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ABSTRACT	

The	 pharmaceutical	 industry	 is	 at	 a	 critical	 juncture.	 With	 little	 remnants	 of	 the	

“Golden	 Age	 of	 the	 Pharmaceuticals”	 and	 applied	 pressure	 from	 large	 companies	

experiencing	 a	 dissipation	 of	 proprietary	 compounds,	 trends	 indicate	 a	 transition	 from	 a	

decade	 of	 stagnant	 productivity	 to	 one	 in	which	 high	 throughput	 screening	 technologies	

and	computational	chemistry	have	diversified	the	discovery	of	new	chemical	entities	(NCE).	

Despite	 these	 advances,	 drug	 discovery	 has	 been	 challenged	 by	 chemical	 entities	 that	

present	 delivery	 limitations	 due	 to	 the	 properties	 of	 their	 molecular	 structure.	 A	 recent	

evaluation	of	development	pipelines	indicated	that	approximately	70%	of	drug	candidates	

exhibit	 poor	 aqueous	 solubility;	 thereby,	 resulting	 in	 erratic	 dissolution	 and	 insufficient	

bioavailability.	 Due	 to	 intrinsic	 physical	 properties,	 these	 compounds	 are	 known	 by	 the	

biopharmaceutics	classification	system	(BCS)	as	class	II	compounds	and	are	amendable	to	

solubility	 and	bioavailability	 enhancement	platforms.	Approaches	 such	 as	pH	adjustment,	

micronization,	 nanosuspensions,	 co-solvent	 solubilization,	 cyclodextrin	 inclusion	

complexation,	 salt	 formation,	 emulsified	 drug	 formulations	 and	 amorphous	 solid	

dispersions	 (ASD)	 are	 commonly	 utilized	 to	 maximize	 bioavailability	 and	 enrich	 in	 vivo	

absorption	 by	 prolonging	 exposure	 to	 high	 concentrations	 of	 dissolved	 drug	 in	 the	

gastrointestinal	 tract	 (GIT).	 Single-phase	 amorphous	 systems,	 such	 as	 solid	 dispersions,	

have	 been	 the	 focal	 point	 of	 the	 aforementioned	 practices	 as	 a	 result	 of	 their	 ability	 to	

promote	 a	 state	 of	 drug	 supersaturation	 over	 an	 extended	 duration	 of	 time.	 Within	 the	

structure	 of	 this	 dissertation,	 the	 application	 of	 concentration	 enhancing	 polymers	 for	

bioavailability	enhancement	of	 low	solubility	compounds	was	evaluated	using	solvent	and	

fusion-based	solid	dispersion	technologies.	Exploiting	a	variety	of	analytical	methodologies	
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and	tools,	formulations	produced	by	spray	drying	and	hot	melt	extrusion	(HME)	techniques	

were	 investigated	 for	 sufficient	 dissolution	 enhancement.	 Studies	 revealed	 the	 selected	

formulation	approaches	provided	a	viable	platform	for	manufacturing	solid	dispersions	by	

illustrating	systems	that	offered	rapid	and	prolonged	periods	of	supersaturation.			

	

While	 of	 the	 applications	 of	 single-phase	 amorphous	 solid	 dispersions	 are	

continuously	 expanding,	 their	 dissolution	 behavior	 is	 not	 as	 well	 understood.	 The	

overarching	objective	of	dissolution	 testing	during	 formulation	development	 is	 to	achieve	

biological	relevance	and	predict	in	vivo	performance.	Proper	in	vitro	dissolution	testing	can	

convey	 the	 influence	 of	 key	 in	 vivo	 performance	 parameters	 and	 be	 implemented	 for	

assessment	 and	 comparison	 of	 ASD	 formulations.	 Studies	 suggest	 that	 existing	 research	

fails	 to	 accurately	 address	 the	 intricacies	 associated	with	 the	 supersaturated	 state.	 Upon	

solvation	 and	 during	 transit	 in	 the	 GIT,	 several	 high-energy	 drug-containing	 species	 are	

present	in	addition	to	free	drug.	Although	these	species	are	not	absorbed	in	vivo,	they	play	a	

pivotal	 role	 in	 generating	 and	 maintaining	 the	 supersaturation	 of	 a	 drug	 substance	 and	

function	 to	 replenish	 the	 supply	 of	 free	 drug	 as	 it	 permeates	 across	 the	 gastrointestinal	

membrane.	 Established	 dissolution	 apparatuses	 and	 methodologies	 in	 the	 United	 States	

Pharmacopeia	 (USP)	 focus	 on	 evaluation	 of	 total	 dissolved	 drug	 and	 may	 not	 be	

physiologically	 relevant	 for	 determining	 the	 amount	 of	 drug	 absorbed	 in	 vivo.	Within	 the	

framework	 of	 this	 dissertation,	 a	 dissolution	 methodology	 was	 designed	 to	 reflect	 the	

physiochemical,	 physiological	 and	 hydrodynamic	 conditions	 that	 transpire	 throughout	

dissolution	and	absorption	of	an	ASD	during	 transit	 in	 the	GIT.	The	apparatus	and	model	

present	 the	 ability	 to	 understand	 the	 kinetics	 and	 mechanisms	 of	 dissolution,	
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supersaturation	 and	 nucleation.	 To	 support	 this	 hypothesis,	 analytical	methods	 including	

high	 pressure	 liquid	 chromatography	 (HPLC)	 with	 ultraviolet	 (UV)	 detection	 were	

developed	 and	 fully	 validated.	 In	 parallel,	 a	 novel	 plasma	 membrane	 treatment	 was	

established	 to	 fabricate	 biomimetic	 membranes	 that	 possessed	 a	 hydrophilic	 and	

hydrophobic	surface.	The	treated	membranes	are	comprised	of	applied	surface	chemistries	

that	 emulate	 the	 unstirred	 aqueous	 layer	 created	 by	 microvilli	 protruding	 from	 the	

intestinal	 epithelial	 membrane	 as	 well	 as	 lipophilic	 constituents	 corresponding	 to	 the	

epithelial	 lipid	 membrane.	 Calculated	 in	 vitro	 similarity	 (f2)	 and	 difference	 (f1)	 factors	

support	 the	 hypotheses	 that	 plasma	 treated	 microporous	 polymer	 membranes	 exhibit	

biorelevant	 properties	 and	 demonstrate	 adequate	 biorelevance	 for	 in	 vitro	 dissolution	

studies.	The	described	dissolution	methodology	has	been	applied	as	a	tool	 for	selection	of	

candidates	to	move	forward	to	pharmacokinetic	studies.	In	a	culminating	study,	in	vitro	–	in	

vivo	correlations	(IVIVC)	were	performed	employing	 the	universal	membrane-permeation	

non-sink	dissolution	method	for	formulations	of	Carbamazepine.	To	demonstrate	the	utility	

of	 the	 methodology,	 multiple	 level	 C	 correlations	 were	 established.	 The	 membrane-

permeation	model	enables	quantitative	assessment	of	drug	dissolution	and	absorption	and	

offers	a	means	to	predict	 the	relative	 in	vivo	performance	of	amorphous	solid	dispersions	

for	BCS	class	II	drug	substances.		 	
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	 1	

CHAPTER	 1:	 PRINCIPLES	 OF	 BIOAVAILABILITY	 ENHANCEMENT	 AND	
CURRENT	 PROCESSING	 TECHNOLOGIES	 FOR	 PRODUCTION	 OF	
STABILIZED	AMORPHOUS	SOLID	DISPERSIONS	

	

1.1 Introduction	

	

In	 recent	 years,	 the	 process	 of	 drug	 discovery	 has	 been	 revolutionized	 by	 the	

development	 of	 computational	 chemistry	 and	 the	 advent	 of	 high	 throughput	 screening	

(HTS)	techniques.	Traditional	screening	methods	that	relied	primarily	on	empiricism	have	

become	 less	 relevant	 as	 rational	 approaches,	 while	 HTS	 techniques	 have	 automated	 the	

discovery	process	and	produced	a	multitude	of	new	drug	substances	[1].	Consequently,	this	

has	 given	 rise	 to	 an	 industry	 wide	 problem	 –	 an	 increased	 number	 of	 compounds	 with	

limited	aqueous	solubility.	Oral	administration	of	 these	drug	substances	 is	constrained	by	

their	 concomitant	 dissolution	 rate	 in	 gastrointestinal	 fluid,	 ultimately	 resulting	 in	 poor	

bioavailability.	Inadequate	bioavailability	is	associated	with	the	following	physicochemical	

properties	for	orally	adsorbed	compounds:	molecular	weight	(>500),	 lipophilicity	(log	P	>	

5),	 hydrogen	 bond	 donors	 (i.e.	 –	 the	 number	 of	 nitrogen-hydrogen	 and	 oxygen-hydrogen	

bonds)	 (>5),	 the	 number	 of	 hydrogen	 bond	 acceptors	 (i.e.	 –	 nitrogen	 and	 oxygen	 atoms)	

(>10)	and	lastly,	the	number	of	rotatable	bonds	(>10)[2].	Amalgamation	of	these	properties	

in	 drug	 substances	 elicits	 erratic	 absorption	 after	 oral	 ingestion.	 Specifically	 for	 oral	

administration,	 in	 vivo	 absorption	 of	 a	 drug	 substance	 is	 linked	 with	 its	 solubility	 and	

intestinal	permeability.	Drug	substances	that	possess	a	limited	thermodynamic	solubility	in	

gastrointestinal	fluid	but	exhibit	high	permeability	are	categorized	by	the	biopharmaceutics	

classification	system	(BCS)	as	class	II	compounds	(Figure	1.1).		Recent	reports	suggest	that	
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40	–	70%	of	all	new	chemical	entities	(NCE)	may	be	classified	as	BCS	class	 II	compounds,	

denoting	solubility	as	a	significant	obstacle	for	scientists	to	overcome	[3,	4].		

	

	

Figure	1.1:	Biopharmaceutics	classification	system	(BCS)	

	

The	dissolution	behavior	of	drug	substances	is	an	indicator	of	oral	bioavailability	[5].	

Understanding	 the	 challenges	 associated	 with	 the	 rate	 of	 dissolution,	 specifically	 drug	

solubility,	can	be	explained	through	established	models.	The	Noyes-Whitney	equation	exists	

as	 the	 foundation	 of	 dissolution	 research	 and	 defines	 the	 rate	 of	 dissolution	 as	 being	

proportional	the	to	difference	between	the	concentration	of	a	saturated	solution	and	that	of	

a	solution	at	a	specified	time	(Equation	1.1)	[6].	
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!"
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incorporate	concepts	outlined	by	Fick’s	laws	of	diffusion,	Walther	Nernst	and	Erich	Brunner	

proposed	a	model	for	the	process	of	dissolution	that	still	holds	merit	today.	Investigation	of	

the	 Nernst-Brunner	 equation	 depicts	 that	 the	 rate	 of	 dissolution	 of	 a	 drug	 substance	 is	

influenced	by	a	number	of	factors	(Equation	1.2)	[7,	8].		

	

!"
!" =

!"
!!  !! − !! 	 	 	 	 Equation	1.2	

	

Where	
!"
!" 	 represents	 the	 rate	 of	 dissolution,	D	 represents	 diffusion	 coefficient	 of	 a	 drug	

substance,	A	represents	 the	surface	area	of	 the	exposed	solid,	V	represents	 the	volume	of	

dissolution	 medium,	 h	 represents	 the	 thickness	 of	 the	 diffusive	 layer,	 Cs	 represents	 the	

saturated	 solubility	 of	 a	 drug	 substance	 in	 a	 dissolution	 medium	 and	 Ct	 represents	 the	

concentration	of	a	drug	substance	in	a	dissolution	medium	at	a	specific	time	t.	An	evaluation	

of	the	Nernst-Brunner	equation	portrays	that	the	factors	governing	the	rate	of	dissolution	

of	a	drug	substance	are:	1	–	the	concentration	of	a	drug	substance	in	a	dissolution	medium	

(solubility)	and	2	–	the	surface	area	of	a	drug	substance	exposed	to	a	dissolution	medium	

(particle	size).	Moreover,	 this	equation	 infers	 that	merely	expanding	 the	surface	area	of	a	

dissolving	 drug	 substance	 would	 result	 in	 an	 enhanced	 rate	 of	 dissolution	 and	

bioavailability	 [9].	 Increasing	 the	 surface	 area	 of	 a	 dissolving	 drug	 substance	 can	 be	

accomplished	 through	 a	 reduction	 of	 its	 particle	 size.	 Although	 substantial	 progress	 has	

been	 reported	 with	 nanoparticulates,	 ultimately	 the	 solubility	 of	 “brick	 dust”	 or	 “grease	

ball”	 compounds	 in	 aqueous	 media	 irrefutably	 exists	 as	 the	 limiting	 factor	 for	 oral	

bioavailability	[10].		
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Fundamentally,	the	solubility	of	a	drug	substance	is	the	precursor	to	the	processes	of	

dissolution,	absorption	and	bioavailability	[11].	The	aqueous	solubility	of	a	drug	substance	

is	influenced	by	the	arrangement	of	molecules	in	its	crystal	lattice,	the	corresponding	lattice	

energies	associated	with	the	strength	of	the	intermolecular	interactions,	the	octanol-water	

partition	 coefficient	 (logP)	 and	 its	 ability	 to	 be	 solubilized	 by	 naturally	 occurring	

surfactants	 [12,	 13].	 In	 recent	 years,	 innovative	 solubility	 enhancement	 technologies	 and	

formulation	 approaches	 such	 as:	 pH	 adjustment,	 co-solvent	 solubilization,	 cyclodextrin	

inclusion	 complexation,	 salt	 formation,	 supercritical	 fluid	 processes,	 emulsified	 drug	

formulations,	 pro-drugs,	 amorphous	 formation	 and	 solid	 dispersions	 have	 become	

pertinent	in	addressing	issues	related	to	the	dissolution	behavior	and	bioavailability	of	BCS	

class	 II	 compounds	 [14-21].	 Success	 of	 the	 abovementioned	 practices	 relies	 on	 the	

processes	 ability	 to	 promote	 the	 concentration	 of	 a	 drug	 substance	 beyond	 its	

thermodynamic	solubility.	Exceeding	the	thermodynamic	or	equilibrium	solubility	of	a	drug	

substance	refers	to	a	metastable	condition	in	which	a	state	of	supersaturation	is	achieved.	

However,	due	to	the	high	free	energy	associated	with	the	thermodynamic	instability	of	the	

metastable	 state,	 supersaturation	 is	 often	 temporary	 and	 the	 concentration	 of	 a	 drug	

substance	will	revert	back	to	its	equilibrium	conditions.	In	such	cases,	poor	bioavailability	is	

often	observed	as	a	 result	of	 incomplete	and	variable	dissolution.	Therefore,	an	emerging	

trend	 in	 the	 aforementioned	 platforms,	 namely	 solid	 dispersions,	 focuses	 on	maintaining	

the	state	of	superstation	 for	extended	periods	of	 time	 through	drug-polymer	 interactions.	

Prolonged	 exposure	 to	 high	 concentrations	 of	 dissolved	drug	 in	 the	 gastrointestinal	 tract	

permits	 enriched	 in	 vivo	 absorption	 and	 bioavailability	 for	 BCS	 class	 II	 compounds.	

Consequently,	 significant	 research	on	solid	dispersion	processing	 technologies	amendable	
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to	 commercial	 manufacturing	 in	 the	 pharmaceutical	 industry	 has	 flourished	 in	 the	 past	

decade.	

	

The	 following	 sections	 outline	 the	 principles	 of	 bioavailability	 enhancement	 with	

respect	 to	 the	 thermodynamic	 stability	 of	 the	 metastable	 supersaturated	 state.	 It	 also	

summarizes	current	processing	technologies	 for	production	of	stabilized	amorphous	solid	

dispersions	and	solid-state	characterization	techniques.	

	

1.2 Principles	of	Bioavailability	Enhancement	

	

1.2.1	 Thermodynamic	Properties	of	Amorphous	Solids	

	

Pharmaceutical	materials	existing	in	the	solid	form	are	characterized	based	on	their	

composition	(chemical	structure)	and	shape	(internal	arrangement).	The	chemical	structure	

of	 a	 compound	 defines	 its	 molecular	 geometry,	 which	 is	 established	 by	 the	 spatial	

arrangement	 of	 atoms	 in	 a	 molecule.	 A	 pattern	 of	 repeated	 order	 portrayed	 by	 the	

organization	 of	 molecules	 within	 its	 structure	 is	 referred	 to	 as	 translational	 periodicity.		

Structures	that	possess	translational	periodicity	are	described	as	crystal	lattices.	Moreover,	

the	geometric	symmetry	of	 the	crystal	 lattices	comprises	 its	crystal	 structure.	For	a	given	

structure,	multiple	packing	configurations	can	exist,	resulting	in	the	possibility	of	different	

conformational	 or	 polymorphic	 forms.	 Each	 polymorphic	 form	 conveys	 different	

physicochemical	 properties,	 which	 can	 significantly	 influence	 its	 stability,	 solubility	 and	

bioavailability.	 	 The	 thermodynamic	 stability	 of	 a	 polymorphic	 form	 is	 influenced	 by	 the	
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free	energy	accompanied	with	its	configurational	entropy	and	intermolecular	interactions.	

Thermodynamically,	the	most	stable	system	is	identified	as	the	one	that	exists	in	the	lowest	

energy	state,	which	often	possesses	 the	highest	density	and	melting	point.	 In	general,	 the	

crystalline	 form	 is	 considered	 the	most	 stable	 due	 to	 its	 long-range	molecular	 order	 and	

minimum	free	energy.	High	free	energy	polymorphic	forms	are	known	to	be	metastable	and	

for	that	reason,	their	success	in	solubility	enhancement	is	often	short-lived.	Nevertheless,	it	

still	remains	that	high	free	energy	systems	are	associated	with	enhanced	solubility,	creating	

a	platform	for	bioavailability	enhancement.		

	

Solubility	challenges	faced	by	pharmaceutical	materials	are	primarily	a	function	the	

lipophilicity	 and	 intermolecular	 forces	within	 its	 crystal	 lattice	 [11,	 17,	 22].	Manipulating	

the	solid-state	properties	of	a	crystalline	solid	can	result	in	the	production	of	its	amorphous	

form.	Amorphous	material	 is	 often	 produced	under	 conditions	 exceeding	 the	 equilibrium	

value	 of	 the	 system	 and	 for	 that	 reason	 the	 material	 is	 classified	 as	 a	 metastable	 solid.	

Common	forms	of	preparation	involve	rapid	quenching	of	a	molten	solid	or	liquid	solution	

below	its	melt	temperature	(Tm)	to	prevent	molecules	from	organizing	into	a	crystal	lattice	

with	 three-dimensional	 order.	 	 As	 a	 result,	 amorphous	 material	 is	 characterized	 by	 the	

transformation	 temperature	 from	 a	 liquid	 to	 glassy	 state,	 or	 the	 glass	 transition	

temperature	(Tg).	At	temperatures	below	the	Tg,	material	will	be	present	in	an	immobilized	

disordered	 form,	or	a	non-crystalline	amorphous	glass	 state	 (Figure	1.2).	The	amorphous	

form	 of	 a	 pharmaceutical	 material	 represents	 a	 high	 entropy	 phase	 that	 lacks	 a	 defined	

molecular	conformation	and	exhibits	short-range	molecular	order	[23,	24].	Relative	to	the	

crystalline	 form,	 the	 amorphous	 form	 exists	 in	 a	 higher	 energy	 state	 and	 demonstrates	
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increased	 molecular	 mobility	 resulting	 from	 structural	 characteristics	 similar	 to	 that	 of	

highly	viscous	 liquids.	Amorphous	 systems	are	known	 to	 represent	 the	greatest	apparent	

solubility	of	 a	pharmaceutical	material	 and	consequently	offer	 the	potential	 for	 improved	

bioavailability.	However,	such	systems	signify	a	non-equilibrium	condition	that	is	prone	to	

phase	 transformation	 and	 compelled	 to	 convert	 to	 a	 more	 thermodynamically	 stable	

crystalline	 state	 if	 sufficient	 molecular	 mobility	 exists.	 Hence,	 controlling	 the	 stability	 of	

amorphous	systems	is	an	on-going	challenge	affiliated	with	the	bioavailability	enhancement	

of	metastable	solids.	

	

	

Figure	1.2:	Thermodynamic	relationship	of	the	amorphous	and	crystalline	states		
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	 Owing	to	excess	thermodynamic	(enthalpy,	entropy,	and	free	energy)	properties,	the	

amorphous	 form	 of	 a	 pharmaceutical	 material	 provides	 a	 substantial	 enhancement	 in	

solubility,	rate	of	dissolution	and	bioavailability.	Conversely,	these	properties	also	make	the	

amorphous	 form	 susceptible	 to	 nucleation	 and	 concurrent	 crystallization;	 thereby,	

perplexing	solid	stability.	An	evaluation	of	Gibbs	free	energy	can	provide	an	insight	into	the	

stability	of	amorphous	material.	For	the	neat	form	of	amorphous	material:	

	

!! =  !! − !!!		 	 	 	 Equation	1.3	

	

Similarly	for	the	neat	form	of	crystalline	material:	

	

!! =  !! − !!! 		 	 	 	 Equation	1.4	

	

Subtraction	 of	 Equation	 1.3	 from	 1.4	 results	 in	 the	 following	 equation	 describes	 the	 free	

energy	difference	between	crystalline	and	amorphous	material.	

	

Δ!!,! =  Δ!!,! − !Δ!!,!		 	 	 Equation	1.5	

	

Where	 Δ!!,!	 represents	 the	 difference	 in	 free	 energy	 between	 the	 crystalline	 and	

amorphous	form,	Δ!!,!	 is	the	enthalpic	difference	between	the	crystalline	and	amorphous	

form,	Δ!!,!	represents	the	entropic	difference	between	the	crystalline	and	amorphous	form	

[9,	 25].	 The	 enthalpy	 is	 a	 measure	 of	 the	 energy	 associated	 with	 conformational	 or	

structural	differences	 in	 the	 crystal	 lattice.	The	entropy	 is	 a	measure	of	 the	 configuration	
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linked	with	crystal	lattice	vibrations	and	disorderliness.	An	amorphous	system	will	relax	to	

a	lower	configurational	entropy	and	enthalpy	[26].	Equation	1.5	can	be	used	to	investigate	

the	 influence	 of	 thermodynamics	 on	 the	 crystallization	 of	 the	 amorphous	 form	 [27].	 At	 a	

specific	temperature,	phase	transformations	are	governed	by	Gibbs	free	energy	when	Δ!!,!	

<	0	and	will	occur	until	Δ!!,!	=	0	is	satisfied.	Therefore,	the	driving	force	for	crystallization	

of	 an	 amorphous	 solid	 is	 the	 difference	 of	Gibbs	 free	 energy	 between	 the	 crystalline	 and	

amorphous	form.		

	

	 The	difference	 in	Gibbs	 free	energy	values	of	 the	amorphous	and	crystalline	 forms	

can	also	be	used	to	understand	solubility	advantage	of	the	amorphous	form	(Equation	1.6).	

