratio and polym er-drug interactions. In the case  o f  the higher M W  

com pounds a burst effec t w as seen  in the early stages o f  release (> lh r )  after w hich no further 

release w as observed . Degradation controlled  release w ould  be the dom inant factor in 

con trolling the release o f  m odel com pounds w ith a larger m olecular d iam eter than that o f  the 

pore size.

In studying the d iffu sion  in sw ollen  hydrogels, it can be exp ected  that the perm eation o f  so lu tes  

through the hydrogel is dependent on the sw ellin g  ratio o f  the hydrogel and the solute m olecular  

size . The quantity o f  the drug in solu tion  increases w ith hydrogel hydration. The use o f  drugs 

for sustained release system s w ill therefore depend on the s ize  o f  the drug, the pore s iz e  and the 

tem perature at w hich  the experim ent is conducted. The ch em ical nature o f  the drug has a lso  

proved to be o f  im portance as it m ay in fluence the rate o f  sw ellin g  or have a greater affin ity  for 

the drug d elivery  matrix.

The ability  to alter the sw ellin g  k inetics and pore s ize  o f  the hydrogel by increasing the PLA  

content w as a lso  show n in Chapter 5. B e lo w  the LCST, techniques such as SEM  and size  

exc lu sion  technique revealed a decrease in the pore s ize  on increasing the am ount o f  PLA .2 

incorporated into the gel. The reverse effec t w as observed above the L C ST u sing the sam e 

experim ental procedures. H ydrogels contain ing hydrophobic groups such as PLA w ill co llapse  

in the presence o f  water, thus m in im isin g  their exposure to the water resulting in a sm aller 

sw ellin g  ratio. A  decrease in the rate o f  release o f  the sm all M W  com pounds on increasing PLA
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content also showed that the pores at a m olecular level were influenced in the same way by the 

presence o f a hydrophobic moiety with a resulting effect on the drug release profiles.

In Chapter 6 it was observed that changing the m olecular weight o f  the PLA precursor unit 

significantly altered the release rates. By varying the polymer chain length and the polymer 

composition it was possible to control the density and network crosslinking. This alteration in 

the crosslinking density led to significantly larger pore size and pore size distribution thus 

resulting in different permeabilities. Comparisons o f  the release rates o f  the small MW 

compounds are listed in Table 8.3 at 37°C and 20“C. Also shown in Table 8.4 are the pore sizes 

estimated using SEM (Chapter4).

Table 8.3: Comparison o f the release rate constant o f the small MW compounds o f identical 

hydrogel composition using different MW PLA. Also shown are the ratios o f the release rate 

constants at both 20 and 3T‘C between PNP-PLA . 2  and PNP-PLA . 1 2  polymeric systems.

DH k.2(min‘” k2(min^^^) k.|2(min‘°^) k.,2(min'°^) k.2/k_i2 k.2/k.,2

(xl0^)(20°C) (xl0^)(37‘’C) (xl0^)(20°C) (xlO^) (37°C) (20°C) (37°C)

PNPl 4.16±0.320 0.999±0.020 3.84±0.003 2.05±0.020 1.0000 0.4945
PNP2 3.88±0.292 1.340±0.030 4 .2 1 ±0.002 1.60±0.030 0.9200 0.8375

PNP3 2.96±0.002 1.544±0.020 5.26±0.002 4.23±0.020 0.5627 0.3646

SA

PNPl 2.52±0.040 0.799±0.020 2.72±0.040 0.788±0.020 0.9264 1.0000
PNP2 2.54±0.040 0.953±0.073 3.14±0.040 1.289±0.730 0.8089 0.7390

PNP3 2.04±0.065 0.965±0.019 3.31 ±0.065 2.230±0.019 0.6163 0.4327

IDM

PNPl 2.53±0.043 0.304±0.040 1.64±0.043 0.423±0.040 1.5400 0.7186
PNP2 2.11±0.050 0.408±0.075 1.60±0.050 1.109±0.075 1.3100 0.3678

PNP3 1.39±0.150 0.912±0.030 1.44±0.150 1.709±0.030 0.9652 0.5336

Interestingly below the LCST, increasing the mesh size did not have a large impact on the rate 

o f  release. Since the size o f the molecular probe was small relative to the hydrogel pore size in 

the studies using PLA .2  composed gels, hydrogel composition and drug-polym er interactions 

appeared to be dominant factors affecting the rate o f  release. Increasing the MW o f PLA 

resulted in a decrease in the release o f  IDM despite the larger network. This is an indication o f 

increased hydrophobic drug-polymer interactions within the PLA domains and the model 

compound IDM. In the case o f  SA and DH a significant increase was observed in the release 

rate using PNP3 hydrogel system on increasing the MW o f PLA. On examination o f Table 8.3
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an increase of 9|xm (Table 8.4) in the pore size is necessary to minimise drug-polymer 

interactions thereby increasing the rate o f release of the solute through the matrix.