	

∆!!!,! =  −!" ∙ ln (!!
!

!!!
)		 	 	 Equation	1.6	

	

Where	∆!!!,! 	represents	a	difference	in	free	energy	of	the	amorphous	and	crystalline	forms,	

R	 is	 the	 gas	 constant,	 T	 is	 the	 temperature	 and	 !!
!

!!!
	 represents	 the	 solubility	 ratio	 of	 the	

amorphous	(a)	and	crystalline	 (c)	 forms.	Provided	 the	 laws	of	a	dilute	solution	apply,	 the	

thermodynamic	activity	of	a	compound	is	approximately	proportional	its	solubility	 ! 	[28].	

From	 this,	 simple	 thermodynamic	 predictions	 can	 estimate	 the	 free	 energy	 difference	

between	 the	amorphous	and	crystalline	 form	and	be	employed	 to	understand	 the	driving	

force	for	increased	solubility,	rates	of	dissolution	and	bioavailability	[29].	Equation	1.6	can	

be	 used	 to	 evaluate	 the	 extent	 of	 solubility	 improvement	 prior	 to	 performing	 laborious	

experimental	development.	
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	 To	 this	 point,	 thermodynamic	 considerations	 have	 been	 explored	 to	 predict	 the	

solubility	 benefits	 of	 amorphous	 material	 as	 well	 as	 describe	 the	 probability	 of	

crystallization	occurring.	From	a	kinetics	perspective,	the	rate	of	crystallization	is	strongly	

influenced	 by	 the	molecular	mobility	 of	 the	 amorphous	 system.	Moreover,	 the	molecular	

mobility	of	an	amorphous	system	is	dependent	upon	the	rate	of	relaxation;	which	in	turn	is	

a	 function	 of	 temperature.	 Figure	 1.2	 denotes	 the	 temperature	 at	which	 the	 entropy	 of	 a	

liquid	 intercepts	 that	 of	 a	 crystal,	 inferring	 its	 molecular	mobility	 is	 essentially	 stopped.	

This	 temperature	 is	 referred	 to	 as	 the	 Kauzmann	 temperature	 (Tk)	 and	 represents	

conditions	for	an	ideal	glass.	Thus,	environmental	conditions	(i.e.	–	storage	conditions)	are	

critical	for	an	amorphous	system	and	it	is	suggested	that	a	temperature	50°C	below	the	Tg	

will	suppress	crystallization;	thereby,	ensure	physical	and	molecular	stability	[30,	31].	For	a	

single-component	 amorphous	 solid,	 preventing	 crystallization	 by	 stabilizing	 the	

surrounding	environmental	conditions	can	be	challenging	due	to	additional	considerations,	

such	 as	 moisture.	 Absorption	 of	 moisture	 into	 amorphous	 material	 occurs	 through	

hydrogen	bonding	and	can	increase	the	molecular	mobility	due	to	its	plasticizing	effect.			

	

To	 overcome	 challenges	 associated	 with	 controlling	 the	 molecular	 mobility	 and	

concurrent	recrystallization	of	pure	amorphous	material,	stabilization	approaches	such	as	

amorphous	 solid	dispersions	are	 commonly	 implemented	 in	 the	pharmaceutical	 industry.	

The	 propensity	 of	 material	 to	 crystallize	 can	 be	 reduced	 by	 interactions	 with	 a	 carrier	

matrix;	 thus,	 increasing	the	glass	transition	temperature	of	 the	system.	In	such	systems,	a	

homogenous	solid	solution	is	produced	by	molecularly	distributing	a	drug	substance	into	a	
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polymer	 carrier.	 In	general,	 stabilization	of	 an	amorphous	 solid	dispersion	 system	occurs	

via	hydrogen	bonding	of	a	drug	substance	with	a	polymer	carrier.	For	a	multiple	component	

system,	 an	 ideal	 amorphous	 solid	 dispersion	 would	 express	 a	 single	 glass	 transition	

temperature	upon	solid-state	characterization.	Hence,	a	stable	system	would	exist	as	single	

uniform	 phase	 [26].	 Assuming	 complete	 miscibility	 in	 a	 drug/polymer	 system,	 the	

composite	glass	transition	temperature	can	be	predicted	using	the	Gordon-Taylor	equation	

(Equation	1.7)	[32].		

	

T!(!"#) =  !!!!!!!!!!!!!!!!!!
		 	 	 Equation	1.7	

	

Where	T!(!"#)	represents	the	glass	transition	temperature	of	the	composite,	!!! 	and	!!! 	are	

the	 glass	 transitions	 temperatures	 of	 the	 individual	 components	 (drug	 and	 polymer),	W1	

and	 W2	 denote	 the	 weight	 fractions	 of	 the	 each	 component	 and	 K	 is	 a	 constant	 that	

expresses	 the	 effect	 of	 density	 on	 the	 system	 as	 K	 ≈	
!!!!!
!!!!!

.	 Equation	 1.7	 conveys	 the	

importance	of	polymer	selection	pertaining	to	 the	composite	glass	 transition	temperature	

of	 an	 amorphous	 solid	 dispersion	 system.	 From	 this	 it	 is	 evident	 that	 incorporating	

polymers	with	high	glass	 transition	 temperatures	at	high	concentrations	(typically	>	50%	

by	weight)	can	significantly	improve	the	stability	of	the	system	[31].		

	

Beyond	 solid-state	 stability,	 polymer	 selection	 also	 plays	 a	 critical	 role	 in	

bioavailability	enhancement	for	an	amorphous	solid	dispersion	system.	The	mechanism	of	

bioavailability	 enhancement	 for	 these	 systems	 can	 be	 described	 by	 the	 “spring	 and	
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parachute”	model	 (Figure	1.3)	 [33,	34].	High	 free	 energy	 characteristic	of	 the	 amorphous	

form	of	a	drug	provides	the	“spring”	effect	to	enhance	solubility	into	a	supersaturated	state.	

However,	 the	metastable	thermodynamic	nature	of	the	amorphous	form	often	results	 in	a	

kinetic	 solubility	 that	 is	 ephemeral.	 Introduction	of	 a	polymer	 into	 an	amorphous	 system	

provides	 the	 “parachute”	 effect	 and	 functions	 to	 reduce	 the	 rate	 of	 precipitation	 by	

interfering	with	nucleation	and	crystal	growth	[11,	33].	This	results	in	prolonged	exposure	

to	a	drug	at	elevated	concentrations,	which	can	translate	into	enhanced	bioavailability	[35].	

Such	 systems	 have	 garnered	 significant	 attention	 in	 the	 pharmaceutical	 industry	 for	

bioavailability	 enhancement	 of	 dissolution	 rate	 limited	 compounds,	 namely	 BCS	 class	 II	

drug	substances.		

	

	

Figure	1.3:	Drug	concentration	vs.	time	profiles	–	spring	and	parachute	approach	
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1.3 Processing	Technologies	for	Production	of	Amorphous	Solid	Dispersions		

	

Processing	technologies	for	fabrication	of	amorphous	solid	dispersions	are	primarily	

solvent-based	or	 fusion-based.	Within	each	subset,	numerous	methods	have	been	applied	

for	production	of	amorphous	solid	dispersion	systems.	This	work	 focuses	on	technologies	

amendable	to	scale-up	and	commercial	manufacturing	in	the	pharmaceutical	industry.	Still,	

the	fundamentals	of	most	approaches	are	similar	and	involve	molecularly	dispersing	a	drug	

substance	with	 poor	 aqueous	 solubility	 in	 an	 inert	 polymer	 carrier.	 In	 such	 systems,	 the	

drug	substance	will	be	dissolved	at	a	molecular	level.	Therefore,	the	drug’s	particle	size	will	

represent	the	absolute	minimum	attainable	value	and	the	dissolution	rate	of	the	system	will	

be	 controlled	 by	 that	 of	 the	 polymer	 carrier	 [36].	 An	 ideal	 amorphous	 solid	 dispersion	

embodies	 a	 molecular	 mixture	 of	 a	 drug	 substance	 and	 polymer	 carrier	 is	 primarily	

produced	by	solvent	and	fusion	based	techniques,	which	function	to	precipitate	a	solid	from	

solution	through	rapid	evaporation	of	a	solvent	or	supercooling	a	melt	solution	respectively	

[36,	37].		

	

1.3.1	 Solvent	Based	

	

	 Solvent-based	 processing	 technologies	 rely	 on	 the	 preparation	 of	 a	 solution	

containing	a	drug	and	stabilizing	 component	 [38].	They	operate	on	 the	principle	 that	dry	

solids	are	extracted	from	a	fluid	by	evaporation	of	a	liquid	carrier	or	precipitation	from	the	

addition	of	an	anti-solvent	[39-41].	Selecting	a	solvent	proficient	in	dissolving	hydrophobic	

drugs	is	an	essential	prerequisite	to	evaporation.	In	general,	the	liquid	carrier	is	comprised	
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of	an	organic	solvent,	which	can	present	toxicity	concerns.		Following	solution	preparation,	

rapid	removal	of	the	solvent	quenches	the	amorphous	solid	dispersion	system	and	inhibits	

its	molecular	mobility,	thus	prohibiting	recrystallization.	Solvent-based	technologies	depict	

a	process	in	which	mixing	occurs	a	molecular	level.	In	doing	so,	the	solubility	and	stability	of	

an	amorphous	solid	dispersion	can	be	increased.	

	

1.3.1.1	 Spray	Drying	

	 		

Among	 all	 solvent-based	 processing	 technologies,	 spray	 drying	 has	 amassed	 the	

most	attention	in	the	pharmaceutical	industry	owing	to	its	suitability	across	scales	ranging	

from	 laboratory	 to	 commercial	 [38].	 Fundamentally,	 the	 spray	 drying	 procedure	 is	

composed	of	four	steps:	1)	spray	formation	and	atomization,	2)	droplet	and	gas	contact,	3)	

drying	and	particle	formation	and	4)	separation	of	dried	particles	from	the	gas	[39,	42].	A	

liquid	feed	(existing	as	a	solution,	suspension	or	emulsion)	comprised	of	drug	and	polymer	

is	sprayed	through	a	nozzle	to	impart	atomization.	Atomization	is	the	process	of	fabricating	

fine	droplets.	 It	 functions	 to	 increase	 the	 liquid	surface	area	 to	volume	ratio	and	 improve	

solvent	 evaporation	efficiency	 [39].	The	atomization	 step	 is	 a	 critical	 feature	of	 the	 spray	

drying	process	as	it	controls	the	droplet	size	and	concomitant	particle	size/morphology	[39,	

43].	 Following	 atomization,	 a	 turbulent	 flow	of	 a	 hot	 drying	 gas	 (air	 or	 nitrogen)	 is	 used	

decrease	the	residence	time	of	the	droplets	in	the	drying	chamber	and	increase	the	droplet	

drying	kinetics.	The	drying	kinetics	are	attributed	to	the	relationship	between	the	diffusive	

motion	of	solutes	and	the	rate	of	solvent	evaporation	from	the	droplets	[44].	An	accelerated	

evaporation	 rate	may	 result	 in	morphological	 and	 stability	 problems,	 while	 an	 extended	
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evaporation	 rate	 may	 result	 in	 a	 time	 consuming	 processes.	 Therefore,	 spray	 drying	

requires	a	balance	between	drying	time	and	evaporation	rate.	In	the	final	step	of	the	spray	

drying	 process,	 the	 solid	 particles	 are	 separated	 from	 a	 solvent	 enriched	 drying	 gas	 in	 a	

cyclone.	Operating	on	the	basis	of	centrifugal	force,	solid	particles	are	carried	to	the	bottom	

of	the	vortex	as	a	function	of	their	mass	and	the	gas	is	expelled	and	vented.	The	final	solids	

of	the	amorphous	solid	dispersion	are	collected	in	the	bottom	of	the	cyclone.	See	Figure	1.4	

for	a	schematic	of	the	spray	drying	apparatus.		

	

	

Figure	1.4:	Spray	drying	apparatus	and	basic	mechanism		
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1.3.1.1.1	 Advantages	and	Limitations	

	

Spray	 drying’s	 popularity	 in	 the	 pharmaceutical	 industry	 is	 accredited	 to	 its	

numerous	 advantages	 over	 other	 solvent-based	 techniques.	 Several	 of	 its	 benefits	 are:	

continuous	processing	(commercially	feasible),	minimal	exposure	to	thermal	stress	(critical	

for	drugs	 sensitive	 to	processing	 at	high	 temperatures),	 limited	batch-to-batch	variability	

(simple	process	parameters),	desirable	physical	particle	properties	(amendable	to	tableting	

due	 to	 compressibility)	 and	 high	 throughput	 capabilities	 [39].	 Furthermore,	 compared	 to	

other	 solvent	 based	 processing	 technologies,	 spray	 drying	 represents	 a	 cost-effective,	

scalable	 technique.	 Spray	 drying	 has	 a	 few	 limitations	 that	 should	 be	 mentioned.	 Drug	

substances	with	low	aqueous	solubility	(BCS	class	II)	will	require	an	organic	solvent	when	

preparing	 a	 feed	 solution.	 As	 a	 result,	 toxicity	 concerns	 are	 introduced	when	 an	 organic	

solvent	 is	 used	 in	 the	 manufacturing	 process	 [45].	 The	 International	 Conference	 on	

Harmonization	 (ICH)	 recommends	 maximum	 acceptable	 amounts	 of	 residual	 solvents	 in	

pharmaceutical	 compositions	 for	 the	 safety	 of	 the	 patient	 [46].	 Therefore,	 additional	

secondary	drying	steps	may	be	required	to	guarantee	all	residual	solvent	levels	are	reduced	

below	 the	 ICH.	 Controlling	 the	 drying	 rate	 and	 ensuring	 complete	 removal	 of	 a	 residual	

solvent	are	critical	aspects	of	the	spray	drying	processes	as	they	significantly	influence	the	

stability	of	the	amorphous	solid	dispersion.	In	addition	to	toxicity	concerns,	challenges	are	

often	 encountered	 finding	 a	 solvent	with	 sufficient	 dissolution	 capabilities	 for	 both	 drug	

and	polymer.	Spray	dried	material	may	exhibit	intrinsic	properties	such	as	low	bulk	density	

and	low	flow	properties	that	can	make	drug	product	formulation	development	arduous.	
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1.3.2	 Fusion	Based	

	

	 As	an	alternative	to	solvent-based	processing	technologies,	fusion-based	processing	

technologies	rely	on	the	ability	of	one	or	more	components	in	a	physical	mixture	to	become	

molten.	 Fusion-based	 processing	 provides	 solvent-free	 continuous	 manufacturing	 for	

production	of	amorphous	solid	dispersions.	It	involves	melting	of	drug	and	carrier	material	

followed	by	subsequent	mixing	and	quenching	by	cooling.	In	fusion-based	processing,	two	

potential	scenarios	arise	based	upon	the	melting	point	of	the	drug	substance:	1	–	Tprocess	>	Tg	

and	 Tm	 of	 the	 carrier	 material	 and	 drug	 respectively	 and	 2	 –	 Tprocess	 >	 Tg	 of	 the	 carrier	

material	but	<	Tm	of	the	drug	[47].	Processing	at	temperatures	above	the	Tg	and	Tm	of	the	

carrier	material	and	drug	respectively,	is	referred	to	as	a	miscibility	system.	In	such	systems,	

both	the	drug	substance	and	carrier	are	in	molten	form	and	therefore	dispersion	of	the	drug	

substance	 into	 the	 carrier	 represents	 the	 rate-limiting	 step.	 In	 contrary,	 for	 high	melting	

point	 compounds,	 processing	 at	 temperatures	 below	 the	 Tm	 of	 a	 drug	 substance	 will	

represent	a	solubilization	system.	 In	such	systems,	 the	carrier	material	acts	as	a	solvent	 in	

which	the	drug	substance	can	dissolve.	Often	times	solubilization	systems	rely	on	the	input	

of	energy	to	distribute	the	drug	substance	into	the	carrier	material.	 
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1.3.2.1	 Hot	Melt	Extrusion	

	

Hot	melt	extrusion	 (HME)	denotes	a	 fusion-based	process	 for	 the	production	of	an	

amorphous	 solid	 dispersion	 that	 was	 first	 applied	 to	 pharmaceutical	 applications	 by	

Sikugchi	 and	Obi	 in	1961	 [48].	Though	 recent	 times	depict	 an	upsurge	 in	pharmaceutical	

applications	 for	 HME,	 historically	 this	 process	 was	 a	 platform	 for	 production	 and	

manufacturing	foods	and	plastics,	such	as	the	notorious	McDonald’s	McRib	and	plastic	bags	

[47,	49].	Similar	to	solvent-based	processes,	HME	strives	to	produce	a	single	homogenous	

phase	from	a	mixture	of	constituents,	indicating	the	dissolution	of	the	drug	substance	in	the	

polymer	carrier	plays	a	fundamental	role.	Extrusion	is	a	process	in	which	new	material	(an	

extrudate)	 is	 formed	 by	 forcing	 an	 intimately	 mixed	 molten	 composition	 through	 a	 die	

under	 controlled	 conditions	 [50].	 While	 its	 uses	 are	 widespread,	 HME	 is	 especially	

applicable	for	bioavailability	enhancement	of	BCS	class	II	drug	substances.	HME	is	a	viable	

process	for	preparation	of	sustained	release	tablets	[51,	52],	transdermal	and	transmucosal	

self	delivery	systems	[53-55]	and	implants	[56-58].		

	

The	 HME	 process	 encompasses	 5	 steps:	 1)	 feeding,	 2)	 conveying	 and	 venting,	 3)	

melting	and	mixing,	4)	melt	conveying	and	venting	and	5)	shaping	and	cooling	[59].	Single	

or	 twin-screw	 extruders	 work	 to	 feed	 material	 through	 a	 heated	 barrel	 where	 a	 melt	

solution	is	formed	through	mixing,	shear	and	friction.	For	pharmaceutical	applications	twin-

screw	 extruders	 are	 commonly	 used	 (Figure	 1.5).	 Twin-screw	 extruders	 are	 constructed	

with	 co-rotating	 and	 counter-rotating	 screw	 designs.	 The	 intermeshing	 design	 of	 a	 co-

rotating	twin-screw	extruders	entails	a	self-wiping	process,	which	indicates	the	material	is	
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“first	 in,	 first	 out”	 and	 thus,	 reducing	 residence	 time	 [50].	 Prolonged	 residence	 times	 can	

increase	 the	 potential	 for	 degradation	 or	 decomposition	 of	 thermally	 sensitive	 material;	

therefore,	the	configurational	design	of	the	extruder	can	significantly	curtail	the	residence	

time	[60,	61].	After	loading,	material	is	mixed	and	devolatilized	in	a	conveying	section.	The	

rate	at	which	material	is	conveyed	is	dependent	upon	the	screw	speed,	the	feed	rate	and	the	

pitch	and	angle	of	the	screws.	Provided	materials	are	mixed	thoroughly,	a	subsequent	melt	

is	 formed.	Formation	of	a	melt	 requires	an	 input	of	energy,	either	supplied	by	 thermal	or	

mechanical	stress	to	transform	the	drug	substance	and	polymer	into	a	higher	energy	state	

[59].	 Thermal	 stress	 is	 achieved	 by	 heating	 the	 barrel	 containing	 the	 screws.	Mechanical	

stress	is	implemented	by	the	specific	design	of	screws	causing	shear	and	friction.	Kneading	

elements	positioned	at	different	angles	(30°,	60°	and	90°)	are	used	to	induce	shear	energy	

into	 they	 system.	 Distributive	 and	 dispersive	 mixing	 are	 necessary	 for	 formation	 of	 a	

homogenous	 melt	 [62].	 Distributive	 mixing	 refers	 to	 the	 uniform	 circulation	 of	 a	 drug	

substance	throughout	the	polymer,	while	dispersive	mixing	is	associated	with	shear	energy	

[62].	 Following	melt	 formation,	 the	molten	 solution	 is	 impelled	 through	 a	 shaping	 orifice	

where	the	amorphous	solid	dispersion	rapidly	vitrified.	Due	to	thermodynamic	aspects,	the	

tendency	of	high-energy	species	to	revert	to	low	energy	species	is	high,	and	vitrification	is	

necessary	to	achieve	an	amorphous	solid	dispersion	that	is	essentially	frozen	in	form.		

	



	 20	

	

Figure	1.5:	Basic	set-up	of	a	hot	melt	extruder.	

	

1.3.2.1.1	 Polymer	Considerations		

	

Polymer	selection	 is	 critical	 for	HME	as	challenges	may	be	encountered	depending	

on	processing	temperatures.	As	discussed	previously,	material	decomposition	can	occur	at	

elevated	 temperatures	and	as	a	 result,	 the	maximum	temperature	 range	 that	 extrusion	 is	

generally	 performed	 is	 20	 –	 40	 °C	 above	 the	 Tg	 of	 the	 polymer	 [62,	 63].	 Selection	 of	 a	

polymer	 will	 be	 specific	 to	 the	 application.	 Plasticizer’s	 are	 often	 incorporated	 into	 a	

polymer	exhibiting	a	high	Tg	(i.e.	-	Polymethyl	methacrylate	(PMMA)	and	Eudragit	L100)	to	

ease	thermal	processing	by	reducing	the	polymer	melt	viscosity	and	 lowering	the	Tg	 [64].	

Other	 characteristics	 such	 as	 lipophilicity	 and	 hydrogen	 bonding	 groups	 are	 desirable	 as	

they	 are	 affiliated	with	 solubility	 enhancement	 capabilities	 [62].	 To	 enhance	 solubility	 in	

poorly	 water-soluble	 drugs,	 generally	 hydrophilic	 polymers	 are	 used.	 Some	 examples	 of	

polymers	with	 hydrophilic	moieties	 are:	 hydroxypropyl	methylcellulose	 acetate	 succinate	

(HPMCAS),	hydroxypropyl	methylcellulose	(HPMC)	and	polyvinylpyrrolidone	(PVP).	Lastly,	
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if	a	polymer	is	to	be	approved	for	use	in	drug	formulations,	toxicity	must	be	considered,	as	

the	production	of	an	amorphous	solid	dispersion	using	HME	will	require	a	large	amount	of	

polymer.		

	

1.3.2.1.2	 Advantages	and	Limitations	

	

Owing	 to	 numerous	 advantages	 over	 other	 solvent	 and	 fusion-based	 techniques,	

HME	has	garnered	 significant	 attention	 in	 the	pharmaceutical	 industry.	A	 few	 to	mention	

are:	 solvent	 free	 processing	 (reduced	 material	 costs),	 high	 throughput	 and	 continuous	

manufacturing	 capabilities	 (reduced	manufacturing	 costs)	 and	 ease	 of	 scalability.	 Despite	

these	 advances,	 there	 are	 also	 several	 challenges	 to	 consider	 for	 HME.	 Processing	 high	

melting	 compounds	with	HME	 can	 be	 problematic	 due	 to	 the	 amount	 of	 heat,	 stress	 and	

sheer	 required	 to	 induce	 their	melt.	 At	 such	 conditions,	 processing	 temperatures	 >180°C	

are	often	required,	which	can	 induce	degradation	of	 thermally	sensitive	polymer	carriers.	

Moreover,	polymers	with	enhanced	thermal	stability	are	often	highly	viscous	and	difficult	to	

process	 in	 HME	 due	 to	 torque	 constraints	 associated	 with	 the	 motor.	 Aside	 from	

disadvantages	 common	 to	 the	 extrusion	 process,	 potential	 drawbacks	 also	 arise	 in	

downstream	steps,	such	as	milling	and	tableting.		Milling	is	often	required	to	reduce	particle	

size;	 however,	 exposing	 a	 thermodynamically	 stable	 extrudate	 to	 stressed	 thermal	 and	

mechanical	 conditions	 can	 decrease	 the	 stability	 of	 the	 amorphous	 solid	 dispersion	 or	

induce	 recrystallization.	 Furthermore,	 HME	 can	 alter	 the	 mechanical	 properties	 of	 the	

material	processed,	which	may	negatively	 influence	 the	compressibility	and	consequently	

tableting	behavior	[65].	
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1.4 Solid-State	Characterization	of	Amorphous	Solid	Dispersions		

	

	 Amorphous	 solid	 dispersions	 have	 emerged	 as	 the	 preferred	 approach	 in	 the	

pharmaceutical	industry	to	enhance	the	solubility,	rate	of	dissolution	and	bioavailability	of	

drug	substances	with	limited	aqueous	solubility,	namely	BCS	class	II	compounds.	Stemming	

from	complex	physicochemical	properties	of	a	solid	dispersion,	there	is	a	demand	for	multi-

faceted	 analytical	 methodologies	 to	 enable	 comprehensive	 characterization	 of	 their	

performance	[31,	66].	Solid-state	analysis	of	solid	dispersion	systems	is	essential	to	ensure	

complete	miscibility	 of	 the	 drug	 substance	 in	 the	 carrier	matrix	 and	 therein,	 formulation	

stability.	 There	 are	 two	 recognized	 models	 for	 assessing	 amorphous	 solid	 dispersion	

stability,	physicochemical	and	thermodynamic.	The	thermodynamic	model	is	based	on	free	

energy,	 enthalpy	 and	 entropy,	 while	 the	 physicochemical	 model	 is	 based	 on	 chemical	

structure	and	 intermolecular	 interactions	[66,	67].	Often	addressed	 in	unison,	each	model	

provides	information	pertaining	to	drug/carrier	miscibility	and	concurrent	stability.	A	key	

indicator	 of	 amorphous	 solid	 dispersion	 stability	 is	 the	 number	 of	 amorphous	 phases	

present	 in	 mixture	 [68].	 An	 amorphous	 solid	 dispersion	 that	 is	 intimately	 mixed	 at	 the	

molecular	 level	will	demonstrate	a	single	amorphous	phase	(i.e.	–	a	single	glass	transition	

temperature).	The	most	commonly	utilized	techniques	to	characterize	the	solid-state	of	the	

drug	 and	 assess	 drug/carrier	miscibility	 are	modulated	 differential	 scanning	 calorimetry	

(mDSC)	 and	 x-ray	 powder	 diffraction	 (XRPD).	 Additional	 auxiliary	 analytical	 tools	 for	

detection	and	quantitation	of	amorphous	solid	dispersions	have	been	discussed	in	multiple	
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reviews	 (Figure	 1.6)	 [69-72].	 A	 brief	 introduction	 to	 mDSC	 and	 XRPD	 can	 be	 seen	 in	

subsequent	sections.		

	

	

Figure	1.6:	Amorphous	solid	dispersion	characterization		

	

1.4.1	 Differential	Scanning	Calorimetry	(DSC)	

	

	 Thermoanalytical	methods	such	as	DSC	identify	the	characteristics	of	drug	substances	

as	a	function	of	temperature	by	quantitatively	detecting	endothermic	and	exothermic	phase	

transformations	 [36].	Energetic	phase	 transformations	are	evaluated	by	heating	a	 sample	

and	 reference	 in	 a	 process	 which	 both	 are	 maintained	 at	 approximately	 the	 same	

temperature.	 The	 amount	 of	 energy/heat	 required	 to	 increase	 the	 temperature	 of	 the	
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sample	 with	 respect	 to	 the	 reference	 will	 indicate	 the	 type	 of	 transition.	 Compared	 to	

conventional	 DSC,	 modulated	 DSC	 is	 a	 subset	 that	 alludes	 to	 the	 practice	 of	 applying	 a	

sinusoidal	heating	signal	to	a	sample	on	top	of	a	linear	heating	rate	[73].	Modulated	DSC	is	

exceptionally	useful	for	de-convoluting	the	glass	transition	from	an	endothermic	relaxation	

(melting)	 in	 multicomponent	 systems	 (i.e.	 –	 amorphous	 solid	 dispersion)	 to	 allow	

quantitation	and	formulation/behavior	analysis	of	amorphous	solid	dispersions	[73].	XRPD	

is	commonly	used	to	reveal	the	amorphicity	of	a	solid	dispersion;	however,	it	is	not	always	

capable	of	interpreting	if	the	solid	dispersion	exists	as	a	solid	solution	of	drug	and	polymer.	

Frequently,	 mDSC	 is	 used	 to	 determine	 the	 extent	 of	mixing	 in	 polymer	 systems	 [74].	 A	

physical	mixture	of	an	amorphous	drug	substance	and	a	polymer	would	yield	two	separate	

glass	 transitions,	one	resulting	 from	the	amorphous	drug	substance	and	 the	others	 to	 the	

polymer	[74].	If	an	amorphous	drug	were	molecular	dispersed	in	a	polymer	carrier	matrix,	

a	 mDSC	 thermogram	 would	 exhibit	 a	 singe	 glass	 transition.	 Moreover,	 lack	 of	 a	 melt	

transition	in	an	mDSC	scan	indicates	that	the	drug	is	present	in	amorphous	form	rather	than	

its	crystalline	state	[75].	If	a	drug	is	only	partially	dispersed	in	the	carrier	matrix,	clusters	of	

amorphous	 or	 crystalline	 drug	 may	 be	 present	 and	 the	 frequency	 at	 which	 the	 solid	

dispersion	 crystallizes	 to	 a	 lower	 energy	 form	 is	 enhanced.	 In	 that	 aspect,	 mDSC	 is	

particularly	 useful	 in	 depicting	 the	 molecular	 mobility	 of	 the	 solid	 dispersion	 and	

elucidating	whether	the	drug	substance	is	amorphously	pure	[76].		
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1.4.2	 X-Ray	Powder	Diffraction	(XRPD)	

	

	 The	physiochemical	properties	of	pharmaceutical	dosage	forms	are	often	determined	

by	 the	 amorphous	 state	 of	 a	 drug	 [24].	 Observing	 the	 physical	 characteristics	 of	 an	

amorphous	 drug	 such	 as	 molecular	 disorder	 can	 provide	 insight	 to	 its	 stability	 and	

solubility.	XRPD	 is	an	analytical	 technique	based	on	Bragg’s	Law.	 It	 is	commonly	used	 for	

detection	 and	quantification	 of	 solid-state	 properties,	 such	 as	 crystallinity.	 XRPD	 analysis	

entails	 a	 process	 in	 which	 parallel	 incident	 X-rays	 strike	 a	 plane	 and	 are	 diffracted	 at	

specific	 angles	 corresponding	 to	 a	 distance	 between	 the	 planes	 of	molecules	 in	 a	 crystal	

lattice	[77].	The	absence	of	distinct	diffractive	(Bragg’s)	peaks	correlates	a	lack	of	molecular	

order	 and	 amorphicity.	 Furthermore,	 a	 XRPD	 pattern	 (a	 diffractogram)	 of	 an	 amorphous	

solid	dispersion	would	exhibit	 a	broad	halo	peak,	 indicating	 the	drug	 is	 in	 its	 amorphous	

form.	Although	XRPD	is	ordinarily	used	as	a	qualitative	approach	to	detect	crystallinity	 in	

amorphous	 solid	 dispersions,	 reports	 suggest	 it	 can	 be	 used	 to	 quantify	 crystallinity	 to	

approximately	5%	[24,	74,	78].		
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1.5 Summary	and	Concluding	Remarks		

	

With	 the	 recent	 upsurge	 of	 compounds	 possessing	 limited	 aqueous	 solubility	 in	

developmental	pipelines,	 the	 requirement	 for	bioavailability	 enhancement	 technologies	 is	

apparent.	One	approach	 currently	 at	 the	 forefront	of	 the	pharmaceutical	 industry	 is	 solid	

dispersions.	 By	 exploiting	 specific	 carriers	 to	 stabilize	 the	 amorphous	 form	 of	 a	 drug	

substance	 in	 its	 solid	 state,	 amorphous	 solid	 dispersions	 provide	 a	 platform	 for	

thermodynamic	 and	 kinetic	 solubility	 enhancement	 of	 compounds	 with	 limited	 aqueous	

solubility	[79].	The	application	of	hydrophilic	or	enteric	polymers	 in	solid	dispersions	has	

demonstrated	 advances	 in	 dissolution	 performance	 and	 site	 specific	 supersaturation	

targeting,	 respectively	 [80,	 81].	 Process	 technologies	 regarded	 to	 be	 in	 accordance	 with	

good	manufacturing	practices	(GMP)	for	manufacturing	of	amorphous	solid	dispersions	are	

spray	 drying	 (solvent-based)	 and	 hot	melt	 extrusion	 (fusion-based).	 Supplemental	 to	 the	

evolution	of	solid	dispersion	technologies	for	bioavailability	enhancement,	the	demand	for	

analytical	tools	and	methodologies	to	characterize	solid	dispersion	performance	is	evident.	

	 	



	 27	

1.6 References	

	

1.	 Lipinski	 CA.	 Drug-like	 properties	 and	 the	 causes	 of	 poor	 solubility	 and	 poor	

permeability.	Journal	of	pharmacological	and	toxicological	methods.	2000;44(1):235-49.	

2.	 Lipinski	 CA.	 Lead-and	 drug-like	 compounds:	 the	 rule-of-five	 revolution.	 Drug	

Discovery	Today:	Technologies.	2004;1(4):337-41.	

3.	 Davis	MT,	 Egan	DP,	 Kuhs	M,	 Albadarin	AB,	 Griffin	 CS,	 Collins	 JA,	 et	 al.	 Amorphous	

solid	 dispersions	 of	 BCS	 class	 II	 drugs:	 A	 rational	 approach	 to	 solvent	 and	 polymer	

selection.	Chemical	Engineering	Research	and	Design.	2016.	

4.	 Duarte	 Í,	 Santos	 JL,	 Pinto	 JF,	 Temtem	 M.	 Screening	 methodologies	 for	 the	

development	 of	 spray-dried	 amorphous	 solid	 dispersions.	 Pharmaceutical	 research.	

2015;32(1):222-37.	

5.	 Qiu	Y.	Dissolution	mechanisms:	theoretical	and	experimental	investigations2015.	

6.	 Noyes	 AA,	 Whitney	 WR.	 The	 rate	 of	 solution	 of	 solid	 substances	 in	 their	 own	

solutions.	Journal	of	the	American	Chemical	Society.	1897;19(12):930-4.	

7.	 Nernst	W.	Theorie	der	Reaktionsgeschwindigkeit	 in	heterogenen	Systemen.	Z	phys	

Chem.	1904;47:52-5.	



	 28	

8.	 Dokoumetzidis	 A,	 Macheras	 P.	 A	 century	 of	 dissolution	 research:	 from	 Noyes	 and	

Whitney	 to	 the	 biopharmaceutics	 classification	 system.	 International	 journal	 of	

pharmaceutics.	2006;321(1):1-11.	

9.	 Hughey	JR.	Formulation	and	processing	technologies	for	dissolution	enhancement	of	

poorly	water-soluble	drugs2012.	

10.	 Bikiaris	DN.	Solid	dispersions,	part	 I:	 recent	evolutions	and	 future	opportunities	 in	

manufacturing	methods	 for	 dissolution	 rate	 enhancement	 of	 poorly	 water-soluble	 drugs.	

Expert	opinion	on	drug	delivery.	2011;8(11):1501-19.	

11.	 Jain	 S,	 Patel	 N,	 Lin	 S.	 Solubility	 and	 dissolution	 enhancement	 strategies:	 current	

understanding	 and	 recent	 trends.	 Drug	 development	 and	 industrial	 pharmacy.	

2015;41(6):875-87.	

12.	 Datta	S,	Grant	DJ.	Crystal	structures	of	drugs:	advances	in	determination,	prediction	

and	engineering.	Nature	Reviews	Drug	Discovery.	2004;3(1):42-57.	

13.	 Hörter	 D,	 Dressman	 J.	 Influence	 of	 physicochemical	 properties	 on	 dissolution	 of	

drugs	in	the	gastrointestinal	tract.	Advanced	drug	delivery	reviews.	2001;46(1):75-87.	

14.	 O’Donnell	KP,	Williams	 III	RO.	Optimizing	 the	Formulation	of	Poorly	Water-Soluble	

Drugs.		Formulating	Poorly	Water	Soluble	Drugs:	Springer;	2012.	p.	27-93.	



	 29	

15.	 Thayer	AM.	Finding	solutions.	Chemical	&	Engineering	News.	2010;88(22):13-8.	

16.	 Carrier	 RL,	 Miller	 LA,	 Ahmed	 I.	 The	 utility	 of	 cyclodextrins	 for	 enhancing	 oral	

bioavailability.	Journal	of	Controlled	Release.	2007;123(2):78-99.	

17.	 Jain	 P,	 Yalkowsky	 SH.	 Solubilization	 of	 poorly	 soluble	 compounds	 using	 2-

pyrrolidone.	International	journal	of	pharmaceutics.	2007;342(1):1-5.	

18.	 Gwak	 H-S,	 Choi	 J-S,	 Choi	 H-K.	 Enhanced	 bioavailability	 of	 piroxicam	 via	 salt	

formation	 with	 ethanolamines.	 International	 journal	 of	 pharmaceutics.	 2005;297(1):156-

61.	

19.	 Yin	 X,	 Daintree	 LS,	 Ding	 S,	 Ledger	 DM,	 Wang	 B,	 Zhao	W,	 et	 al.	 Itraconazole	 solid	

dispersion	 prepared	 by	 a	 supercritical	 fluid	 technique:	 preparation,	 in	 vitro	

characterization,	and	bioavailability	in	beagle	dogs.	Drug	design,	development	and	therapy.	

2015;9:2801.	

20.	 Sangsen	 Y,	 Wiwattanawongsa	 K,	 Likhitwitayawuid	 K,	 Sritularak	 B,	 Graidist	 P,	

Wiwattanapatapee	 R.	 Influence	 of	 surfactants	 in	 self-microemulsifying	 formulations	 on	

enhancing	 oral	 bioavailability	 of	 oxyresveratrol:	 Studies	 in	 Caco-2	 cells	 and	 in	 vivo.	

International	journal	of	pharmaceutics.	2016;498(1):294-303.	



	 30	

21.	 Chen	 Y,	 Alberti	 I,	 Kalia	 YN.	 Topical	 iontophoretic	 delivery	 of	 ionizable,	 biolabile	

aciclovir	 prodrugs:	 A	 rational	 approach	 to	 improve	 cutaneous	 bioavailability.	 European	

Journal	of	Pharmaceutics	and	Biopharmaceutics.	2016;99:103-13.	

22.	 Hughey	 JR,	 McGinity	 JW.	 Emerging	 Technologies	 to	 Increase	 the	 Bioavailability	 of	

Poorly	Water-Soluble	Drugs.	 	Formulating	Poorly	Water	Soluble	Drugs:	Springer;	2012.	p.	

569-602.	

23.	 Yu	 L.	 Amorphous	 pharmaceutical	 solids:	 preparation,	 characterization	 and	

stabilization.	Advanced	drug	delivery	reviews.	2001;48(1):27-42.	

24.	 Hancock	 BC,	 Zografi	 G.	 Characteristics	 and	 significance	 of	 the	 amorphous	 state	 in	

pharmaceutical	systems.	Journal	of	pharmaceutical	sciences.	1997;86(1):1-12.	
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CHAPTER	2:	DISSOLUTION	OF	AMORPHOUS	SOLID	DISPERSIONS	

	

2.1 Introduction	

	

While	 of	 the	 use	 of	 amorphous	 solid	 dispersions	 is	 continuously	 expanding,	 their	

dissolution	behavior	is	not	as	well	understood.	For	a	drug	substance	to	be	absorbed	it	must	

first	 be	dissolved	 [1].	 The	bioavailability	 of	 a	 drug	 substance	 is	 often	 associated	with	 the	

concentration	of	a	drug	substance	in	the	gastrointestinal	tract	(GIT).	Throughout	all	stages	

of	 development,	 evaluating	 the	 dissolution	 performance	 of	 a	 drug	 substance	 provides	 an	

indication	 of	 in	 vivo	 behavior	 and	 bioavailability.	 Proper	 in	 vitro	 dissolution	 testing	 can	

convey	 the	 influence	of	 key	 in	 vivo	performance	parameters	 and	 can	be	 implemented	 for	

assessment	and	comparison	of	drug	formulations.		

	

The	succeeding	sections	will	discuss	dissolution	theory,	focusing	on	thermodynamic	

and	 kinetic	 aspects.	 Furthermore,	 dissolution	 considerations	 for	 amorphous	 solid	

dispersions	and	the	corresponding	pharmaceutical	significance	will	be	presented.	

	

2.2 Dissolution	Theory	

	

2.2.1 Thermodynamics	

	

	 The	interaction	between	a	solute	and	a	solvent	is	governed	by	their	chemical	nature	

and	 can	 fundamentally	 affect	 the	 amount	 and	 rate	 of	 dissolution	 in	 one	 another.	
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Thermodynamic	solubility	refers	to	the	nature	of	the	state	established	when	dissolution	and	

precipitation	are	in	equilibrium	[2].	The	spontaneity	of	a	dissolution	process	is	described	by	

the	change	in	Gibb’s	free	energy, ∆!,	during	the	incorporation	of	a	solute	(drug	substance)	

in	a	solvent	(gastrointestinal	fluid)	(Equation	2.1).	Free	energy	is	defined	as	the	measure	of	

the	 capacity	of	 a	 system	 to	do	work.	A	 spontaneous	process	 is	defined	by	a	negative	 free	

energy.	The	free	energy	of	a	system	will	decrease	until	equilibrium	is	achieved,	∆! = 0,	at	

which	 point	 the	 concentration	 of	 a	 drug	 substance	 in	 a	 solution	 will	 represent	 the	

thermodynamic	solubility.		

	

∆! = ∆! − !∆!		 	 	 	 Equation	2.1	

	

	 A	 non-spontaneous	 process	 (i.e.	 endothermic	 reaction)	 requires	 the	 input	 of	 heat,	

∆! > 0.	For	poorly	soluble	drugs,	overcoming	the	intermolecular	forces	holding	together	a	

crystal	 lattice	of	a	solid	 involves	the	 input	of	energy	 for	a	drug	substance	to	dissolve.	The	

amorphous	form	of	a	drug	substance	lacks	long-range	order	associated	with	the	crystalline	

form,	thereby	indicating	the	drug	substance	is	present	its	highest	energy	state	and	provides	

the	greatest	solubility	 [3].	 In	an	 ideal	solution,	 the	energy	of	 interaction	between	solvent-

solvent	molecules	would	be	 similar	 to	 that	 of	 solute-solvent	molecules,	 such	 that	when	 a	

solvent	molecule	 is	replaced	with	a	solute	molecule	there	is	no	difference	in	energy	[4].	 If	

ideal	behavior	holds	true,	the	entropy	of	mixing	would	be	the	driving	force	for	dissolution.	

During	dissolution,	concentrated	clusters	of	a	solute	(ordered)	will	disperse	in	a	solvent	to	

produce	 a	 solution	 (disordered),	 hence	 ∆! > 0,	 representing	 a	 disordered	 system	 that	

correlates	with	a	negative	free	energy.	Unfortunately,	ideal	systems	are	not	a	representative	
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model	 of	 dissolution	 because	 in	 most	 pharmaceutical	 applications	 solvent-solvent	 and	

solute-solvent	interactions	are	different.		

	

	 Deviating	 from	 ideal	 behavior,	 the	 dissolution	 of	 a	 pharmaceutical	 solid	 must	

consider	the	chemical	activities	of	the	solute	molecules	as	super-cooled	liquids	in	order	to	

establish	a	Van’t	Hoff	relationship	(Equation	2.2)	(Figure	1.2).	Further	relationships	can	be	

established	to	include	the	work	executed	during	dissolution	to	break	and	form	bonds,	thus	

achieving	 an	 expression	 for	 predicting	 the	 solubility	 of	 a	 solid	 solute	 in	 a	 real	 solution	

(Equation	2.4)	[2].		

	

ln! = − ∆!!
! ∙ (!!!!)(!!!)

			 	 	 Equation	2.2	

	

Where	! = !
!	 and	!	 represents	 the	chemical	activity,	!	 is	 the	activity	 coefficient,	!!	 is	 the	

enthalpy	or	heat	of	fusion,	R	is	the	ideal	gas	constant,	!!	represents	the	melting	point	and	!	

is	 the	 experimental	 temperature.	 If	 Equation	 2.2	 is	 modified	 and	 combined	 with	 the	

differences	 in	 heat	 capacity	 (∆!!)	 of	 the	 solid	 and	 liquid	 and/or	 work	 required	 for	 the	

process,	the	solubility	can	be	more	accurately	predicted	(Equation	2.3)	[2,	5].	

	

ln! = − ∆!!
! ∙ !!!!

!!!
+ ln!!			 	 	 Equation	2.3	

	

Where	 ln!!	 represents	 the	 activity	 coefficient	 for	 the	 solute.	 Assuming	 the	 activity	

coefficient	of	 the	solvent	 is	proportional	 to	 the	work	required	to	remove	a	molecule	 from	
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the	solute	phase	and	place	into	the	solvent	phase,	and	to	the	molecular	volume	of	the	solute	

as	 a	 supercooled	 liquid,	 an	 equation	 for	 approximating	 the	 solubility	 of	 a	 drug	 can	 be	

predicted	(Equation	2.4)	[6].	

	

ln! = − ∆!!
! ∙ !!!!

!!!
+ (!!!!!!!!!!!")(!!!!)

!" 		 	 Equation	2.4	

	

Where	!!! + !!! − 2!!"	 is	 the	 total	 work	 required,	!!!	 is	 the	 work	 required	 to	 break	

solute-solute	interactions,	!!!	is	the	work	required	to	make	space	between	solvent-solvent	

molecules,	!!"	 is	 the	 work	 needed	 to	 form	 solute-solvent	 interactions,	 !2	 is	 the	 molar	

volume	of	the	solute	and	!	is	the	volume	fraction	of	the	solvent.	The	approach	illustrated	in	

equation	2.4	assumes	the	activity	coefficient	accounts	for	van	der	Waals	forces	and	solvent-

solute	interactions	[6].		