Table 8.4: Estimated pores size (nm) obtained using SE M for the co-polyrneric systems at both 

2ff’C and 3T'C. Also shown is the increase in pore size on incorporating higher M W  PLA into 

the thermoresposive drug delivery systems at 2ff'C and 37 ’C.

Gels composed of PLA. 2 Gels composed of PLA_i2

Gel Pore size 

at 20°C (|im)

Pore size 

at 37“C (nm)

Pore size 

at 20°C (nm)

Pore size 

at 37°C (^m)

Increase in 

pore size 

(20“C) 

(nm)

Increase 

in pore 

size 

(37°C) 

(nm)

PNPl 5.79 2.09 10.61 3.50 4.82 1.41

PNP2 3.94 2.13 11.06 7.18 7.12 5.05

PNP3 2.82 2.57 11.96 7.88 9.14 5.25

At 37°C, when the hydrogel is in a collapsed state, the impact o f the mesh size on the release 

rate was more evident. However overall an increase in the release rate was observed using PLA- 

1 2  composed gels. The influence of drug solubility on hydrogel swelling was also examined. DH 

a hydrophilic drug was seen to increase the swelling rate attributable to the osmotic effect o f the 

loaded drug on the swelling rate. It is likely that the solubility o f DH greatly affected the 

dissolution rate since the drug substance is highly soluble in aqueous solution. This suggests 

that the drug almost instantaneously dissolved into the penetrating media leading to a faster 

drug release. In contrast the hydrophobic series (1DM<SA, DB) as well as the hydrophilic 

dextran series decreased the rate o f swelling. Drugs that have a relatively low solubility can 

slow the swelling due to the presence o f a drug diffusion front. However in the case of IDM, 

where hydrophobic interactions were likely a greater suppression o f swelling and release was 

evident due to polymer-drug interactions. The dextran series (Chapter 7) was shown to interact 

with polymer matrix resulting in a decrease in swelling the higher the MW of the dextran 

fraction. As a result a poor correlation between molecular probe and hydrogel pore size was 

seen on release of the dextran fractions from PLA . 2  composed gels.

Thermoresponsive systems are designed to release drugs at temperatures below the LCST. 

However it may be desirable to design a system where the release occurs above a critical 

temperature. Such devices have applications in situations where the release of a substance is 

required at a critical temperature. Diinvard and D’emanuele, 1995 reported thermoreponsive
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discs based on PNIPAAM  and acryiamide exhibiting a LCST ~37“C. In the present work the 

biodegradable system could be manipulated to design a device capable o f  drug release at 37“C 

by increasing the MW and m olar ratio o f  PLA.

Biodegradable systems offer an alternative approach to regulating drug release, as drug release 

from the matrices is also governed by the rate o f degradation. In addition to the rate o f  swelling, 

the maximum degree o f  swelling as well as the size o f  the network and the size o f  the drug 

molecule dictates if  and when a drug molecule is capable o f  leaving the network. It was shown 

in the case o f  the dextrans (chapter 5) that it is possible to incorporate large drugs into a tightly 

crosslinked network such that even at maximum swelling the molecules are unable to pass 

through the pores. In this case degradation should increase the network size and allow the drug 

to diffuse out. The relative rates o f  swelling and degradation are the most important parameters 

in determining the mechanism o f drug release.

Apart from influencing the release rate, the hydrogel swelling properties and drug size were also 

shown to influence the release mechanism from these systems. The current work showed that 

the release mechanism o f  model compound from the various co-polymeric systems was 

dependent on swelling, polym er-drug interactions, solute size and rate o f  degradation as well as 

the temperature at which the experiments were conducted. The possibility therefore exists to 

design a thermoresponsive-co-biodegradable system with desirable swelling, degradation 

kinetics and pore sizes to achieve a particular release profile.

8.4.2 Hydrogel contraction and drug pulse

An important consequence o f  the influence o f  the drugs on the swelling rate is the subsequent 

change in the magnitude o f  hydrogel contraction following tem perature switch above the LCST. 

The use o f  a drug pulse caused by hydrogel contraction can potentially control the drug release 

from a therm oresponsive hydrogel (Okano et al., 1990, and Bae et al., 1991, Yoshida et al., 

1991, Gutowska et al., 1992).