	

	 Understanding	 the	 thermodynamic	 solubility	 provides	 an	 insight	 into	 the	 energy	

involved	in	the	process	of	dissolution,	but	not	the	actual	rate	at	which	dissolution	occurs.	To	

grasp	the	efficiency	of	a	solid	dosage	form	the	dissolution	rate	must	be	discussed.		

	

2.2.2 Kinetics	

	

The	focus	of	the	current	work	is	on	a	drug	substance	in	which	the	rate	of	dissolution	

is	 the	 limiting	 factor	 for	 bioavailability.	 Dissolution	 can	 be	 defined	 as	 the	 transfer	 of	

molecules	from	a	solid	state	to	a	solution.	That	process	is	comprised	of	two	steps:	1)	freeing	

of	 solute	molecules	 from	 the	 solid	 phase	 to	 the	 liquid	 phase	 and	 2)	movement	 of	 solute	
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molecules	 through	 a	 boundary	 layer	 into	 the	 bulk	 solution	 [1].	 Initially,	 solute	 (drug)	

molecules	 are	 replaced	 from	 the	 solid	 by	 solvent	 molecules.	 The	 freed	 solute	 molecules	

traverse	 into	a	 layer	of	 stagnant	 liquid	and	 form	a	saturated	solution	of	 solvent	engulfing	

the	solid	molecules	(boundary	layer).	Solute	molecules	diffuse	into	the	bulk	solution	or	the	

gastrointestinal	fluid	to	complete	the	process	of	dissolution.	Fick’s	first	law	of	diffusion	can	

be	 used	 to	 demonstrate	 that	 the	 rate	 of	 change	 in	 concentration	 of	 dissolved	 drug	 is	

proportional	 to	 the	 concentration	 difference	 between	 the	 boundary	 layer	 and	 the	 bulk	

solution	(Equations	2.5	–	2.8).	

	

! = !"
!∙!"		 	 	 	 	 Equation	2.5	

	

Where	J	represents	the	flux	or	the	amount	of	solute,	M,	diffusing	though	a	cross	section,	A,	

per	unit	time,	t	[7].	By	substituting	Equation	2.6,	which	denotes	that	the	flux	is	proportional	

to	 the	 concentration	 gradient	 (
!"
!"),	 into	 Equation	 2.5,	 Fick’s	 first	 law	 of	 diffusion	 can	 be	

derived	(Equation	2.7).		

	

! ∝  −! !"
!"		 	 	 	 	 Equation	2.6	

	

Substitution	of	Equation	2.6	into	Equation	2.5:	

	

!"
!" = −!" !"

!"		 	 Equation	2.7	
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Where	–D	represents	the	diffusion	coefficient	and	the	negative	sign	implies	diffusion	occurs	

in	the	direction	opposite	to	that	of	high	concentration;	therefore,	the	flux	will	always	be	a	

positive	quantity	[7,	8].	When	the	amount	of	solute	 is	measured	per	second	per	unit	area,	

that	is	dm	=	dM/A	then	Equation	2.7	can	be	rewritten	as	Equation	2.8	[6].	

	

!"
!" = ! = −! !"

!" 	 	 Equation	2.8	

	

	 As	describe	previously	in	Equation	1.2,	the	Nernst-Brunner	equation	is	derived	from	

Fick’s	laws	of	diffusion	and	explains	the	dissolution	of	a	single	spherical	particle	(Equation	

2.9).	Comparison	of	Equation	2.8	and	2.9	equation	 illustrates	 that	
(!!!!")

! 	 approximates	
!"
!"	

and	explains	the	dissolution	rate	is	dependent	upon	the	concentration	gradient.		

	

!"
!" =

!"
!!  !! − !! 		 	 	 	 Equation	2.9	

	

Where	
!"
!" 	 represents	 the	 rate	 of	 dissolution,	D	 represents	 diffusion	 coefficient	 of	 a	 drug	

substance,	A	represents	 the	surface	area	of	 the	exposed	solid,	V	represents	 the	volume	of	

dissolution	 medium,	 h	 represents	 the	 thickness	 of	 the	 diffusive	 layer,	 Cs	 represents	 the	

saturated	 solubility	 of	 a	 drug	 substance	 in	 a	 dissolution	 medium	 and	 Ct	 represents	 the	

concentration	of	a	drug	substance	in	a	dissolution	medium	at	a	specific	time	t.	Equation	2.9	

depicts	a	first-order	kinetic	process.	However,	under	sink	conditions,	Cs	>>	Ct,	indicating	Cs	–	

Ct	=	Cs	and	representing	a	zero-order	kinetic	process	(Equation	2.10).	
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!"
!" =

!"!!
!!  		 	 	 	 	 Equation	2.10	

	

	 The	factors	affecting	the	dissolution	rate	constant	that	cannot	be	controlled	are	the	

diffusion	coefficient	and	the	thickness	of	the	boundary	layer.	These	factors	are	a	function	of	

the	drug	substance	and	gastrointestinal	tract	conditions	[9].	The	Nernst-Brunner	equation	

assumes	the	surface	area	remains	constant,	which	during	dissolution	is	not	the	case	since	it	

decreases	 as	 a	 function	 of	 time.	 Kinetic	 models	 such	 as	 zero-order	 kinetics,	 first-order	

kinetics,	 Higuchi	 and	 Hixon-Crowell	models	 describe	 the	 rate	 of	 drug	 dissolution	 from	 a	

solid	 dosage	 form.	 A	 zero-order	 reaction	 or	 process	 describes	 a	 system	 in	 which	 the	

dissolution	rate	of	a	drug	is	independent	of	its	concentration,	!! = !! + !!!.	Hence,	a	plot	of	

the	 percentage	 of	 drug	 released	 vs.	 time	 would	 be	 linear	 for	 zero-order	 kinetics.	

Applications	such	as	modified	release	of	a	drug	dosage	form	and	matrix	tablets	with	limited	

aqueous	 soluble	 drugs	 follow	 a	 zero-order	 reaction	 profile	 [10].	 The	 Nernst-Brunner	

equation	depicts	a	dissolution	process	described	by	a	first-order	reaction	(Equation	2.9).	A	

first-order	 reaction	 portrays	 a	 system	 in	 which	 the	 dissolution	 rate	 is	 dependent	 on	 its	

concentration,	 log!! = log!! − !!!
!.!"!.	Therefore,	a	plot	of	 the	 log	of	 the	percentage	of	drug	

remaining	log(!! − !!)	vs.	time	would	be	linear	with	a	negative	slope	of	 !
!.!"!.	Applications	

such	 as	 dissolution	 of	 a	 dosage	 form	 containing	 a	water-soluble	 drug	 in	 a	 porous	matrix	

follow	first-order	reaction	profiles	[10].	The	Higuchi	model	illustrates	a	system	in	which	the	

dissolution	rate	is	proportional	to	the	square	root	of	time,	! = !!!!/!.	A	plot	of	the	amount	

of	 drug	 released	 (Q)	 vs.	 the	 square	 root	 of	 time	 would	 be	 linear.	 Applications	 such	 as	

transdermal	 delivery	 and	 controlled	 oral	 release	 follow	 the	 Higuchi	 model.	 The	 Hixson-
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Crowell	model	depicts	a	system	in	which	the	dissolution	rate	 is	dependent	upon	the	cube	

root	of	the	change	in	surface	area	and	particle	diameter,	!!!/! − !!!/! = !!"!.	Consequently	

a	 plot	 of	 the	 cube	 root	 of	 the	 amount	 of	 drug	 remaining	 vs.	 time	would	 be	 linear	 if	 the	

change	 in	surface	area	diminishes	proportionally	over	 time	 [10].	Applications	such	as	 the	

dissolution	of	tablets	may	follow	the	Hixson-Crowell	model.		

	

	 The	 thermodynamics	 and	 kinetics	 of	 dissolution	 for	 a	 drug	 substance	 can	 be	

estimated	 by	 theoretical	 expressions	 established	 in	 the	 literature.	 Knowledge	 of	 a	 drug	

substance’s	 thermodynamic	 solubility	 and	dissolution	 rate	 are	 essential	 in	 understanding	

the	dissolution	profile	of	a	drug	substance	and	predicting	various	parameters	necessary	in	a	

dissolution	test	to	demonstrate	accurate	in	vitro	-	in	vivo	correlation.		

	

2.2.3 Drug	Absorption	

	

2.2.3.1 Diffusion	

	

	 The	predominant	route	of	orally	administered	drugs	is	passive	diffusion.	Fick’s	first	

law	of	diffusion	conveys	the	uptake	of	a	drug	substance	into	the	bloodstream	is	dependent	

upon	the	concentration	gradient	across	a	membrane	system	and	proportional	to	the	drugs	

lipophilicity.	The	structure	of	the	intestinal	membrane	is	fundamentally	composed	of	a	lipid	

bilayer.	The	hydrophilic	portion	exists	at	the	most	exterior	surface	and	protrudes	into	the	

gastrointestinal	tract,	which	generates	an	unstirred	or	stagnate	aqueous	layer	at	its	surface.	

The	lipophilic	portion	represents	the	bulk	interior	of	the	bilayer.		Hence,	the	ability	of	a	drug	
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to	diffuse	a	membrane	correlates	with	its	partition	coefficient	(organic-aqueous,	log	P),	with	

values	between	2	–	7	ideal	for	drug	transport	(Equation	2.11)	(Figure	2.1)	[11-13].	Because	

of	 the	 dependence	 on	 concentration,	 the	 rate	 of	 passive	 diffusion	 of	 a	 drug	 through	 a	

membrane	is	 first-order.	 In	addition	to	passive	diffusion,	drug	absorption	is	 influenced	by	

physiochemical	 factors.	 The	 transcellular	 and	 paracellular	 rate	 of	 passive	 diffusion	 is	

described	 by	 Equation	 2.12,	 which	 emphasizes	 the	 importance	 of	 drug	 solubility	 in	 the	

membrane	phase,	available	surface	area	for	absorption	and	drug	concentration	for	passive	

diffusion	of	a	drug	substance	[11].	

	

!"
!" = ! ∙ !!"" ∙ (!!"#$% − !!"##$)		 	 	 Equation	2.11	

	

Where	
!"
!" 	 is	 the	 rate	 of	 passive	 diffusion	 across	 the	 intestinal	 membrane,	 !!""	 is	 the	

effective	permeability,	!	 is	 the	surface	area	of	 the	 intestinal	membrane	and	!!"##$ ,!!"#$%	

represent	 the	 concentration	 of	 the	 drug	 substance	 in	 the	 blood	 and	 lumen	 respectively.	

Where,	 !!"" = ! ∙ !!! 	 and	 K	 =	 C1/Clumen	 =	 C2/Cblood	 is	 the	 membrane-aqueous	 partition	

coefficient,	!!	is	the	diffusion	coefficient	of	the	drug	in	the	membrane	and	ℎ	is	the	thickness	

of	the	barrier.	The	concentrations	of	C1	and	C2	are	not	typically	known;	however,	they	can	

be	correlated	with	Clumen	and	Cblood,	respectively,	by	exploiting	the	partition	coefficient.	This	

calculation	 assumes	 the	 partition	 coefficient	 for	 each	 surface	 of	 the	 membrane	 will	 be	

equivalent.	 The	 rate	 of	 diffusion	will	 decrease	with	 time	 and	 become	 zero	when	Clumen	=	

Cblood.		
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Figure	2.1:	Schematic	illustration	of	passive	diffusion	across	a	membrane	

	

!"
!" = !! ∙ !!! ∙ !!"!#$%&" +

!!"#
!! + !!"#$%

+ !! ∙
!!"
!!"

∙ !!"#$% + !!"#$% ∙ !!"#$% ∙ 1− ! 	

Equation	2.12	

	

Where	
!"
!" 	is	the	rate	of	passive	diffusion	(concentration	vs.	time),	!!	is	the	surface	area	for	

transcelluar	 transport,	!!	 is	 the	diffusion	coefficient	of	 the	drug	within	 the	membrane,	!	

represents	 the	 thickness	 of	 the	 rate-limiting	 diffusion	 barrier,	 !!"!#$%&" 	 is	 the	

concentration	of	the	drug	in	the	membrane	phase,	!!"#	represents	the	maximum	transport	

of	 the	 carrier-mediated	 process,	 !!	 is	 the	 Michaelis	 constant,	 !!"#$%	 represents	 the	

concentration	 of	 the	 drug	 in	 the	 surrounding	 aqueous	 phase,	 !!	 is	 the	 surface	 area	 for	

paracellular	transport,	!!" 	 is	the	diffusion	coefficient	of	the	drug	in	aqueous	media,	!!" 	 is	
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the	aqueous	diffusion	distance,	!!"#$% 	represents	the	fluid	flow	through	epithelial	cells	and	!	

is	 the	 ratio	 of	 water	 flow	 relative	 to	 the	 solute	 flux	 [11].	 Equation	 2.12	 illustrates	 the	

mechanism	 of	 drug	 absorption	 is	 governed	 by	 physicochemical	 and	 physiological	 factors	

[11].	

	

2.3 Dissolution	Considerations	and	Pharmaceutical	Significance		

	

The	overarching	objective	of	dissolution	testing	during	formulation	development	is	

to	 achieve	 biological	 relevance	 and	 predict	 in	 vivo	 behavior/performance.	 Thus,	 an	 ideal	

dissolution	 method	 must	 be	 designed	 to	 reflect	 the	 physicochemical,	 physiological	 and	

hydrodynamic	conditions	that	transpire	throughout	drug	dissolution	and	absorption	during	

transit	 in	 the	 gastrointestinal	 tract	 [14,	 15].	 Dissolution	 testing	 serves	 two	 primary	

purposes	 in	 the	 pharmaceutical	 industry:	 1)	 in	 a	 Quality	 Control	 (QC)	 environment,	 to	

perform	routine	in	vitro	drug	analysis	process	control	and	to	assure	batch-to-batch	quality;	

and	 2)	 in	 a	 Research	 and	 Development	 (R&D)	 environment,	 to	 predict	 in	 vitro	 -	 in	 vivo	

correlations	(IVIVC)	for	drug	release	profiles	[16,	17].		

	

Guidelines	established	by	the	United	States	Pharmacopeia	(USP)	are	considered	the	

benchmark	for	in	vitro	dissolution	testing	of	final	drug	products	and	include	factors	such	as:	

the	 apparatus,	 agitation	 rate,	 dissolution	 medium,	 sample	 preparation	 and	 sampling	

procedures	 [18,	19].	The	USP	specifies	a	dissolution	 test	 should	be	performed	under	sink	

conditions	–	a	volume	three	times	the	amount	required	to	achieve	a	saturated	solution;	thus	

indicating	 the	 excess	 solubilizing	 capacity	 of	 the	 dissolution	 media.	 The	 total	
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gastrointestinal	 liquid	 volume	 associated	 with	 bioavailability	 studies	 in	 the	 USP	 was	

quantified	by	Mudie	et	al.	 to	be	250	mL	[20].	Predicting	the	 in	vivo	performance	of	poorly	

water-soluble	 drug	 formulations	 may	 not	 be	 accurately	 accomplished	 employing	 the	

dissolution	 methodologies	 described	 in	 the	 USP.	 BCS	 class	 II	 drug	 compounds	 exhibit	 a	

solubility	of	<20	mg/L,	which	would	infer	an	excessive	amount	of	dissolution	media	or	the	

use	 of	 a	 surfactant	 to	 achieve	 sink	 conditions	 (i.e.	 –	 30	 L	 for	 a	 200	 mg	 dose	 of	 drug	

substance	with	a	solubility	of	20	mg/L).	These	conditions	lack	physiological	relevance	and	

therefore,	depicting	 in	vitro	 -	 in	vivo	correlations	(IVIVC)	or	 in	vitro	 -	 in	vivo	relationships	

(IVIVR)	for	amorphous	solid	dispersions	of	BCS	class	II	compounds	is	only	possible	under	

non-sink	 conditions.	 Non-sink	 conditions	 are	 defined	 as	 the	 application	 a	 volume	 of	

dissolution	medium	that	is	less	than	3	times	that	of	the	solubility	of	a	drug	substance.	They	

are	 widely	 accepted	 as	 more	 discriminating,	 which	 is	 more	 pragmatic	 for	 observing	 or	

predicting	IVIVC	[21,	22].	

	

Existing	research	often	falls	short	of	accurately	addressing	the	intricacies	that	arise	

when	a	drug	in	solution	exists	in	a	supersaturated	state.	Ideally,	dissolution	testing	should	

mimic	 the	 mass	 transport	 of	 drug	 molecules	 across	 the	 mucosa	 layer	 and	 epithelial	

membrane,	which	occurs	through	diffusion	and	convection	[23].	The	intestinal	permeability	

of	drug	substances	along	the	GIT	may	vary,	suggesting	that	non-sink	dissolution	conditions	

should	be	explored	to	ensure	an	excess	amount	of	drug	is	available	and	to	also	convey	IVIVC	

[24].	 A	 critical	 understanding	 of	 drug	 speciation	 and	 amorphous	 solid	 dispersion	

performance	during	 the	absorption	processes	are	necessary	 for	an	acceptable	dissolution	

method.	 Upon	 solvation	 and	 as	 an	 amorphous	 solid	 dispersion	 transports	 down	 the	 GIT,	



	 52	

several	 higher	 energy	 drug-containing	 species	 are	 present	 in	 addition	 to	 free	 drug	 [18].	

Some	 potential	 species	 present	 at	 non-sink	 conditions	 are	 drug-bile	 salt	 micelles,	 free	

polymer,	 polymer	 colloids,	 amorphous	 drug-polymer	 colloids,	 nanoaggregates	 and	 large	

amorphous	precipitates.	Although	these	species	are	not	absorbed	in	vivo	they	are	important	

in	 generating	 and	 maintaining	 supersaturation	 of	 the	 drug	 substance	 and	 function	 to	

replenish	the	supply	of	free	drug	as	it	 is	absorbed	through	the	gastrointestinal	membrane	

(Figure	2.2)	[25].	Therefore,	representative	 in	vitro	dissolution	analysis	must	consider	the	

influence	of	drug-containing	species	in	addition	to	free	drug.		

	

Figure	2.2:	Schematic	illustration	of	an	accepted	dissolution	mechanism	of	crystalline	and	
amorphous	solid	dispersions	adapted	from	Gautschi	et	al.		

	

	 The	 USP	 offers	 standardized	 apparatuses	 (I	 –	 IV)	 and	 tests	 for	 enteric	 in	 vitro	

dissolution	 correlation	 [26].	 Established	 USP	 dissolution	 apparatuses	 and	methodologies	

focus	 on	 evaluation	 of	 total	 dissolved	 drug	 and	 may	 not	 be	 physiologically	 relevant	 for	
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determining	 the	 amount	 of	 drug	 absorbed	 in	 vivo	 as	 they	 measure	 all	 drug-containing	

species	 rather	 than	 sequestered	 free	 drug.	 Isolating	 free	 drug	 either	 analytically	 or	

physically	is	a	critical	aspect	for	dissolution	testing	of	an	amorphous	solid	dispersion	[25].	

Analysis	 of	 free	 drug	 using	 conventional	 dissolution	 techniques	 can	 be	 cumbersome	 and	

time	 consuming.	 Although	 various	 drug-polymer	 microstates	 are	 responsible	 for	

supersaturation	 of	 an	 amorphous	 solid	 dispersion,	 often	 portions	 are	 only	 partially	

dissolved	 [27].	 In	 addition	 to	 these	 species,	 precipitated	 crystalline	 drug	 may	 also	 be	

present	in	the	dissolution	media.	Therefore,	dissolution	analysis	requires	either	filtration	or	

centrifugation	 of	 samples,	 which	 is	 not	 guaranteed	 to	 completely	 remove	 the	 drug-

containing	species	[18,	27-29].	These	species	possess	particles	sizes	that	range	from	as	little	

as	 10	 nm	 to	 greater	 than	 500	 nm	 [30].	 Conventional	 filtration	 techniques	 (syringe	

microfiltration)	with	minimal	membrane	pore	sizes	of	30	nm	would	not	sufficiently	remove	

all	 species.	 Wu	 et	 al.	 asserts	 that	 centrifugation	 techniques	 assume	 all	 species	 in	 the	

supernatant	 are	bioavailable	 [27].	 Centrifugation	 techniques	 rely	on	 the	 sedimentation	of	

drug-polymer	species	 in	precipitate	 from	the	supernatant.	 In	addition,	centrifugation	time	

and	speed	can	significantly	affect	the	species	present	in	the	supernatant.	Ultrafiltration	is	a	

common	application	used	during	pharmacokinetic	 studies.	Studies	have	also	reported	 the	

use	of	ultrafiltration	for	filtration	of	buffered	dissolution	samples	to	analyze	unbound	drug	

[31].	 Modern	 methodologies	 such	 as	 dynamic	 dissolution	 use	 expensive	 equipment	 and	

detailed	techniques,	thus	lacking	any	practical	use	for	most	researchers.	Examples	of	these	

dissolution	methods	are	TNO-TIM-1,	Dynamic	Gastric	Model	[32].	On-line	nuclear	magnetic	

resonance	 (NMR)	 can	 be	 used	 to	 thoroughly	 examine	 dissolution	 profiles	 and	 infer	 the	

presence	free	drug	and	other	species	[33,	34].	Sensible	dissolution	approaches	isolate	free	
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drug	 by	 biphasic	 partitioning	 (lipophilic	 properties	 of	 the	 drug	 substance),	 diffusion	

partitioning	 (membrane-permeation)	 or	 centrifugation	 (molecular	 weight)	 [35-39].	

Although	 existing	 techniques	 have	 demonstrated	 success,	 shortcomings	 often	 limit	 their	

application.			

	

2.3.3 Membrane-Permeation	Dissolution	

	

	 Membrane-permeation	is	an	appealing	drug	dissolution/absorption	approach,	which	

the	 flux	of	 free/unbound/dissolved	drug	permeation	across	 a	membrane	 is	measured.	As	

previously	 discussed,	 upon	 solvation	 of	 an	 amorphous	 solid	 dispersion,	 various	 drug-

containing	 species	 form.	Membrane-permeation	methodologies	 are	 capable	 of	measuring	

the	influence	of	drug-containing	species	as	they	act	to	replenish	the	supply	of	free	drug	as	it	

diffuses	 across	 the	 intestinal	 membrane	 and	 is	 absorbed	 into	 the	 bloodstream.	 This	 is	

accomplished	 via:	 1)	 the	 membrane	 by	 employing	 sufficient	 pore	 sizes	 and	 2)	 solvent	

selection	 by	 enticing	 aqueous/organic	 partitioning.	 Such	 systems	 would	 only	 permit	

absorption	of	free/unbound/dissolved	drug	based	on	the	amphiphilic	nature	of	the	polymer	

in	a	solid	dispersion	and	the	particle	size	of	the	membrane	[25].		Therefore,	the	membrane	

is	the	most	critical	feature	in	the	membrane-permeation	approach.		

	

In	the	pharmaceutical	industry	numerous	types	of	membranes	have	been	employed	

in	 membrane-permeation	 drug	 dissolution/absorption	 apparatuses.	 The	 use	 of	 artificial,	

synthetic	 and	 biomimetic	 membranes	 have	 proven	 successful	 in	 predicting	 the	 in	 vivo	

performance	 of	 active	 pharmaceutical	 ingredients	 and	 amorphous	 solid	 dispersions;	
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however,	 they	 are	 often	 difficult	 to	 reproduce,	 time	 consuming	 to	 make	 and	 expensive.	

Membranes	are	generally	microporous	with	applicable	pore	sizes	ranging	from	10	–	450	nm	

in	diameter.	Common	models	are	1	–	cell	based	such	as	Caco-2	cell	monolayers	and	Madin-

Darby	 Canine	 Kidney	 (MDCK)	 II	 cells	 or	 2	 –	 cell-free	 based	 such	 as	 parallel	 artificial	

membrane	permeability	 assay	 (PAMPA)	 [40-44].	Models	 have	 also	 applied	untreated	 and	

treated	microporous	polymer	membranes	for	dissolution/absorption	studies	[45,	46].	Most	

membrane-permeation	 techniques	offer	 routine	analysis	of	 free	drug	 from	an	amorphous	

solid	dispersion	and	demonstrate	the	ability	to	prevent	transfer	of	drug-containing	species	

to	the	organic	phase.	This	technique	offers	insight	to	the	in	vivo	performance	of	amorphous	

solid	dispersions,	which	engenders	invaluable	information	at	all	stages	of	development.	

	

2.3.3.1 Membrane-Permeation	Dissolution	Apparatus	

	

	 A	 schematic	 illustration	 of	 a	 membrane-permeation	 dissolution	 apparatus	 can	 be	

seen	in	Figure	2.3.	The	apparatus	was	developed	to	act	as	membrane	model	of	the	human	

intestine.	 Dissolution	 testing	 using	 membrane-permeation	 apparatuses	 was	 devised	 to	

account	for	the	hydrodynamics	of	the	gastrointestinal	tract	as	well	as	the	composition	of	the	

intestinal	 fluid	 and	 lumen.	 In	 general,	 membrane-permeation	 dissolution/absorption	

apparatuses	consist	of	3	components:	a	donor	cell,	an	acceptor	cell	and	a	membrane.	A	brief	

description	on	each	component	can	be	seen	in	Figure	2.3	and	following	discussion.	
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Figure	 2.3:	 Schematic	 illustration	 of	 the	 membrane-permeation	 dissolution/absorption	
apparatus	

	

The	 donor	 cell	 functions	 to	 replicate	 the	 physiological	 conditions	 in	 the	

gastrointestinal	 tract	 and	 is	 comprised	 of	 biorelevant	 dissolution	 media.	 Studies	 have	

reported	 that	 important	 aspects	 of	 gastrointestinal	 fluid	 include	 bile	 salt	 and	 lecithin	

concentrations,	as	well	as	pH	considerations	[14,	47].	Fasted	state	simulated	intestinal	fluid	

(FaSSIF)	 at	 pH	 6.5	 is	 commonly	 selected	 as	 a	 dissolution	 media	 to	 evaluate	 oral	

formulations	of	poorly	soluble	compounds	with	regards	to	dissolution	and	solubility.	

	

The	role	of	the	acceptor	cell	in	the	proposed	apparatus	is	to	emulate	an	environment	

similar	 to	 the	 bloodstream.	 In	 vivo,	 the	 concentration	 of	 drug	 in	 the	 bloodstream	 is	

considered	 minimal	 as	 compared	 to	 the	 concentration	 in	 the	 gastrointestinal	 tract.	

Moreover,	Fick’s	laws	describe	the	process	of	diffusion,	which	conveys	that	the	uptake	of	a	

drug	substance	into	the	bloodstream	is	dependent	upon	the	concentration	gradient	across	a	

membrane	 system	 and	 proportional	 to	 a	 drug’s	 lipophilicity.	 Therefore,	 to	 encourage	
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permeation	 and	 absorption	 of	 free	 drug,	 the	 acceptor	 cell	 solution	 must	 promote	 sink	

conditions.	Often	 times,	prior	 to	 solvent	 selection,	partition	 coefficients	will	 be	 calculated	

for	 numerous	 solvents	 to	 establish	 the	 most	 ideal	 sink	 conditions.	 According	 to	 Le	

Chatelier’s	 principles,	 which	 govern	 equilibrium	 laws,	 a	 system	will	 always	 shift	 toward	

equilibrium.	Specific	to	this	aspect,	during	a	dissolution	experiment,	the	donor	and	acceptor	

cell	 solutions	 will	 establish	 equilibrium	 based	 upon	 the	 solubility/miscibility	 of	 each	

solution	in	the	other.	For	that	reason,	it	is	critical	that	the	acceptor	cell	solution	has	limited	

miscibility	with	the	aqueous	donor	cell	solution	to	warrant	that	there	is	no	false	permeation	

of	drug	into	the	acceptor	cell.		

	

	 The	function	of	the	membrane	in	the	membrane-permeation	dissolution/absorption	

apparatus	 is	 to	 mimic	 the	 physiological	 conformation	 of	 the	 human	 intestinal	 epithelial	

membrane,	which	 is	composed	of	hydrophilic	and	hydrophobic	constituents	 that	promote	

wettability	 and	 permeability.	 The	 intestinal	 tract	 is	 lined	 with	 a	 layer	 of	 mucosa,	 which	

consists	 of	 a	 stratum	 of	 enterocytes	 (epithelium)	 that	 project	 villi	 and	 microvilli.	 The	

microvilli	form	a	striated	surface,	which	is	referred	to	as	the	brush	border	membrane	[48].	

The	 brush	 border	membrane	 encompasses	 a	 stagnant	 layer	 of	 aqueous	media	 (unstirred	

aqueous	layer)	that	exerts	a	physical	barrier	to	lipophilic	substances	and	is	a	critical	aspect	

of	transcellular	absorption	(Figure	2.4)	[49].	The	primary	mechanism	of	drug	absorption	is	

passive	 diffusion	 (paracellular	 or	 transcellular).	 Conversely,	 a	 hydrophobic	 surface	

replicates	 lipophilic	 constituents	 that	 correspond	 to	 the	 epithelial	 lipid	 membrane.	

Membranes	 that	 exhibit	 the	 described	 conditions	 could	 provide	 a	 model	 for	

pharmacokinetic	predictions	of	amorphous	solid	dispersions.		
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Figure	2.4:	Schematic	illustration	of	the	unstirred	aqueous	layer	

		

2.3.3.1.1 Plasma	Treatment	of	Microporous	Polymer	Membranes	

	

The	 importance	 of	 biopharmaceutical	 modeling,	 i.e.	 –	 biomimetic	 dissolution,	 for	

determining	 the	 relative	 in	 vivo	 performance	 of	 amorphous	 solid	 dispersions	 is	
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and	cell	culture	time	indicate	the	requirement	to	diversify	new	membrane	materials	for	use	

in	 dissolution	 testing.	 Plasma	 treatment	 of	 microporous	 polymer	membranes	 is	 a	 useful	

technique	 to	 alter	 the	 wettability	 of	 membranes,	 which	 is	 garnering	 attention	 in	 the	

pharmaceutical	 industry	 [52].	 The	 importance	 of	 the	 plasma	 treatment	 on	 the	 polymer	

membranes	with	respect	to	membrane-permeation	dissolution/absorption	studies	is	that	it	

functions	 to	add	or	remove	surface	material	and	 thereby	change	 the	physical	or	chemical	

nature	of	the	surface	material.	Plasma	treatment	represents	a	tool	for	surface	modification	

of	 microporous	 polymer	 membranes	 that	 imposes	 an	 additional	 hydrophobicity	 or	

hydrophilicity	 and	 increases	 the	 biorelevance	 for	 use	 in	 dissolution	 studies.	 In	 a	 basic	

explanation,	plasma	is	a	partially	ionized	gas	composed	of	electrons,	ions	and	neutral	atoms	

or	 molecules.	 It	 is	 formed	 when	 a	 gas	 is	 subjected	 to	 a	 radio	 frequency	 oscillating	

electromagnetic	 field,	 resulting	 in	acceleration	of	electrons	as	well	 as	electrons	 scattering	

with	neutral	 atoms	 [53].	With	excess	kinetic	 energy,	 electrons	are	 freed	 from	neutral	 gas	

species,	which	consequently	form	additional	free	electrons	upon	collision	of	free	electrons	

with	 neutral	 species.	 Regarding	 its	 function	 in	 the	 treatment	 of	 microporous	 polymer	

membranes,	 plasmas	 impose	 surface	 modification	 mechanisms	 such	 as	 cross-linking,	

activation	and	chemical	etching	(Figure	2.5)	[54].		
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Figure	2.5:	Schematic	illustration	of	CF4	plasma	treatment	on	polymer	membranes	adapted	
from	Wei	et	al.	and	Henniker	plasma	et	al.		
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	 Although	 a	 plasma	 is	 comprised	 of	 highly	 energetic	 species,	 it	 possesses	 a	 low	

penetrating	power,	which	often	results	 in	a	surface	membrane	modification	 that	does	not	

affect	 the	 bulk	 properties	 of	 the	 polymer	 membrane	 [55,	 56].	 Plasma	 treatment	 of	 the	

membranes	can	render	an	exposed	surface	hydrophilic	or	hydrophobic	while	maintaining	

the	 original	 properties	 on	 the	 other.	 When	 a	 surface	 is	 modified	 with	 a	 hydrophobic	

treatment,	maintaining	the	bulk	properties	of	polymer	membranes	is	important	to	promote	

absorption	 of	 aqueous	 media	 in	 the	 unstirred	 aqueous	 layer.	 Modification	 by	 plasma	

treatment	permits	control	of	the	depth	or	thickness	of	the	unstirred	aqueous	layer	to	levels	

equivalent	to	those	reporting	in	the	gastrointestinal	tract	(30	–	100	µm)	[57].	Energetic	and	

reactive	 species	 created	 by	 dissociation	 of	 a	 process	 gas	 bombard	 the	 surface	 of	 a	

membrane	and	generate	radical	sites	that	in	turn	react	with	radical	species	of	the	plasma	to	

form	covalent	bonds	(Figure	2.5).	The	ability	to	physically	or	chemically	modify	the	surface	

of	 microporous	 membranes	 is	 contingent	 upon	 the	 specific	 process	 gas	 and	 operational	

parameters.	Due	to	the	availability	of	materials,	H2O	vapor,	air	and	O2	gases	are	commonly	

used	 for	 hydrophilic	 (integration	 of	 hydroxyl	 bonds)	 plasma	 treatment	 to	 modify	

hydrophobic	membrane	surfaces	[58,	59].	In	contrast,	hexafluoroethane	(Freon	116)	gas	is	

applicable	 for	hydrophobic	plasma	 treatment	 (integration	of	C-F	bonds)	of	polypropylene	

[60].	 Regardless	 of	 the	 treatment	mechanism,	 plasma	modified	 polymer	membranes	 can	

depict	 key	 characteristics	 embodying	 a	 biomimetic	membrane:	 1	 –	 upon	 hydration	 in	 an	

aqueous	environment	an	unstirred	water	layer	is	formed	and	2	–	a	hydrophobic	surface	that	

mimics	the	lipophilic	features	of	the	intestinal	epithelial	cells.	

	 	



	 62	

2.4 Summary	and	Concluding	Remarks	

	

There	 is	 little	 question	 dissolution	 testing	 embodies	 a	 paramount	 performance	

indicator	for	active	pharmaceutical	ingredients	and	corresponding	solid	dosage	forms	[61].	

Moreover,	dissolution	testing	that	makes	use	of	biorelevant	dissolution	media,	biomimetic	

membranes	and	other	physiologically	relevant	factors	can	potentially	serve	as	a	surrogate	

for	in	vivo	studies	[62].	Numerous	thermodynamic	and	kinetic	models	have	been	utilized	to	

define	 key	 components	 governing	 the	 dissolution	 of	 amorphous	 solid	 dispersions.	 The	

dissolution	behavior	of	a	solid	form	can	be	attributed	to	the	strength	of	interaction	between	

its	molecules;	and	coincidentally,	bioavailability	is	determined	by	drug	solubility	[63].	Drug	

speciation	 occurs	 upon	 solvation	 of	 an	 amorphous	 solid	 dispersion	 and	 during	 transit	

through	the	gastrointestinal	 tract.	The	presence	of	high-energy	drug-containing	species	 in	

addition	 to	 free	 drug	 pose	 a	 true	 challenge	 for	 dissolution	 testing	 as	 in	 vivo	 only	 free	 or	

dissolved	 drug	 is	 absorbed.	 While	 complex	 methodologies	 exist,	 their	 practicality	 and	

application	are	often	limited	by	reproducibility	and	cost.	Recently,	significant	progress	has	

been	 demonstrated	 with	 dissolution/absorption	 systems.	 Membrane-permeation	

dissolution/absorption	 approaches	 simulate	 the	 dynamic	 aspects	 of	 in	 vivo	 processes	

occurring	 in	 the	 gastrointestinal	 tract,	 including	 physicochemical	 and	 physiological	

characteristics	related	to	drug	dissolution	and	diffusion	across	the	intestinal	membrane.	In	

such	methodologies,	 the	application	of	synthetic	and	artificial	membranes	is	often	used	to	

evaluate	 the	 relative	 in	 vivo	 performance	 of	 solid	 dispersions.	 Shortcomings	 of	 existing	

membranes	have	led	to	increased	interest	in	research	surrounding	membrane	treatments.	

Specifically,	plasma	treated	microporous	polymer	membranes	portray	a	means	to	achieve	
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biological	 relevance	 through	a	 simple	modification	 that	 imparts	key	physiological	 aspects	

similar	to	that	of	the	intestinal	membrane.		 	
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CHAPTER	3:	 SOLVENT	AND	FUSION-BASED	PROCESSING	OF	FELODIPINE	
AMORPHOUS	 SOLID	 DISPERSIONS	 BY	 SPRAY	 DRYING	 AND	 HOT	 MELT	
EXTRUSION	

	

3.1 Abstract	

	

Spray	drying	and	hot	melt	extrusion	are	novel	manufacturing	techniques	examined	

here	for	production	of	amorphous	solid	dispersions.	To	improve	the	in	vitro	dissolution	rate	

and	 in	vivo	bioavailability	of	Felodipine,	a	model	BCS	class	 II	compound,	amorphous	solid	

dispersions	were	produced.	In	the	present	work,	investigation	of	a	suitable	polymer	system	

for	Felodipine	was	performed	prior	 to	dispersion	manufacturing	with	solvent	and	 fusion-

based	techniques.	To	that	extent,	preformulation	characterization	studies	were	conducted	

to	 assess	 the	 solubility	 and	 miscibility	 of	 Felodipine	 in	 various	 polymer	 matrices.	

Polyvinylpyrrolidone	 (PVP),	 Soluplus®	 and	 hydroxypropyl	 methylcellulose	 acetate	

succinate	(HPMCAS)	were	evaluated	as	potential	carrier	polymers.	Results	of	the	screening	

studies	 indicated	 that	 HPMCAS	 provided	 the	 highest	 degree	 of	 miscibility	 and	 thereby	

potential	solubility	enhancement	at	the	evaluated	ratios.	Solid	dispersions	of	Felodipine	and	

HPMCAS	were	produced	by	spray	drying	and	compared	to	identical	formulations	produced	

by	 hot	 melt	 extrusion.	 The	 solid	 dispersions	 were	 characterized	 for	 crystallinity,	

homogeneity,	assay	and	purity,	solvent	content,	particle	size	and	in	vitro	dissolution.	X-ray	

powder	 diffraction	 (XRPD)	 and	 modulated	 differential	 scanning	 calorimetry	 (mDSC)	

analyses	 of	 Felodipine/HPMCAS	 amorphous	 solid	 dispersions	 were	 shown	 to	 be	

amorphous,	illustrating	a	single	glass	transition	(Tg)	and	an	absence	of	Bragg	peaks.	Assay	

and	purity	calculations	were	determined	by	high-pressure	 liquid	chromatography	(HPLC)	
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analysis	utilizing	an	ultraviolet	(UV)	detector.	HPLC	purity	analysis	of	extruded	dispersions	

showed	no	signs	of	thermal	degradation	as	a	result	of	processing	at	elevated	temperatures.	

Residual	solvent	levels	of	spray	dried	dispersions	were	quantified	by	gas	chromatography	

(GC)	and	verified	to	be	below	the	limits	recommended	by	the	International	Conference	on	

Harmonization	(ICH).	By	approximating	the	relationship	between	particle	size	and	surface	

area,	 Felodipine/HPMCAS	 amorphous	 solid	 dispersions	 demonstrated	 an	 increase	 in	

surface	 area	 compared	 to	 crystalline	 Felodipine.	 Non-sink	 microcentrifuge	 dissolution	

testing	 revealed	 the	 20%	 (w/w)	 Felodipine/HPMCAS	 spray	 dried	 amorphous	 solid	

dispersion	 revealed	 a	 superior	 in	 vitro	 performance,	 illustrating	 a	 greater	 extent	 of	

supersaturation	 relative	 to	 other	 formulations	 and	 the	 crystalline	 form.	 Based	 on	 results	

presented	 in	 this	 study,	 spray	 drying	 and	 hot	melt	 extrusion	 are	 both	 considered	 viable	

technologies	 for	 manufacturing	 amorphous	 solid	 dispersions	 of	 Felodipine	 and	 HPMCAS	

that	offer	enhanced	in	vitro	dissolution	performance.		

	

3.2 Introduction	

	

Felodipine	 (±	 ethyl	 methyl	 4-(2,3-dichlorophenyl)-1,4-dihydro-2,6-dimethyl-3,5-

pyridinedicarboxylate)	 is	 a	 vasodilating	 calcium	 antagonist	 indicated	 in	 the	 treatment	 of	

hypertension	 (Figure	 3.1)	 [1,	 2].	 Owing	 to	 low	 aqueous	 solubility	 and	 presystematic	

metabolism,	Felodipine	exhibits	a	low	inherent	oral	bioavailability	(~15%)	[3,	4].	Classified	

as	a	BCS	class	II	compound,	Felodipine	has	reported	solubilities	in	acidic	and	neutral	media	

of	 approximately	 1	 µg/mL	 [5-7].	 Although	 limited	 by	 aqueous	 solubility,	 Felodipine	 is	

lipophilic	in	nature	(logP	=	3.48),	signifying	high	permeability	in	the	gastrointestinal	lumen	
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[8,	 9].	 To	maximize	 bioavailability,	 Felodipine	 has	 been	marketed	 as	 an	 extended	 release	

tablet	 (Plendil®	 and	 Renedil®)	 to	 prolong	 absorption	 [10,	 11].	 Compounds	 possessing	

physicochemical	 properties	 similar	 to	 Felodipine	 are	 prominent	 in	 the	 pharmaceutical	

industry,	 with	 the	 majority	 of	 candidates	 in	 development	 pipelines	 demonstrating	 good	

intestinal	permeability	and	poor	aqueous	solubility	[12-15].	For	that	reason,	Felodipine	 is	

regularly	utilized	as	a	model	drug	to	assess	pharmacokinetic	properties	of	BCS	class	II	drug	

substances.	Furthermore,	solid	dispersions	of	these	compounds	have	become	prevalent	for	

improving	bioavailability	by	enhancing	aqueous	solubility	and	dissolution	rates.			

	

	

Figure	3.1:	Molecular	structure	of	Felodipine		

	

Historically,	the	pharmaceutical	industry	has	a	reputation	of	being	extremely	vigilant	

about	changes	in	manufacturing	processes	[16].	Primarily	faced	with	solubility	challenges,	

the	 industry	 has	 a	 newborn	 interest	 in	 non-traditional	 manufacturing	 processes	 such	 as	

spray	drying	and	hot	melt	extrusion	for	production	of	solid	dispersions.	 	Solid	dispersions	
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are	defined	as	“the	dispersion	of	one	or	more	active	ingredients	in	an	inert	carrier	or	matrix	at	

solid	state	prepared	by	the	melting	(fusion),	solvent	or	melting-solvent	method”	[17].	Simple	

eutectic	mixtures	represent	the	foundation	of	solid	dispersions,	in	which	rapid	cooling	of	a	

co-melt	 solution	 resulted	 in	 a	 dispersion	 of	 microfine	 crystals	 of	 two	 components	 that	

depicted	a	decreased	melting	point	[18,	19].	Further	refinement	led	to	the	development	of	

solid	 solutions,	 a	 single-phase	 solution	 of	multiple	 constituents.	 Solid	 solutions	 exemplify	

the	most	ideal	form	of	a	solid	dispersion.	Defined	as	the	analogous	embodiment	of	a	liquid	

solution,	 solid	 solutions	 possess	 all	 constituents	 dispersed	 at	 a	 molecular	 level;	 thus,	

denoting	 a	 single-phase	 [20,	 21].	 Amorphous	 solid	 dispersions	 (i.e.	 –	 a	 drug	 substance	 is	

molecularly	 dissolved	 in	 a	 polymer	 carrier	 matrix)	 have	 shown	 increased	 bioavailability	

and	 sustained	 supersaturation	 without	 precipitation	 [22,	 23].	 If	 a	 drug	 substance	 is	

dissolved	at	 a	molecular	 level,	 the	particle	 size	will	 symbolize	 its	 absolute	minimum.	The	

corresponding	enlarged	surface	area	and	high	free	energy	characteristic	of	the	amorphous	

state	 contribute	 significantly	 to	 the	 improved	 dissolution	 rate	 and	 bioavailability	 of	

amorphous	solid	dispersions	over	crystalline	material.		

	

Commercial	 manufacturing	 of	 amorphous	 solid	 dispersion	 systems	 is	 generally	

accomplished	 through	 two	 approaches:	 solvent-based	 and	 fusion-based	 processing	

techniques.	 Although	 each	 production	 method	 presents	 several	 advantages	 and	

disadvantages,	 solvent-based	 approaches	 are	 more	 commonly	 applied	 in	 the	

pharmaceutical	 industry.	 Solvent-based	 processing	 involves	 fast	 evaporation	 of	 a	 solvent	

from	 a	 solution	 containing	 a	 drug	 substance	 and	 carrier	 (polymer)	 [24].	 The	 resulting	

amorphous	 product	 is	 a	 consequence	 of	 non-covalent	 interactions	 between	 drug	 and	
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polymer	 during	 solvent	 devolatization	 [25].	 The	 principle	 advantage	 of	 solvent-based	

techniques,	 i.e.	 –	 spray	 drying,	 the	 avoidance	 of	 thermal	 decomposition	 due	 to	 low	

processing	temperature,	permitting	manufacturing	of	thermolabile	and	high	melting	drugs	

[26,	 27].	 Despite	 the	 popularity,	 spray	 drying	 has	 several	 shortcomings	 associated	 with	

solvent	 selection.	 Electing	 a	 solvent	 that	 dissolves	 both	 drug	 and	 polymer	 can	 be	

troublesome	and	more	often	than	not,	an	organic	solvent	is	required.	Inclusion	of	an	organic	

solvent	 poses	 several	 safety	 hazards	 related	 to	 the	 environment,	manufacturing	 process,	

secondary	 drying	 process	 and	 toxicity	 limits.	 To	 counteract	 these	 obstacles,	 fusion-based	

methods	 such	 as	 hot	 melt	 extrusion	 represent	 an	 attractive	 alternative	 [28].	 Hot	 melt	

extrusion	encompasses	a	continuous	manufacturing	process	that	involves	co-melting	a	drug	

substance	and	polymer	carrier.	The	mixture	is	conveyed	through	modular	co-rotating	twin-

screws,	which	impart	high	shear	and	mixing	to	generate	a	homogeneous	molten	mass.	The	

extrudate	is	then	shaped	via	an	orifice	and	rapidly	quenched.	Compared	to	spray	drying,	hot	

melt	extrusion	epitomizes	a	solvent-free,	robust,	fast,	continuous	and	cost	effective	process.	