In the case o f small MW drugs; solubility o f the drug determined the magnitude o f the drug 

pulse after tem perature switch. The pulse o f  the drugs can therefore be altered by knowledge o f 

the extent o f  drug dissolution prior to temperature switch. The subsequent drug release rate from 

a system using a drug pulse could therefore be predicted. The higher MW dextrans displayed a 

poor relationship between pore size and m olecular diam eter during loading. A successful 

surface regulating system could be developed for larger macromolecules or proteins by 

manipulation o f the hydrogel system. Since PLA induces a dense impermeable skin layer,
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PNP2.12 with a larger pore size (relative to the dextran series) below the LCST could achieve 

“o n -o ff’ release for larger compounds on temperature switch.

8.5 CONCLUSIONS

>  A novel series o f  hydrogels with dual properties o f  both thermo-sensitivity (PNIPAAM ) 

and degradation (PLA) were synthesised.

>  The pore size o f  the hydrogel networks were dependent on hydrogel composition and 

the MW o f PLA incorporated into the gel. PNP-PLA . 2  systems displayed a smaller pore 

size on increasing PLA content while PNP-PLA.^ systems displayed an increase in 

pore size on increasing PLA content. These results were in turn reflective o f the 

crosslinking density.

>  Degradation was dependent on both structural and environmental conditions. A faster 

rate o f  degradation was seen in the higher the PLA content in all systems both below 

and above the LCST temperature. Degradation was faster for PNP-C0 -PLA . 2  systems 

below the LCST as a result o f  greater degree o f swelling. In contrast PNP-co-PlA,i2  

systems were faster above the LCST; the effect more pronounced the higher the PLA 

content. Overall PNP-co-PLA gels containing the lower MW PLA had faster 

degradation rates, which was reflected in [COOH] seen in the degradation media.

>  Drug release experiments from PNP2.2 were dependent on drug physiochemical 

properties such as size, pKa and polymer-drug interactions. The presence o f the loaded 

drug influenced the swelling with the rate and extent o f  the swelling also dependent on 

temperature. Release o f the model drugs above the LCST were dependent on the 

molecular size o f  the drug in solution relative to that o f the pore size available for 

diffusion. The increase in tem perature decreased the release rate o f  the smaller MW 

compounds whereas the larger molecules remained trapped in the hydrogel. 

Degradation control release could also be feasible above the LCST for poorly soluble 

drugs.
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>  T he hydrogel com p osition  in fluenced  both the drug release rate and drug release  

m echanism . For all system s syn th esised , increasing the am ount o f  PLA revealed  a trend 

towards zero order k inetics b elow  the LCST. In addition the degree o f  sw ellin g  

in fluenced  the rate o f  drug release. A  sign ifican t increase in the pore s ize  o f  PN P- 

coP L A . |2  system s resulted in sustained release at both tem peratures.

>  The release rates o f  the m odel drugs w ere dependent on pores availab le for d iffusion . 

The “enhanced skin layer” m entioned in the literature, w hich  has been considered  

responsible for the o n -o ff  release on hydrogel contraction, w as ev ident during  

tem perature sw itch  in the current work. PNP2.2 proved su ccessfu l in con trolling o n -o ff  

release o f  the sm aller M W  com pounds. A  tem perature sw itch  ab ove the L C ST caused  a 

drug pulse, w hich  w as so lu b ility  dependent for the sm aller com pounds. The m agnitude 

o f  the pulse o f  the dextran series decreased  w ith m olecular diam eter o f  the drug, w hich  

w as attributed to the relationship  betw een  the pore s ize  and the m olecular probe.

>  The physical and chem ical properties o f  the present hydrogel system  can be engineered  

at a m olecular level to op tim ise properties such as perm eability  (sustained  release  

applications), environm ental-release (pu lastile drug release) and biodegradability  

(bioresorbable applications) for controlled  drug d elivery applications.

8.6 Future work:

T he current thesis described a potential n ew  therm oresonsive-co-b iodegrad able hydrogel system  

capable o f  m eetin g sp ecific  criteria for drug release by alteration o f  p o lym er network. Future 

work w ould  be to exam in e the effec t o f  increasing the m olar com p osition  o f  PLA w ithin  the gel 

network and in vestigate the resu lting effec t on degradation and drug release both b elow  and 

above the LCST. The incorporation o f  drug into the polym er u sing appropriate so lven ts and the 

role o f  p o lym er degradation on subsequent drug release cou ld  be exam ined . In the current thesis  

pulsatile release u sing  the co -p o lym eric  system  contained  low  m olecular w eigh t PLA; further 

w ork cou ld  incorporate larger M W  PLA, as these system s are lik ely  to g iv e  a better uptake o f  

larger m olecu les. An interesting continuation o f  the w ork w ould  be to in vestigate potential 

application o f  such a system  in drug d elivery  d ev ices.
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APPENDICES



Appendix I: 

SYNTHESIS OF HYDROGELS

The exact quantities o f  ciiemicals used are as outlined in the Tables below. The number o f  

moles o f  PLA macromer was calculated for one repeating unit. Summation o f  NIPAAM and 

PLA macromer represents 100% reactant.