While	 its	 advantages	 are	 clear,	 hot	 melt	 extrusion	 has	 a	 few	 drawbacks	 that	 impede	 its	

application	 [29].	Prolonged	exposure	of	drug	and	polymer	 to	 an	environment	 at	 elevated	

temperatures	 can	 provoke	 thermal	 degradation	 of	 labile	 constituents	 [30].	Moreover,	 the	

addition	of	plasticizers	is	commonly	utilized	to	improve	material	processability.	Despite	the	

challenges	 affiliated	 with	 each	 technique,	 many	 commercial	 products	 are	 currently	

manufactured	by	spray	drying	and	hot	melt	extrusion	(Table	3.1)	[31].	
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Table	 3.1:	 Current	 marketed	 products	 utilizing	 amorphous	 solid	 dispersion	 reproduced	
with	permission	from	Hughey	et	al.	2014		

Product		 Compound		 Manufacturing	Method		
Norvir®	 Ritonavir	 Hot	melt	extrusion	

KaletraTM	 Ritonavir	/	Lopinavir	 Hot	melt	extrusion	

FenoglideTM	 Fenofibrate	 Hot	melt	extrusion	

Noxafil®	 Posaconazole	 Hot	melt	extrusion	

OnmelTM	 Itraconazole	 Hot	melt	extrusion	

Sporanox®	 Itraconazole	 Spray	layering	

IntelenceTM	 Etravirine		 Spray	drying		

Incivek®	 Telaprevir		 Spray	drying		

KalydecoTM	 Ivacaftor		 Spray	drying		

Cesamet®	 Nabilone		 Spray	drying		

Prograf®	 Tacrolimus		 Spray	drying	

Nimotop®	 Nimodipine		 Spray	drying	

ZelborafTM	 Vemurafenib	 Anti-solvent	precipitation	
	

	

	 The	 current	 study	 focuses	on	 improving	 the	bioavailability	 of	 a	model	BCS	 class	 II	

compound,	Felodipine,	by	producing	amorphous	solid	dispersions	that	exhibited	enhanced	

solubility	and	dissolution	rates.	HPMCAS	was	selected	as	a	carrier	polymer	as	it	has	shown	

to	provide	the	highest	extent	of	supersaturation	[32].	Spray	drying	and	hot	melt	extrusion	

processing	 techniques	 were	 utilized	 for	 production	 of	 Felodipine/HPMCAS	 solid	

dispersions,	 which	 were	 characterized	 for	 crystallinity,	 homogeneity,	 assay	 and	 purity,	

solvent	content,	particle	size	and	in	vitro	dissolution.	The	amorphous	solid	dispersions	were	

then	 utilized	 for	 the	 development	 of	 an	 in	 vitro	 non-sink	 membrane-permeation	

dissolution/absorption	method.		
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3.3 Materials	and	Methods	

	

3.3.1 Materials	

	

Felodipine	 (±	 ethyl	 methyl	 4-(2,3-dichlorophenyl)-1,4-dihydro-2,6-dimethyl-3,5-

pyridinedicarboxylate)	 was	 purchased	 from	 Vega	 Pharma	 Limited	 (Zhejiang,	 China).	

HPMCAS-MG	 and	 HPMCAS-MMG	 (hydroxypropyl	methylcellulose	 acetate	 succinate)	 were	

kindly	 donated	 by	 Shin-Etsu	 Chemical	 Co.,	 Ltd.	 (Tokyo,	 Japan).	 Kollidon	 VA64®	

(Vinylpyrrolidone-vinyl	 acetate	 copolymer)	 and	 Soluplus®	 (polyvinyl	 caprolactam-

polyvinyl	 acetate-polyethylene	 glycol	 graft	 copolymer)	 were	 kindly	 donated	 by	 BASF	 SE	

(Ludwigshafen,	Germany).	Solvents	and	chemicals	used	for	spray	drying,	in	vitro	dissolution	

testing,	 and	high	pressure	 liquid	 chromatography	 (HPLC)	analysis	were	analytical	or	ACS	

grade.	Analytical	grade	solvents	and	chemicals	–	acetonitrile,	methanol,	ammonium	acetate	

and	sodium	phosphate	monobasic	were	purchased	from	VWR	(New	Jersey,	USA).	ACS	grade	

or	 equivalent	 solvents	 and	 chemicals	 –	 sodium	 chloride,	 decanol,	 acetone,	 sodium	

hydroxide	 and	 hydrochloric	 acid	 were	 purchased	 from	 VWR	 (New,	 Jersey,	 USA).	 FaSSIF	

powder	was	purchased	from	Biorelevant.com	(London,	UK).		
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3.3.2 Methods	

	

3.3.2.1 Spray	Drying	

	

Spray-dried	prototypes	of	Felodipine	were	produced	at	20%,	33%	and	50%	(w/w)	

drug	loading	with	HPMCAS-MG.	Prior	to	spray	drying,	acetone	feed	solutions	of	Felodipine	

and	HPMCAS-MG	mixtures	were	prepared	with	10%	(w/w)	concentration	of	solids.	Spray	

dried	 dispersions	 were	 produced	 in	 a	 laboratory	 scale	 spray	 dryer	 –	 BÜCHI	 Mini	 Spray	

Drier	 B-290	 (BUCHI	 Corporation,	 Delaware,	 USA)	 (Figure	 3.2).	 The	 spray	 drier	 was	

operated	with	nitrogen	in	single	pass	mode	(open	loop).	Indicating	the	drying	gas	was	not	

recirculated.	The	aspirator	was	set	to	100%	of	its	capacity	(maximum	40	kg/h).	A	flow	rate	

of	1.0	kg/h	was	set	to	achieve	atomization	with	nitrogen.	The	feed	flow	rate	was	set	to	30%	

for	 the	peristaltic	pump.	The	 inlet	 temperature	was	adjusted	 to	54°C	 to	achieve	an	outlet	

temperature	of	40°C.	Following	spray	drying,	the	wet	solid	dispersions	were	subjected	to	a	

secondary-drying	step	in	a	vacuum	oven	with	a	temperature	of	40°C	for	approximately	24	

hours.	 Spray	 dried	 powders	 were	 sampled	 and	 analyzed	 for	 their	 physical	 stability	 and	

miscibility.			
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Figure	3.2:	BÜCHI	Mini	Spray	Drier	B-290		

	

3.3.2.2 Hot	Melt	Extrusion	

	

Hot	melt	extrusion	compositions	of	Felodipine	were	produced	at	20%,	33%	and	50%	

(w/w)	 drug	 loading	 with	 HPMCAS-MMG.	 A	 Thermo	 Pharma	 11	 co-rotating	 twin-screw	

extruder	(Thermo	Scientific,	USA)	with	a	screw	diameter	of	11	mm	and	L/D	ratio	of	40:1	

was	 used	 to	 for	 processing	 mixtures	 of	 Felodipine	 and	 HPMCAS-MMG	 (Figure	 3.3	 and	

Figure	 3.4).	 Prior	 to	 extrusion,	 Felodipine	 and	 HPMCAS-MMG	 mixed	 thoroughly	 in	 a	

polyethylene	bag.	The	blended	mixture	was	fed	volumetrically	at	a	rate	of	500	g/hr	into	a	

hopper	and	extruded	at	a	 temperature	of	160°C	with	a	 screw	rotation	speed	of	100	rpm.	

The	molten	 extrudate	was	quenched	 in	 an	 air-cooled	 zone	 and	milled	using	 a	 Fitzpatrick	
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L1A	 Laboratory	 Fitzmill	 (The	 Fitzpatrick	 Company,	 Illinois,	 USA)	 equipped	with	 a	 0.010-

inch	screen,	operating	in	a	hammers	forward	configuration	at	9,000	rpm.	

	

	

Figure	3.3:	Thermo	Pharma	11	Twin-Screw	Extruder	

	

	

Figure	3.4:	Screw	design	and	temperature	profiles	
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3.3.2.3 X-Ray	Powder	Diffraction	

	

Diffraction	patterns	were	examined	to	detect	the	presence	of	crystalline	Felodipine	

using	a	Rigaku	Miniflex	II	Desktop	X-Ray	Diffractometer	(Rigaku,	Texas,	USA).	The	samples	

were	prepared	by	packing	approximately	100	mg	of	powder	onto	a	standard	glass	sample	

holder.	Unprocessed	Felodipine,	 unprocessed	HPMCAS	 and	 solid	 dispersions	were	placed	

on	 a	 sample	 holder	 equipped	with	 an	 amorphous	 substrate	 and	 inserted	 into	 channeled	

stages	in	the	analysis	chamber.		An	x-ray	source	(KCu!,	!	=	1.54	Å)	was	operated	at	40	kV	

and	50	mA.	The	samples	were	scanned	from	3°	 to	40°	on	the	2!	scale	using	a	step	size	of	

0.01°	 2!	 and	 a	 rate	 of	 1°	 2!/minute.	 Calibration	 of	 the	 instrument	was	 performed	using	

powdered	!-alumnia.		

	

3.3.2.4 Modulated	Differential	Scanning	Calorimetry	

	

Thermal	characterizations	were	performed	on	a	Thermal	Analysis	Q2000	differential	

scanning	 calorimeter	 (TA	 Instruments,	 Delaware,	 USA)	 operating	 in	 modulated	 mode	

equipped	 with	 an	 autosampler.	 An	 indium	 standard	 was	 used	 to	 calibrate	 the	 cell	

temperature,	heating	rate	and	enthalpy.	A	sapphire	standard	was	used	to	calibrate	the	heat	

capacity	 measurement.	 For	 all	 samples	 (solid	 dispersions,	 unprocessed	 Felodipine	 and	

HPMCAS),	 approximately	 5-10	 mg	 was	 weighed	 into	 aluminum	 Tzero	 pans	 (TA	

Instruments,	 Delaware,	 USA)	 and	 hermitically	 sealed	 with	 a	 compatible	 pin-hole	 lid	 to	

eliminate	any	influence	from	solvent.	Samples	were	heated	at	a	rate	of	3°C/min	from	25°C	
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to	 250°C	 using	 a	 modulation	 amplitude	 of	 1.0°C	 over	 a	 period	 of	 60	 seconds.	 Universal	

Analysis	2000	software	(TA	Instruments,	Delaware,	USA)	was	used	to	analyze	results.	

	

The	enthalpy	and	glass	transition	temperature	of	amorphous	Felodipine	and	physical	

mixtures	 of	 Felodipine/selected	 polymers	 (at	 various	%w/w	 ratios)	 was	 confirmed	 by	 a	

cycling	 experiment	 on	 a	 Thermal	 Analysis	 Q2000	 differential	 scanning	 calorimeter	 (TA	

Instruments,	Delaware,	USA)	operating	in	modulated	mode.	An	indium	standard	was	used	

to	calibrate	the	cell	temperature,	heating	rate	and	enthalpy.	A	sapphire	standard	was	used	

to	 calibrate	 the	 heat	 capacity	 measurement.	 Prior	 to	 analysis,	 geometric	 dilutions	 of	

physical	mixtures	of	Felodipine	and	selected	polymers	were	performed	and	ground	with	a	

mortar	 and	 pestle.	 Approximately	 5-10	mg	 of	 sample	was	weighed	 into	 aluminum	Tzero	

pans	 (TA	 Instruments,	Delaware,	USA)	and	hermitically	 sealed	with	a	 compatible	 lid.	The	

material	was	heated	to	250°C	at	a	rate	of	10°C/min	to	ensure	melting	and	rapidly	quenched	

at	a	rate	of	25°C/min	to	 -25°C	to	 freeze	 it	 in	 its	amorphous	state.	Once	 in	 the	amorphous	

state,	the	sample	was	reanalyzed	by	heating	at	a	rate	of	3°C/min	from	25°C	to	250°C	using	a	

modulation	 amplitude	 of	 1.0°C	 over	 a	 period	 of	 60	 seconds.	 Universal	 Analysis	 2000	

software	(TA	Instruments,	Delaware,	USA)	was	used	to	analyze	results.	

	

3.3.2.5 Particle	Size	Analysis	

	

Particle	 size	 analysis	 was	 measured	 by	 laser	 diffraction	 method	 using	 a	 dry	

dispersion	 system	 Scirocco	 2000	 dry	 unit	 of	 a	 Mastersizer	 Scirocco	 MS	 2000	 (Malvern	

Instruments,	Worcester,	UK).	A	minimum	quantity	of	 sample	was	 transferred	 to	a	sample	
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tray	in	the	Scirocco	2000	dry	unit.	Prior	to	analysis	the	obscuration	was	determined	to	be	

between	 1	 –	 6%.	 For	 each	 sample	 the	 measurement	 time	 was	 10	 seconds	 with	 10000	

measured	 snaps.	 The	 particle	 size	 of	 unprocessed	 Felodipine	 as	well	 as	 amorphous	 solid	

dispersions	produced	by	spray	drying	and	hot	melt	extrusion	were	evaluated.	The	average	

particle	size	(d50)	was	expressed	as	the	volume	weighted	mean	in	micrometers.	

	

3.3.2.6 High	Pressure	Liquid	Chromatography	

	

The	 purity,	 assay	 and	 concentration	 of	 Felodipine	 during	 dissolution	 testing	 of	

amorphous	solid	dispersions	were	measured	using	an	Alliance	HPLC	(Waters	Corporation,	

Massachusetts,	 USA)	 equipped	 with	 a	 photodiode	 array	 detector	 (PDA).	 Analysis	 was	

performed	 using	 a	 Sunfire	 C18	 column	 (4.6	 x	 150	 mm,	 3.5	 μm)	 (Waters	 Corporation,	

Massachusetts,	 USA).	 A	 20	 mM	 ammonium	 acetate	 (NH4OAc)	 buffer	 was	 prepared	 by	

weighing	1.54	g	NH4OAc	into	1000	mL	of	deionized	water.	Felodipine	was	analyzed	using	an	

isocratic	mobile	phase	comprised	of	25/75	(v/v)	20	mM	NH4OAc/Methanol,	a	flow	rate	of	

1.0	mL/min,	column	temperature	of	60°C	and	detection	wavelength	of	360	nm.	The	method	

has	a	detection	limit	of	0.025	μg/mL	and	demonstrated	linearity	using	a	standard	curve	in	

the	 range	 of	 (0.05	 –	 100	 μg/mL)	 with	 a	 correlation	 coefficient	 (r2)	 of	 1.000.	 The	

concentration	of	Felodipine	from	in	vitro	dissolution	samples	was	quantitated	based	upon	a	

linear	curve.	
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3.3.2.7 Gas	Chromatography	

	

The	amount	of	residual	solvent	in	solid	dispersions	of	Felodipine	processed	by	spray	

drying	was	determined	using	an	Agilent	6890N	Gas	Chromatography	(Agilent	Technologies,	

Santa	 Clara,	 CA,	 USA)	 system	 equipped	 with	 a	 headspace	 autosampler.	 Operational	

conditions	 can	 be	 seen	 in	 Table	 3.2.	 A	 standard	 calibration	 curve	 will	 be	 produced	 for	

acetone	in	1,3-dimethyl-2-imidazolidinone	(DMI)	at	the	ICH	limit	(5000	ppm)	and	below.	A	

stock	working	standard	solution	was	prepared	by	approximately	weighing	25	mg	of	acetone	

into	 a	 100	 mL	 volumetric	 flask	 of	 DMI	 (5000	 ppm	 with	 respect	 to	 a	 50	 mg	 sample	

concentration).	 From	 a	 working	 standard	 solution	 serial	 dilutions	 were	 performed	 to	

assemble	a	standard	linear	curve.	Approximately	50	mg	of	a	sample	of	the	spray	dried	solid	

dispersion	of	Felodipine	was	weighed	into	a	10	mL	headspace	vial	containing	1	mL	of	DMI.	

The	vial	was	crimped	to	seal	and	results	were	analyzed	using	Empower	3	software.		
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Table	3.2:	Gas	chromatography	operational	conditions	
Operation	 Condition	

Gas	Chromatography	
System	 Agilent	6890N	GC	

Column	 Agilent	DB-624,	30m	x	0.32mm	x	1.8µm,	Part#	123-1334	
Carrier	 Helium,	constant	flow,	35	mL/minute	

Oven	 40°C	for	5	minutes,	Ramp	at	35°C/minute	to	250°C	

Inlet	 Split/Splitless,	headspace	liner	Part#	5183-4709	

Split	Ratio	 10:1	

Inlet	Temperature	 250°C	

Detector	 Flame	Ionization	Detector	@	250°C	

Detector	Air	Flow	 400	mL/min	

Detector	H2	Flow	 40	mL/min	

Detector	Carrier	Gas	Flow	 40	mL/min	

Headspace	
Autosampler	 G1888	

Vial	Pressure	 14.5	psig	

Headspace	Oven	 100°C	

Loop	Temperature	 110°C	

Transfer	Line	Temperature	 120°C	

Equilibration	Time	 10	minute,	high	shake	

Pressurization	 0.2	minutes	

Loop	Fill	 0.15	minutes	

Equilibration	Time	 0.5	minutes	

Injection	Time	 1	minute	

	

	

3.3.2.8 Fourier	Transform	Infrared	Spectroscopy	

	

Infrared	spectra	were	obtained	using	a	Spectrum	400	FTIR	spectrometer	equipped	

with	 a	 zinc	 selenide	 horizontal	 attenuated	 total	 reflectance	 accessory	 (Perkin	 Elmer,	

Waltham,	 MA,	 USA).	 The	 ATR-FTIR	 has	 a	 penetration	 depth	 of	 approximately	 1.66	 µm.	

Analyses	were	performed	on	unprocessed	Felodipine,	HPMCAS,	 spray	dried	 and	hot	melt	

extruded	solid	dispersions.	Experiments	were	executed	in	absorbance	mode	taking	a	total	

32	scans	across	a	range	of	650	–	3800	cm-1	and	a	resolution	of	4	cm-1.	The	instrument	was	

calibrated	with	polystyrene	reference	material	and	a	background	of	the	zinc	selenide	crystal	
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was	measured.	 Processing	 analysis	was	 done	 using	 Spectrum	 ES	 version	 10.4.3	 software	

(Perkin	Elmer,	Waltham,	MA,	USA).	

	

3.3.2.9 In	Vitro	Non-Sink	Microcentrifuge	Dissolution	

	

Non-sink	 dissolution	 testing	was	 performed	 using	 a	 small	 volume	microcentrifuge	

method.		An	amount	of	sample	was	added	to	a	2.0	mL	Eppendorf	centrifuge	tube	to	obtain	a	

concentration	approximately	 three	 times	 the	 solubility	of	Felodipine	 in	FaSSIF	media	and	

the	 solution	 will	 be	 equilibrated	 at	 37°C.	 Samples	 were	 vortexed	 immediately	 for	 30	

seconds	 to	 ensure	 mixing	 and	 then	 placed	 in	 an	 incubating	 shaker,	 which	 will	 also	 be	

equilibrated	at	37°C	and	operating	at	250	rpm.		The	solutions	were	removed	approximately	

90	seconds	before	each	time	point	(1,	5,	10,	15,	30	and	60	minutes),	and	centrifuged	using	

an	Eppendorf	Microcentrifuge	5418	(Eppendorf,	Hamburg,	Germany)	 for	approximately	1	

minute	 at	 13,000	 g.		 A	 volume	 (~100	 µL)	 of	 supernatant	 was	 diluted	 with	 50:50	

water:acetonitrile	into	an	HPLC	vial.	The	remaining	solution	was	vortexed	for	30	seconds	to	

distribute	undissolved	particles	and	placed	back	in	the	incubated	shaker	until	the	next	time	

point.	The	concentration	of	Felodipine	was	analyzed	over	a	time	period	of	120	minutes	at	

intervals	such	as	1,	5,	10,	15,	30	and	60	minutes	using	a	Waters	Alliance	HPLC	–	PDA	system	

(Waters	Corporation,	Milford,	MA,	USA)	and	a	validated	method.		
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3.4 Results	and	Discussion	

	

3.4.1 Preformulation	Solubility/Miscibility	Characterization		

	

Solid	 dispersions	 are	 single-phase	 amorphous	 systems	 that	 are	 often	 exploited	 as	

bioavailability	 enhancement	 platforms.	During	 development,	 several	 factors	 influence	 the	

physical	 stabilization	 of	 the	 amorphous	 form	 of	 a	 drug	 substance.	 These	 include	 drug-

polymer	 miscibility	 and	 drug	 crystallization.	 To	 achieve	 maximum	 stabilization	 of	 the	

amorphous	form,	a	drug	and	polymer	must	be	intimately	mixed	at	the	molecular	level	[33].	

Immiscibility	can	result	in	a	solid	dispersion	that	is	susceptible	to	drug	recrystallization	and	

thus,	it	is	essential	to	evaluate	the	miscibility	of	drug	and	polymer	binary	mixtures.		

	

Numerous	techniques	can	be	applied	to	investigate	the	miscibility	of	a	drug/polymer	

system.	During	screening	studies	in	formulation	development,	the	Gordon-Taylor	method	is	

often	 used	 to	 estimate	 the	 glass	 transition	 temperature	 of	 a	 system	 (Equation	 1.7)	 [34].	

Establishing	 a	 correlation	 between	 glass	 transition	 values	 predicted	 with	 theoretical	

calculations	and	those	determined	experimentally	from	physical	binary	mixtures,	provides	

an	 indication	 of	 drug/polymer	 miscibility.	 Physical	 mixtures	 of	 Felodipine	 with	 Kollidon	

VA64®	(Figure	3.5a),	Soluplus®	(Figure	3.5b)	and	HPMCAS	(Figure	3.5c)	were	prepared	by	

geometric	 dilution	 to	 achieve	 concentrations	 of	 0,	 20,	 40,	 60,	 80	 and	 100%	 w/w	

(Felodipine/polymer).	Experimentally	observed	glass	transition	temperatures	and	enthalpy	

values	of	physical	binary	mixtures	were	established	by	mDSC	 in	 a	heat/cool/heat	 cycling	

experiment.	The	enthalpy	values	of	 the	physical	mixtures	were	measured	 to	estimate	 the	
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percentage	 of	 drug	 crystallinity	 and	 interpret	 the	 concentration	 dependence	 of	

drug/polymer	miscibility	[35].		

	

	

Figure	3.5:	Molecular	structures	of	(a)	Kollidon	VA64®,	(b)	Soluplus®	and	(c)	HPMCAS	

	

During	the	first	heat	cycle,	no	significant	depression	of	the	Felodipine	endothermic	

melt	transition	temperature	was	detected.	Heat	capacity	is	defined	as	the	energy	required	

to	induce	a	thermal	change	in	the	unit	mass	of	measured	material.	A	reduction	in	the	heat	

capacity	(∆Cp)	at	each	polymer	Tg	was	observed	as	the	relative	percentage	of	polymer	was	

(a)	

(b)	

(c)	
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reduced	 in	 the	 physical	 mixtures	 (Figure	 3.6).	 Enthalpy	 values	 calculated	 from	 the	

endothermic	 melt	 transition	 of	 Felodipine	 were	 compared	 with	 the	 percentage	 of	 drug	

(%w/w)	 in	 physical	 mixtures	 to	 gain	 insight	 into	 the	 solubility	 of	 Felodipine	 in	 each	

polymer	(Figure	3.7).	For	a	specific	heating	rate,	the	intercept	at	the	x-axis	is	indicative	of	

the	solubility	of	Felodipine	in	the	polymer	mixture.	From	Figure	3.7,	calculated	correlations	

provide	 the	 predicted	 solubility	 values	 of	 Felodipine	 in	Kollidon	VA64®,	 Soluplus	®	 and	

HPMCAS,	 which	 are	 approximately	 0.06%,	 0.03%	 and	 0.20%,	 respectively.	 The	

approximations	 presented	 in	 Figure	 3.7	 suggest	 Felodipine	 has	 the	 highest	 solubility	 in	

HPMCAS.	
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Figure	 3.6:	 DSC	 heating	 flow	 thermograms	 (a)	 Felodipine/Kollidon	 VA64®	 physical	
mixtures,	(b)	Felodipine/Soluplus®	physical	mixtures	and	(c)	Felodipine/HPMCAS	physical	

mixtures	

	

(b)	

(a)	 (c)	
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Figure	3.7:	Solubility	Predictions	-	Enthalpy	and	Felodipine	weight	percentage	correlations	
(a)	 Felodipine/Kollidon	 VA64®	 physical	 mixtures,	 (b)	 Felodipine/Soluplus®	 physical	

mixtures	and	(c)	Felodipine/HPMCAS	physical	mixtures	

	

During	 the	 second	heating	 cycle	of	 the	heat/cool/heat	 experiment,	 glass	 transition	

values	were	determined	 from	 the	midpoint	of	 the	 transition	 in	 reversing	heat	 flow	mode	

(Figure	 3.8).	 All	 compositions	with	 the	 exception	 of	 80%	Felodipine/20%	Kollidon	VA64	

illustrated	a	single	glass	transition	temperature.	The	thermogram	for	this	mixture	exhibits	a	

baseline	deviation	above	the	Tg	of	the	overall	mixture.	Thus	far,	glass	transition	values	for	

most	 physical	 mixtures	 suggest	 miscibility	 of	 Felodipine	 and	 polymer	 at	 weight/weight	

concentrations	 from	0%	 -	60%	Felodipine.	A	 comparison	of	 theoretical	 and	experimental	

values	was	accomplished	using	the	Gordon-Taylor	equation	and	mDSC,	respectively	(Figure	

3.9).	 Correlation	 values	 were	 established	 to	 determine	 Felodipine/polymer	 miscibility.	

Higher	 correlation	 values	 (i.e.	 –	 1.00)	 indicated	 drug/polymer	 miscibility,	 while	 lower	
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values	predict	immiscibility	of	an	evaluated	system.	Experimentally	determined	values	that	

deviate	 from	 ideal	behavior	 (i.e.	–	Gordon-Taylor	predicted	Tg	values)	 infer	differences	 in	

the	strength	of	 intermolecular	 interactions	between	Felodipine	and	 the	polymer;	 thereby,	

indicating	 immiscibility	 of	 the	 system	 at	 the	 specific	 ratio	 (%w/w)	 [36].	 The	 correlation	

value	of	experimentally	determined	physical	mixtures	with	theoretical	values	for	Felodipine	

and	HPMCAS	was	 (r2	=	0.967)	 inferring	 the	drug/polymer	miscibility	was	best	 relative	 to	

the	 studied	 systems.	 Considering	 correlation	 values	 and	 predicted	 Felodipine	 solubility,	

HPMCAS	was	applied	as	the	carrier	polymer	for	all	formulation	work.	

	

	

Figure	 3.8:	 mDSC	 thermograms	 (a)	 Felodipine/Kollidon	 VA64®	 physical	 mixtures,	 (b)	
Felodipine/Soluplus®	physical	mixtures	and	(c)	Felodipine/HPMCAS	physical	mixtures	

(a)	

(b)	

(c)	
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Figure	 3.9:	 Gordon-Taylor	 /	 experimental	 Tg	 correlation	 (a)	 Felodipine/Kollidon	 VA64®	
(b)	Felodipine/Soluplus®	physical	mixtures	and	(c)	Felodipine/HPMCAS	physical	mixtures		
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3.4.2 Solid	State	Characterization	

	

The	 extent	 and	 maintenance	 of	 drug	 supersaturation	 for	 an	 amorphous	 solid	

dispersion	 is	directly	associated	with	 the	amorphicity	and	 thermodynamic	stability	of	 the	

formulation.	 Therefore,	 physiochemical	 characterization	 of	 drug-polymer	 mixtures	 is	

essential	to	ensure	complete	miscibility	and	therein,	formulation	stability.	Thermal	analysis	

of	 extruded,	 spray	dried,	 crystalline	and	amorphous	material	was	examined	 to	determine	

the	glass	transitions	(Tg)	and	melt	endotherms	(Tm)	(Figure	3.10	and	3.11).	Modulated	DSC	

was	selected	for	analysis	of	all	materials	because	of	its	ability	to	extricate	reversing	signals	

(i.e.	 –	 Tg)	 and	 non-reversing	 signals	 (i.e.	 –	 complex	 transitions	 and	 enthalpic	 relaxation),	

which	 can	 complicate	 accurate	 characterization	 of	 glass	 transitions.	 DSC	 thermograms	

indicate	 a	 sharp	 melting	 endotherm	 at	 146°C	 (Figure	 3.10a	 and	 3.11a)	 for	 crystalline	

Felodipine	and	a	glass	transition	at	46°C	(Figure	3.10f	and	3.11f)	for	amorphous	Felodipine.	

The	melt	endotherm	and	glass	transition	values	are	in	close	agreement	with	those	reported	

in	literature	[37].	Thermal	analysis	of	HPMCAS	illustrates	a	glass	transition	at	124°C	(Figure	

3.10b	 and	 3.11b).	 Following	 the	 polymer	 screening	 study,	 mixtures	 of	 Felodipine	 and	

HPMCAS	 were	 processed	 by	 spray	 drying	 and	 hot	 melt	 extrusion	 using	 the	 conditions	

described	 above.	 Thermograms	 of	 amorphous	 solid	 dispersions	 produced	 from	 each	

technique	are	shown	in	Figure	3.10c	–	3.10e	(spray	dried)	as	well	as	Figure	3.11c	–	3.11e	

(hot	 melt	 extrusion)	 and	 evaluated	 in	 Table	 3.3.	 An	 evaluation	 of	 mDSC	 thermograms	

reveals	glass	transition	temperatures	that	increase	with	decreasing	Felodipine	content.	All	

systems	 portray	 amorphous	 features	 associated	 with	 a	 solid	 solution	 by	 exemplifying	 a	

single	glass	transition	within	the	temperature	range	of	the	pure	individual	components.		
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Figure	3.10:	 Spray	Dried	Dispersions	 –	mDSC	 thermograms	of	 (a)	 crystalline	 Felodipine,	
(b)	 HPMCAS,	 (c)	 1:4	 Felodipine:HMPCAS	 (20%	 w/w),	 (d)	 1:2	 Felodipine:HMPCAS	 (33%	

w/w),	(e)	1:1	Felodipine:HMPCAS	(50%	w/w)	and	(f)	amorphous	Felodipine	
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Figure	3.11:	 Hot	Melt	 Extrudates	 –	mDSC	 thermograms	 of	 (a)	 crystalline	 Felodipine,	 (b)	
HPMCAS,	(c)	1:4	Felodipine:HMPCAS	(20%	w/w),	(d)	1:2	Felodipine:HMPCAS	(33%	w/w),	

(e)	1:1	Felodipine:HMPCAS	(50%	w/w)	and	(f)	amorphous	Felodipine	
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Table	3.3:	Glass	transition	temperatures	of	manufactured	amorphous	solid	dispersions	

Process	 Formulation	 Tg	(Midpoint)	

Spray	Drying	 1:1	Felodipine:HPMCAS	 61.19°C	

Spray	Drying	 1:2	Felodipine:HPMCAS	 66.48°C	

Spray	Drying	 1:4	Felodipine:HPMCAS	 88.54°C	

Hot	Melt	Extrusion	 1:1	Felodipine:HPMCAS	 54.16°C	

Hot	Melt	Extrusion	 1:2	Felodipine:HPMCAS	 75.74°C	

Hot	Melt	Extrusion	 1:4	Felodipine:HPMCAS	 85.20°C	

N/ap	 Felodipine	(Amorphous)	 46.45°C	

N/ap	 Felodipine	(Crystalline)	 146.47°C*	

N/ap	 HPMCAS	 124.31°C	
*Reported	as	a	melt	transition	(Tm).	

	

Immiscibility	of	a	drug	and	polymer	system	is	an	indicator	of	phase	separation	and	

physical	 stability.	 To	 confirm	 the	 physiochemical	 characterization	 claims	 from	 mDSC	

experiments	that	indicated	a	single	glass	transition	for	all	studied	systems,	XRPD	analysis	of	

Felodipine	 and	HPMCAS	 amorphous	 solid	 dispersions	was	 performed.	 XRPD	 analysis	 can	

provide	information	concerning	the	crystallinity	of	material	 to	approximately	5%	[38-40].	

As	 a	 result,	 XRPD	 is	 often	 used	 as	 a	 complementary	 technique	 to	 infer	 the	 presence	 of	

crystallinity,	but	not	characterize	the	homogeneous	nature	of	a	mixture.	Diffraction	patterns	

of	amorphous	solid	dispersions	produced	from	each	technique	are	shown	in	Figure	3.12c	–	

3.12e	 (spray	 dried	 dispersions)	 as	 well	 as	 Figure	 3.13c	 –	 3.13e	 (hot	 melt	 extrudates).	

HPMCAS	diffraction	patterns	exhibited	a	pure	broad	amorphous	halo,	which	is	confirmed	by	

the	absence	of	melt	endotherms	in	mDSC	experiments	(Figure	3.10b	and	Figure	3.11b).	In	
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contrast,	XRPD	analysis	of	crystalline	Felodipine	presented	a	distinct	diffraction	pattern	as	a	

result	of	its	inherent	lattice	plane	scattering	incident	x-rays	(Figure	3.12a	and	Figure	3.13a).	

Felodipine	 exhibited	 several	 distinct	 crystalline	peaks	 at	 2θ	=	10.2°,	 16.5°	 and	23.5°.	 The	

diffraction	 patterns	 of	 all	 formulations	 produced	 by	 spray	 drying	 and	 hot	melt	 extrusion	

illustrated	amorphous	halos	with	an	absence	of	any	crystalline	diffraction	peaks,	elucidating	

the	presence	of	Felodipine	in	its	amorphous	state.	Modulated	DSC	and	XRPD	results	suggest	

the	formation	of	Felodipine	and	HPMCAS	solid	dispersions	at	a	molecular	level.			

	

	

Figure	3.12:	Spray	Dried	Dispersions	–	XRPD	diffractograms	of	(a)	crystalline	Felodipine,	
(b)	 HPMCAS,	 (c)	 1:4	 Felodipine:HMPCAS	 (20%	 w/w),	 (d)	 1:2	 Felodipine:HMPCAS	 (33%	

w/w),	(e)	1:1	Felodipine:HMPCAS	(50%	w/w)		

(a)	

(b)	

(c)	

(d)	

(e)	
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Figure	3.13:	Hot	Melt	Extrudates	–	XRPD	diffractograms	of	 (a)	 crystalline	Felodipine,	 (b)	
HPMCAS,	(c)	1:4	Felodipine:HMPCAS	(20%	w/w),	(d)	1:2	Felodipine:HMPCAS	(33%	w/w),	

(e)	1:1	Felodipine:HMPCAS	(50%	w/w)		

	

To	 investigate	 the	 specific	 intermolecular	 interactions	 between	 reactive	 groups	 in	

Felodipine	 and	 HPMCAS,	 FTIR	 experiments	 were	 performed.	 Felodipine	 contains	 several	

functional	 groups	 (-C=O	 and	 -NH)	with	 potential	 hydrogen	 bonding	 capabilities	 that	may	

interact	with	 reactive	groups	present	 in	HPMCAS	 (-C=O	and	 -OH).	Evaluation	of	 the	FTIR	

spectra	of	crystalline	Felodipine	illustrated	a	strong	–NH	and	–C=O	stretch	at	3367	cm-1	and	

(a)	

(b)	

(c)	

(d)	

(e)	
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1687	cm-1,	respectively	(Figure	3.14a).	Infrared	spectra	of	HPMCAS	exhibit	a	weak	–OH	and	

strong	 –C=O	 stretch	 at	 3474	 cm-1	 and	 1733	 cm-1,	 respectively	 (Figure	 3.14b).	 Literature	

studies	 suggests	 the	 strength	 of	 hydrogen	 bonding	 is	 influential	 on	 the	 sensitivity	 and	

position	of	 the	–NH	stretching	peak	 [32].	Although	 the	analysis	was	not	performed	 in	 the	

presented	work,	 it	 is	worth	mentioning	 that	amorphous	Felodipine	should	demonstrate	a	

reduced	and	shifted	–NH	stretching	peak	(~3340	cm-1)	as	well	as	a	split	and	shifted	–C=O	

stretching	 peak	 (~1700cm-1	 nonhydrogen	 bonded	 and	 1680cm-1	 hydrogen	 bonded)	 [41].	

The	FTIR	spectra	of	crystalline	and	amorphous	Felodipine	indicate	hydrogen	bonding	of	the	

secondary	 amine	 with	 the	 methyl	 and	 ethyl	 ester	 carbonyl	 groups	 in	 various	 drug	

molecules.	The	data	signifies	a	downward	shift	 in	 the	position	of	 the	–NH	stretching	peak	

and	splitting	of	the	–C=O	stretching	peak,	which	infers	the	strength	of	hydrogen	bonding	is	

much	greater	in	the	amorphous	form	and	the	carbonyl	group	is	acting	as	the	acceptor	[41].		
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Figure	3.14:	 Infrared	 spectra	of	 (a)	Felodipine,	 (b)	HPMCAS	and	 (c)	Felodipine/HPMCAS	
solid	 dispersion	 showing	 –NH	 stretching	 region	 (~3500	 cm-1	 –	 3300	 cm-1),	 carbonyl	

stretching	(~1800	cm-1	–	1600	cm-1)	and	fingerprint	region	(1500	cm-1	–	500	cm-1)	

	

Evaluation	of	infrared	spectra	for	Felodipine/HPMCAS	solid	dispersions	produced	by	

spray	 drying	 and	 hot	melt	 extrusion	 illustrates	 a	 10	 cm-1	 change	 in	 the	 position	 of	 –NH	
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stretching	 peak,	 implying	 the	 intermolecular	 interaction	 between	 the	 secondary	 amine	

group	 of	 Felodipine	 and	 the	 carbonyl	 acceptor	 group	 of	 HPMCAS	 is	 present,	 but	 weak	

(Figure	3.14c).	Further	assessment	of	the	infrared	spectra	depicted	a	downward	shift	in	the	

position	 of	 the	 –OH	 stretch	 from	 3474	 cm-1	 to	 3455	 cm-1	 for	 the	 20%	 w/w	

Felodipine/HPMCAS	 solid	 dispersions,	 suggesting	 intermolecular	 interaction	 between	 the	

hydroxyl	 group	of	HPMCAS	and	 carbonyl	 groups	of	Felodipine	 (Figure	3.14c).	Analysis	of	

infrared	spectra	for	Felodipine/HPMCAS	solid	dispersions	in	the	carbonyl	stretching	region	

shows	 –C=O	 stretching	 peaks	 for	 HPMCAS	 and	 Felodipine	 with	 intensities	 proportional	

their	 concentration	 in	 the	 solid	 dispersion	 (Figure	 3.14c).	 This	 result	 suggests	 the	

intermolecular	 interactions	 between	 Felodipine	 and	 HPMCAS	 negligibly	 involve	 carbonyl	

group	of	Felodipine.	The	 fingerprint	region	 in	FTIR	often	contains	a	complicated	series	of	

transmissions,	 making	 the	 interpretation	 of	 individual	 bonds	 challenging.	 However,	

HPMCAS	shows	a	distinct	acetyl	peak	at	1233	cm-1,	permitting	analysis	on	the	role	of	acetyl	

groups	 in	hydrogen	bonding	with	Felodipine.	Analysis	of	 infrared	spectra	 in	 the	region	of	

the	 acetyl	 peak	 for	 Felodipine/HPMCAS	 solid	 dispersions	 present	 decreased	 peak	

intensities	and	downward	peak	position	shifts	(~20	cm-1),	advocating	the	acetyl	group	may	

act	as	a	hydrogen	acceptor	group	(Figure	3.14c).		

	

A	 key	 factor	 influencing	 the	 solubility	 and	 ensuing	 dissolution	 rate	 of	 a	 drug	

substance	 is	 surface	 area.	 The	 Nernst-Brunner	 equation	 insinuates	 the	 occupied	 surface	

area	 is	 directly	 proportional	 to	 the	 dissolution	 rate.	 Moreover,	 the	 inverse	 relationship	

between	 particle	 size	 and	 surface	 area	 specifies	 a	 smaller	 particle	 size	 would	 possess	 a	

larger	 surface	 area	 and	 thereby	 provide	 an	 increased	 dissolution	 rate.	 To	 examine	 the	
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particle	size	of	Felodipine/HPMCAS	amorphous	solid	dispersions,	laser	diffraction	analysis	

was	 performed.	 The	 particle	 size	 distributions	 of	 Felodipine/HPMCAS	 amorphous	 solid	

dispersions	and	unprocessed	Felodipine	are	 listed	in	Table	3.4.	Histograms	obtained	from	

laser	 diffraction	 analyses	 of	 Felodipine/HPMCAS	 spray	 dried	 dispersions	 revealed	 a	

unimodal	distribution	with	an	average	particle	size	(d50)	between	3	–	6	µm,	 inferring	the	

particles	are	present	in	a	single	form	and	not	aggregating.	Conversely,	histograms	obtained	

from	 laser	 diffraction	 analyses	 of	 Felodipine/HPMCAS	 extrudates	 showed	 a	 multi-modal	

distribution	with	an	average	particle	size	(d50)	of	approximately	183	–	394	µm.	The	multi-

modal	 distribution	 of	 extruded	 solid	 dispersions	 is	 indicative	 of	 the	 milling	 limitations,	

which	 resulted	 in	 a	 significant	 amount	 of	 fines	 (nanoparticles)	 and	 larger	 sized	particles.	

Dissolution	 results	 will	 deduce	 the	 effect	 of	 particle	 size	 on	 bioavailability	 for	 extruded	

samples.	The	reduced	particle	size	of	spray	dried	amorphous	solid	dispersions	should	offer	

the	potential	for	increased	solubility	and	dissolution	rates	of	Felodipine.		
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Table	3.4:	Particle	size	analysis	of	manufactured	amorphous	solid	dispersions	

Process	 Formulation	
Particle	Size	Distribution	

d10(µm)	 d50(µm)	 d90(µm)	

Spray	Drying	 1:1	Felodipine:HPMCAS	 1	 3	 7	

Spray	Drying	 1:2	Felodipine:HPMCAS	 1	 4	 9	

Spray	Drying	 1:4	Felodipine:HPMCAS	 1	 6	 16	

Hot	Melt	Extrusion	 1:1	Felodipine:HPMCAS	 77	 183	 385	

Hot	Melt	Extrusion	 1:2	Felodipine:HPMCAS	 128	 248	 466	

Hot	Melt	Extrusion	 1:4	Felodipine:HPMCAS	 213	 394	 817	

N/ap	 Felodipine	(Crystalline)	 5	 39	 294	

	

3.4.3 Drug	Loading	Evaluation	and	Impurity	Profiling	

	

	 Production	of	the	amorphous	form	of	a	drug	substance	requires	an	input	of	energy	to	

break	 the	 lattice	 structure	 of	 a	 solid	 and	 overcome	drug-drug	molecular	 attractions	 [42].	

With	regards	 to	spray	drying	and	hot	melt	extrusion	 techniques,	 the	 input	of	energy	may	

introduce	 thermal,	 mechanical	 and	 chemical	 stress	 conditions	 that	 could	 potentially	

influence	the	purity	and	potency	of	resulting	drug	product.	Furthermore,	the	percentage	of	

drug	loading	is	known	to	significantly	impact	supersaturation	performance	(magnitude	and	

stabilization)	as	well	as	 the	amount	of	an	administered	dose	[23].	Quantitation	of	percent	

drug	 loading	and	analysis	of	 impurity	profiles	 is	 often	performed	by	high	pressure	 liquid	

chromatography	(HPLC)	[43].	The	development	and	validation	of	an	HPLC	method	using	an	

ultraviolet	(UV)	detector	for	quantitation	of	Felodipine	in	amorphous	solid	dispersions	and	
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various	dissolution	media	 is	show	 in	Appendix	A.	The	assay	values	of	Felodipine	 in	spray	

dried	and	extruded	amorphous	solid	dispersions	were	calculated	and	used	to	determine	the	

assay	 recovery	 percentage	 (Table	 3.5).	 The	 assay	 recovery	 percentage	 of	 Felodipine	 in	

manufactured	 amorphous	 solid	 dispersions	 corresponds	 with	 expected	 values	 from	

theoretical	 drug	 loading	 percentages	 (Table	 3.5).	 Examination	 of	 assay	 recovery	 values	

signifies	the	homogeneity	of	Felodipine/HMPCAS	mixtures	as	well	as	minimal	product	loss	

during	 solid	 dispersion	 processing.	 High	 assay	 recovery	 data	 suggests	 segregation	 of	

individual	 components	 was	 prevented	 utilizing	 the	 selected	 solid	 dispersion	 techniques.	

HPLC	 chromatograms	 of	 amorphous	 solid	 dispersions	 indicate	 the	 purity	 (99.2%)	 of	

Felodipine	was	not	affected	by	spray	drying	and	hot	melt	extrusion	processing	techniques.		