Table 1:SYNTHESIS OF 100-0 NIPAAM-PLA

Chemical moles Ratio (%) Quantity
NIPAAM 0.025moi 100 2.829g
PLA Macromer
AIBN 2.50E 10‘’ 1 41mg + 1ml DMF
BIS 1.00E10-’ 4 154mg
TEMED 2.26E10-'’ 9 0.34ml
Volume DMF 8ml

Table 2: TablelSYNTHESlS OF 93-7 NIPAAM-PLA

Chemical moles ratio Quantity
NIPAAM 0.02375mol 93 2.68g
PLA Macromer 1.75E10-^ 7 0.4425g
AIBN 2.50E10'’ 1 41mg + 1ml DMF
BIS 1.00E10-’ 4 154mg
TEMED 2.26E10'^ 9 0.34ml
Volume DMF 8ml

Table 3: TablelSY N TH ESlS O F 86-14 NIPAAM-PLA

Chemical moles ratio Quantity
NIPAAM 0.0225mol 86 2.546g
PLA Macromer 3.5E10'^ 14 0.885g
AIBN 2.50E10''' 1 41mg + 1ml DMF
BIS I.OOEIO'^ 4 154mg
TEMED 2.26E10'^ 9 0.34ml
Volume DMF 8ml

Table 4: TablelSY N TH ESlS O F 72-28 NIPAAM-PLA

Chemical moles ratio Quantity
NIPAAM 0.020mol 72 2.2632g
PLA Macromer 0.007mol 28 1.77g
AIBN 2.50E10-'' 1 41mg + 1ml DMF
BIS I.OOEIO'^ 4 154mg
TEMED 2.26E10-'* 9 0.34ml
Volume DMF 8ml
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Appendix II: 

Calibration Curves

(A) Calibration curves in the form y = mx + c, where y is the absorbance at a given 

wavelength and x is the concentration (mg/ml)

Drug Assays (U.V):

DH (238nm) Y =51.264x+0.0104 R-=0.9952

DB (238nm) Y= 55.791x + 0.010 R^=0.9998

SA (296nm) Y= 24.06 I x -0.0006 R^=0.9995

IDM (318nm) Y= 19.323X-0.011 R^=0.9993

(B)

D rug Assays (F lu rom etry )

Excitation wavelength=490nm 

Emission Wavelength=520nm

D4 Y= 120453X + 272.53 R-=0.9726

DIO Y= 585347x +406.87 R^=0.9899

D40 Y= 507627X +3.4667 R^=0.981 1

D70 Y =717047x -661.43 rM.9956

(C) Calibration curve for GPC using polystyrene standards in DMF

Gel Permeation Chromatography (GPC)________________________________
In DMF
Loge = -0 .3 173x +9.0396_________________________R^=0.985
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Appendix III 

Pure Drug Dissolution Profiles
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Figure I : Plot o f  dissolution o f  pure drugs (lOOmg) over time in PB at 20°C (solid line) and 37°C 
(Dashed line) where ▲ is SA, •  is DB and ■ is IDM.
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Figure2: Plot o f  dissolution o f  pure drug (1 OOmg) DHCI over time in PB at 20°C (solid line) and
37"C (Dashed line).
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Appendix IV

Values o f the different polymer parameters used for calculation o f  
the molecular weight between cross-links

Parameters used to calculate the molecular weight between crosslinks;

Hydrogel Q (S .R .) V2S Mn
(daltons)

*d (g/cm'*) V2r X

PNP 8.26 0.1036 20141 1.046 0.2308 0.30

PNPI.2 7.36 0.1139 15276 1.052 0.2516 0.34

PNP2.2 6.61 0.1219 10965 1.055 0.2752 0.34

PNP3.2 5.85 0.1352 7858 1.058 0.3206 0.34

PNPI.,2 10.54 0.0786 20028 1.100 0.2422 0.34

PNP2.,2 11.74 0.0707 15040 1.120 0.2596 0.34

PNP3.12 14.46 0.0564 14265 1.126 0.2879 0.34

* d= density
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Appendix V

XRD of the various polymer systems composed of PLA MW
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X-ray diffraction pattern o f  PLA diacrylate macromer

245



(a)

PNP

PNPl

0

4C3525 3020155 10

2 theata Scale

(b)

PNP2.2

PNP3.

40353020 25155 10

2 theata Scale

X-ray diffraction patterns of (a) PNP, PNPI.2, (b) PNP2.2 and PNP3.2 polymer
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Appendix VI 

FTIR analysis o f degradation media
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Appendix VII

Release profiles o f a range o f small model drugs from PNP-2.2
hydrogel system
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Appendix VIII

Release profiles o f Small Model drugs from PNP-PLA.2 hydrogel
systems
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