	

Table	3.5:	HPLC	analysis	of	manufactured	amorphous	solid	dispersions		

Process	 Formulation	 Drug	Loading	(%)	 Assay	Recovery	(%)	

Spray	Drying	 1:1	Felodipine:HPMCAS	 50	 51	

Spray	Drying	 1:2	Felodipine:HPMCAS	 33	 34	

Spray	Drying	 1:4	Felodipine:HPMCAS	 20	 20	

Hot	Melt	Extrusion	 1:1	Felodipine:HPMCAS	 50	 49	

Hot	Melt	Extrusion	 1:2	Felodipine:HPMCAS	 33	 30	

Hot	Melt	Extrusion	 1:4	Felodipine:HPMCAS	 20	 25	

	

The	 inclusion	 of	 an	 organic	 solvent	 near	 the	 end	 of	 a	 formulation	 process	 for	 the	

production	 of	 an	 amorphous	 solid	 dispersion	 raises	 toxicity	 concerns	 due	 to	 the	 limited	

opportunity	 in	 subsequent	 processing	 steps	 to	 remove	 solvent.	 The	 ICH	 recommends	

pharmaceutical	 limits	 for	 residual	 solvents	 in	 drug	 products	 based	 on	 a	 permitted	 daily	
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exposure	(PDE)	and	risk	to	human	health.	As	a	class	III	solvent,	acetone	has	an	ICH	limit	of	

5000	 ppm.	 Furthermore,	 the	 amount	 of	 solvent	 in	 a	 solid	 dispersion	 can	 have	 physical	

stability	indications.	The	glass	transition	temperature	of	“wet”	spray	dried	amorphous	solid	

dispersions	 can	 be	 significantly	 reduced	 compared	 to	 the	 “dry”	 form,	 which	 can	 be	

problematic	for	long	term	stability.	Residual	acetone	content	in	Felodipine/HPMCAS	spray	

dried	dispersions	was	determined	by	GC	analysis	to	be	approximately	5	–	7	ppm,	indicating	

it	is	significantly	less	than	the	ICH	limits	and	should	exhibit	a	glass	transition	temperature	

representative	of	its	most	stable	form	(Table	3.6).		

	

Table	3.6:	Residual	acetone	content	of	spray	dried	amorphous	solid	dispersions	

Process	 Formulation	 Acetone	Content	(ppm)	

Spray	Drying	 1:1	Felodipine:HPMCAS	 7	
Spray	Drying	 1:2	Felodipine:HPMCAS	 5	
Spray	Drying	 1:4	Felodipine:HPMCAS	 5	

	

3.4.4 In	Vitro	Dissolution	Testing	

	

Following	 the	 realization	 that	 dissolution	 is	 an	 important	 factor	 of	 drug	

bioavailability	 in	 the	 1950s,	 in	 vitro	dissolution	 testing	 has	 become	 an	 instrumental	 tool,	

routinely	utilized	for	multiple	purposes	throughout	pharmaceutical	drug	development	[44,	

45].	 One	 particular	 application	 of	 paramount	 importance	 is	 the	 assessment	 of	

developmental	 formulations	performance	prior	 to	 animal	 studies.	 	 Immense	value	 can	be	

obtained	by	exploiting	dissolution	 testing	as	 a	prognostic	 tool	 to	 characterize	 the	 in	 vitro	
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dissolution	 behavior	 of	 potential	 developmental	 formulations	 and	 implicate	 in	 vivo	

performance	[46].	Traditionally,	dissolution	methodologies	follow	guidelines	recommended	

by	the	Food	and	Drug	Administration	(FDA)	for	testing	of	solid	oral	dosage	forms	[47,	48].	

These	 guidelines	 endorse	 the	 application	 of	 sink	 conditions,	 which	 entails	 a	 volume	 of	

dissolution	medium	that	is	3	times	greater	than	that	required	to	form	a	saturated	solution.	

However,	a	dissolution	methodology	operating	at	sink	conditions	will	not	be	 indicative	of	

the	 in	 vivo	 performance	 of	 amorphous	 solid	 dispersions.	 In	 vivo,	 amorphous	 solid	

dispersions	 may	 exist	 in	 a	 supersaturated	 state	 and	 therefore,	 considering	 drug	

supersaturation	and	concurrent	sustainment	are	a	critical	aspect	for	predicting	the	 in	vivo	

performance	 of	 developmental	 formulations.	 The	 current	 work	 employs	 non-sink	

dissolution	 conditions	 (a	 dissolution	 medium	 volume	 less	 than	 3	 times	 that	 required	 to	

form	 a	 saturated	 solution)	 to	 study	 the	 extent	 and	 maintenance	 of	 supersaturation	 and	

evaluate	 the	 dissolution	 performance	 of	 spray	 dried	 and	 extruded	 amorphous	 solid	

dispersions.		

	

Characteristic	of	non-ionizable	lipophilic	compounds,	the	influence	of	acidic	(gastric)	

and	neutral	 (intestinal)	pH	on	Felodipine	solubility	 is	negligible	 compared	 to	exposure	 to	

solubilizing	 additives	 present	 in	 gastric	 and	 intestinal	 environments	 [49].	 HPMCAS	 is	 an	

enteric	polymer	 that	was	used	as	a	carrier	 for	production	of	Felodipine	solid	dispersions.	

Dissolution	studies	were	performed	using	fasted	state	simulated	intestinal	fluid	(FaSSIF)	at	

pH	6.5	as	a	dissolution	medium	to	warrant	HPMCAS	solubility	and	mimic	in	vivo	intestinal	

conditions.		
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The	 dissolution	 profiles	 of	 crystalline	 Felodipine	 and	 Felodipine/HPMCAS	

amorphous	solid	dispersions	are	exhibited	in	Figure	3.16.	Analysis	of	Felodipine/HPMCAS	

dissolution	curves	 illustrates	a	supersaturation	exceeding	 the	analysis	 time	of	 the	current	

study	(120	minutes)	for	all	spray	dried	and	extruded	material.	Both	processing	techniques	

generated	amorphous	material	that	provided	an	enhanced	dissolution	performance	relative	

to	 the	 crystalline	 form.	 An	 examination	 of	 the	 area	 under	 the	 dissolution	 curve	 (AUC)	 is	

summarized	 in	Table	3.7.	Review	of	AUC	values	 for	Felodipine/HPMCAS	amorphous	solid	

dispersions	 denotes	 the	 supersaturation	 of	 Felodipine	 increased	 with	 decreasing	 drug	

loading.	 This	 result	 connotes	 the	 significance	 of	 HPMCAS	 with	 regards	 to	 solubility	 and	

dissolution	enhancement	of	Felodipine,	and	suggests	lower	drug	loadings	induced	a	higher	

concentration	 of	 molecularly	 dispersed	 Felodipine	 in	 HPMCAS.	 Further	 investigation	 of	

Table	3.7	discloses	the	1:4	Felodipine/HPMCAS	spray	dried	formulation	expressed	an	AUC	

value	 of	 35909	 µg·min/mL,	 which	 demonstrates	 the	 most	 noteworthy	 increase	

(approximately	22	 fold)	 compared	 to	 crystalline	Felodipine.	 Specific	 to	 the	drug/polymer	

system	 (Felodipine/HPMCAS)	 and	 dissolution	 technique	 described	 in	 the	 current	 work,	

AUC	 values	 infer	 spray	 drying	 is	 a	 superior	 processing	 technique	 compared	 to	 hot	 melt	

extrusion.	 As	 evidence	 of	 XRPD	 diffraction	 patterns	 in	 Figures	 3.12	 and	 3.13,	 solid	

dispersions	produced	by	each	technique	are	amorphous;	thus,	advocating	the	dissimilarity	

in	 dissolution	 performance	 is	 largely	 a	 result	 of	 the	 particle	 size	 difference	 (spray	 dried	

material	=	3	–	6	µm	vs.	extruded	material	=	183	–	394	µm).	These	results	are	supported	by	

additional	 solid-state	 characterization	 observations,	 which	 indicate	 spray	 dried	 and	

extruded	 formulations	 of	 similar	 drug	 loading	 have	 equivalent	 amorphous	 content.	 The	

dissolution	data	presented	in	Figure	3.15	and	Table	3.8	reveals	both	spray	drying	and	hot	
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melt	 extrusion	 processing	 technologies	 are	 capable	 of	 producing	 amorphous	 solid	

dispersions;	 however,	 optimization	 of	 secondary	 processes	 for	 extrusion	 (i.e.	 –	 milling)	

should	be	 investigated	 to	 improve	 the	maximum	bioavailability	potential	 through	particle	

size	reduction.		

	

	

Figure	 3.15:	 Microcentrifuge	 in	 vitro	 dissolution	 profiles	 of	 crystalline	 Felodipine	 and	
Felodipine/HMPCAS	amorphous	solid	dispersions		
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Table	3.8:	 Summary	of	area	under	 the	dissolution	curve	values	 for	 crystalline	Felodipine	
and	Felodipine/HPMCAS	amorphous	solid	dispersions		

Process	 Formulation	 AUC	(µg·min/mL)	

Spray	Drying	 1:1	Felodipine:HPMCAS	 22145	
Spray	Drying	 1:2	Felodipine:HPMCAS	 25257	
Spray	Drying	 1:4	Felodipine:HPMCAS	 35909	

Hot	Melt	Extrusion	 1:1	Felodipine:HPMCAS	 8111	
Hot	Melt	Extrusion	 1:2	Felodipine:HPMCAS	 10605	
Hot	Melt	Extrusion	 1:4	Felodipine:HPMCAS	 16449	

N/ap	 Felodipine	(Crystalline)	 1628	
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3.5 Conclusions	

	

Polymer	 selection	 is	 a	 critical	 aspect	 of	 bioavailability	 enhancement.	 Prior	 to	

formulation	 processing,	 an	 extensive	 polymer	 screening	 can	 offer	 valuable	 information	

regarding	 solubility,	 miscibility	 and	 stability	 of	 drug/polymer	 systems.	 At	 the	 molecular	

level,	 a	 homogenous	 system	will	 represent	 the	most	 thermodynamically	 stable	 form.	 Yet,	

during	 development,	 drug	 loading	 requirements	 often	 force	 assessment	 of	 systems	 that	

stress	the	limits	of	drug/polymer	solubility	and	miscibility.	Preliminary	screening	studies	of	

physical	 mixtures	 demonstrated	 miscible	 systems	 for	 Soluplus®	 and	 HPMCAS,	 while	

Kollidon	 VA64®	 illustrated	 heterogeneous	 mixtures	 above	 80%	 drug	 loading.	

Felodipine/HPMCAS	mixtures	exhibited	an	approximate	thermodynamic	solubility	at	20	%	

drug	 (%w/w)	 and	 suggested	 higher	 drug	 loadings	 are	 a	 feasible	 option	 for	 achieving	 an	

amorphous	system.		

	

Spray	 drying	 and	 hot	melt	 extrusion	 are	 conventional	 processing	 technologies	 for	

production	of	solid	dispersions.	As	shown	in	the	current	study,	amorphous	solid	dispersions	

of	 Felodipine/HPMCAS	 were	 effectively	 produced	 by	 each	 technique.	 Solid-state	

characterization	of	processed	systems	depicted	amorphous	formulations	with	a	single	glass	

transition	 at	multiple	 drug	 loadings	 (20%,	 33%	 and	 50%)	 and	 an	 amorphous	 diffraction	

pattern	 by	 XRPD.	 FTIR	 analysis	 proposes	 the	 intermolecular	 interactions	 between	

Felodipine	 and	HPMCAS	 are	 a	 result	 of	 hydrogen	 bonding:	 1	 –	 bonding	 of	 the	 secondary	

amine	group	of	Felodipine	and	a	carbonyl	group	(acetyl	or	succinoyl)	of	HPMCAS	and	2	–

bonding	of	a	hydroxyl	group	from	HPMCAS	and	a	carbonyl	of	 the	methyl	or	ethyl	ester	of	
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Felodipine.	When	comparing	the	two	manufacturing	techniques,	calculated	assay	recovery	

values	 for	 all	 drug	 loadings	were	 similar.	 This	 result	 clearly	 indicates	 the	 versatility	 and	

effectiveness	 of	 each	 processing	 method.	 Results	 from	 non-sink	 in	 vitro	 microcentrifuge	

dissolution	 tests	 implied	 all	 formulations	 exhibited	 enhanced	 dissolution	 performance	

compared	to	 the	crystalline	 form.	The	 improved	solubility	 is	attributed	to	 the	solubilizing	

affect	 of	 enteric	HPMCAS	 at	 pH	6.5,	which	 denotes	 site-specific	 targeting	 of	 Felodipine	 is	

achievable.	A	culmination	of	the	described	results	highlights	the	efficacy	of	each	approach	

for	bioavailability	enhancement	of	Felodipine.		
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CHAPTER	 4:	 PLASMA	 TREATMENT	 OF	 MICROPOROUS	 POLYMER	
MEMBRANES	FOR	APPLICATION	IN	BIOMIMETIC	DISSOLUTION	STUDIES	

	

4.1 Abstract	

	

Biorelevant	 dissolution	 is	 an	 indispensable	 tool	 utilized	 during	 formulation	

development	 and	 optimization	 for	 the	 prediction	 of	 in	 vivo	 bioavailability.	 Within	 that	

framework,	 membrane-permeation	 dissolution	 methodologies	 are	 widely	 expended	 to	

model	 drug	 absorption.	 The	 current	 work	 evaluates	 a	 polymer	 membrane	 surface	

modification	 for	 production	 of	 biomimetic	 membranes	 to	 be	 employed	 in	 biorelevant	

dissolution	 studies.	 A	 biomimetic	 membrane	 exhibits	 hydrophilic	 and	 hydrophobic	

properties	 to	 simulate	 the	 intestinal	 membrane	 environment.	 Low	 temperature	 plasma	

treatment	of	microporous	polyethersulfone	 (PES),	nylon	and	polypropylene	 (PP)	polymer	

membranes	was	applied	to	produce	low	energy	surface	layers	with	permanent	hydrophobic	

and	hydrophilic	functionalities.	Surface	modifications	on	microporous	polymer	membranes	

were	 imposed	 by	 plasma	 treatments	 using	 tetrafluoromethane	 (CF4),	 perfluorohexane	

(C6F14),	dichloromethane	 (DCM)	and	water	 (H2O).	Fluorinated	and	chlorinated	membrane	

treatments	altered	an	exposed	surface	of	hydrophilic	PES	and	nylon	polymer	membranes	to	

generate	a	hydrophobic	 surface.	Hydrophobic	PP	polymer	membranes	were	exposed	 to	a	

water	 plasma	 treatment	 to	 increase	 surface	 wettability.	 The	 hydrophilic	 treatments	

demonstrated	 limited	 stability	 due	 to	 the	 hygroscopic	 nature	 of	 the	modified	membrane.		

Surface	 characterization	 of	 treated	 membranes	 was	 evaluated	 using	 scanning	 electron	

microscopy	energy	dispersive	x-ray	spectroscopy	(SEM-EDS),	water	contact	angle	(CA)	and	

x-ray	 photoelectron	 spectroscopy	 (XPS)	 techniques.	 SEM-EDS	 analysis	 of	 polymer	
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membranes	treated	with	fluorinated	and	chlorinated	solvents/gases	depicts	altered	surface	

morphologies	with	 enriched	 porosity.	 SEM-EDS	 and	 XPS	 analyses	 proposed	 the	 chemical	

modification	 at	 the	 surface	 of	 treated	 membranes	 is	 strongly	 influenced	 by	 the	 type	 of	

treatment	 gas	 or	 solvent.	 Results	 indicate	 fluorination	 as	 a	 more	 effective	 and	 less	

destructive	 treatment	 technique.	 XPS	 confirmed	 the	 presence	 of	 elemental	 fluorine	

functional	groups	at	the	surface	of	PES	and	nylon	membranes.	Contact	angle	measurements	

revealed	fluorinated	plasma	treatments	modified	the	water	contact	angle	for	PES	and	nylon	

membranes	 from	 0°	 (completely	 wettable)	 to	 125°	 and	 135°	 (superhydrophobic),	

respectively.	Evaluating	elemental	 changes	 (F/C	 ratio)	 from	multiple	 techniques	 confirms	

fluorinated	 plasma	 treatments	 are	 localized	 to	 the	 surface	 of	 the	 membrane	 and	 do	 not	

significantly	affect	the	bulk	properties.	

	

4.2 Introduction	

	

Polymeric	 materials	 have	 been	 adopted	 as	 an	 important	 tool	 in	 separation	

technologies,	with	numerous	scientific	and	practical	applications	in	fields	such	as	medical	–	

ultrafiltration	 and	 hemodialysis	 processes,	 gas	 separation	 –	 removal	 of	 non-condensable	

gases	 and	 partitioning	 of	 condensable	 gases,	 water	 treatment	 –	 oil	 waste	 and	 water	

purification	 and	 biopharmaceutics	 –	 biomimetic	 dissolution	 testing	 [1-7].	 As	 a	 classical	

approach,	wet	chemical	modifications	have	been	shown	to	induce	the	presence	of	reactive	

functional	groups	at	the	surface	of	polymer	membranes	[8].	However,	challenges	associated	

with	overexposure	 to	 treatment	conditions	can	 lead	 to	chemical	degradation,	which	often	

limits	reproducibility	of	the	surface	functionalization	and	stability	of	the	modified	polymer	
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membrane	 [9].	 To	 reduce	 the	 expenditure	 of	 hazardous	 organic	 solvents	 and	 ameliorate	

control	 over	 the	 chemical	 modification,	 solvent-free	 techniques	 have	 emerged	 as	 a	

dominant	 trend	 in	 the	 field	of	surface	engineering	research	[10].	Plasma	treatments	are	a	

prevailing	 vanguard	 of	 solvent-free	 surface	 modification	 practices.	 Applicable	 to	 a	 wide	

variety	 of	 materials,	 plasma	 treatments	 concentrate	 hydrophobic	 and	 hydrophilic	

modifications	to	the	surface	of	a	polymer	membrane	without	affecting	the	bulk	membrane	

properties.		

	

Comprised	of	essentially	equal	densities	of	positive	and	negative	charges,	plasma	is	a	

complex	partly	ionized	gaseous	matter	that	exists	in	a	quasi-neutral	state	[10,	11].	Plasmas	

are	 described	 as	 the	 fourth	 state	 of	 matter	 and	 can	 be	 subdivided	 into	 thermal	 (high	

temperature	plasma)	 equilibrium	 (Tparticles	 =	Telectrons)	 and	non-thermal	 (low	 temperature)	

non-equilibrium	 (Tparticles	 <<	 Telectrons)	 categories	 [10].	 In	 general,	 the	 phase	 transition	 of	

matter	 from	 solid	à	 liquid	à	 gas	 state	 can	 be	 portrayed	 as	 a	 function	 of	 increasing	

temperature	at	constant	pressure.	In	the	gaseous	state,	amplification	of	temperature	above	

a	 specific	 level	 may	 induce	 a	 concatenation	 of	 decomposition	 events	 from	 molecules	à	

atoms	à	charged	particles	that	exhibit	free	and	random	mobility;	thus,	prompting	a	phase	

transition	to	the	plasma	state	[12].	As	high	temperatures	(4000K	–	20000K)	are	required	to	

form	 thermal	 equilibrium	 plasmas,	 it	 is	 understandable	 their	 utilization	 in	 membrane	

treatments	 is	 limited	 by	 polymer	 degradation	 [13].	 Characterized	 by	 low	 gas	 and	 high	

electron	 temperatures,	 non-thermal	 plasmas	 are	 generated	 by	 the	 application	 of	 a	

continuous	 electrical	 discharge	 in	 an	 inert	 or	 reactive	 gas	 [9,	 14].	 The	 strength	 of	 the	

electric	 field	 is	 a	 critical	 aspect	 in	 plasma	 production	 as	 it	 warrants	 the	 ionization	 of	 a	
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process	 gas	 to	 charged	 particles	 (i.e.	 -	 positively	 charged	 ions	 and	 negatively	 charged	

electrons).	 An	 applied	 voltage	 instigates	 the	 acceleration	 of	 free	 electrons	 due	 to	 a	

difference	 in	 mass	 compared	 other	 charged	 species.	 Following	 a	 cascade	 of	 successive	

collisions	with	species	present	in	the	gas,	accelerated	electrons	gain	a	sufficient	amount	of	

kinetic	energy	to	 initiate	 ionization	of	the	neutral	gas	species,	and	in	turn	produce	heated	

electrons.	 A	 concurrent	 discharge	 mechanism	 that	 is	 induced	 by	 the	 collision	 of	 highly	

energetic	 electrons	 and	neutral	 species	 generates	 reactive	 free	 radicals,	which	define	 the	

chemical	activity	of	the	plasma	[10].		

	

Several	discharge	types	(radio-frequency,	corona,	glow,	silent	and	microwave)	have	

been	reported	in	the	literature	for	plasma	processing	[15].	Radio-frequency	(RF)	discharges	

are	 extensively	 employed	 due	 to	 benefits	 associated	with	 electrode	 exposure	 (no	 plasma	

contact	à	reduced	impurity	formation)	and	plasma	homogeneity.	At	low	pressure,	plasma	

generation	 by	 RF	 discharge	 is	 initiated	 upon	 subjection	 of	 a	 gas	 to	 a	 high-frequency	

oscillating	 electromagnetic	 field.	 Wherein,	 energy	 coupling	 to	 the	 plasma	 is	 achieved	

through	capacitive	or	inductive	means.	Inductive	coupling	is	realized	by	the	application	of	

an	RF	power	source	to	an	inductive	circuit	element	(solenoid	coil)	[16].	Subsequent	flow	of	

the	 RF	 current	 engenders	 a	 magnetic	 field	 perpendicular	 to	 the	 plane	 of	 the	 coil	 [17].	

Analysis	 of	 the	Maxwell-Faraday	 equation	 explains	 a	 time-varying	 RF	magnetic	 field	 can	

induce	 a	 RF	 electric	 field	 [16].	 Discharge	 of	 the	 accompanying	 electric	 field	 accelerates	

electrons,	 which	 form	 and	 sustain	 the	 plasma.	 Materials	 processed	 utilizing	 the	

abovementioned	 plasma	 technology	 have	 extensive	 applications	 in	 material	 surface	

treatment.		
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The	 effect	 of	 plasma–polymer	 interactions	 on	 the	 surface	 of	 treated	 polymer	

material	is	explained	by	four	principle	mechanisms:	1	–	cleaning,	2	–	ablation	or	etching,	3	–	

crosslinking	and	4	–	chemical	structure	modification	(illustrated	in	Chapter	2	–	Figure	2.5)	

[18].	In	addition,	several	factors,	such	as	polymer	chemistry,	gas	chemistry,	reactor	design	

and	process	 conditions	 are	 known	 to	 influence	 the	 extent	 of	 each	 technique	 [11].	A	 brief	

introduction	to	each	technique	can	be	seen	in	subsequent	sections.	

	

Argon	and/or	oxygen	plasmas	are	often	implemented	in	plasma	cleaning	to	remove	

impurities	and	contaminated	species	from	polymer	surfaces,	as	well	as	sterilize	biomedical	

devices	 [19-21].	 Mechanistically,	 oxygen	 plasmas	 form	 reactive	 oxygenated	 species	 that	

interact	with	weakly	bonded	hydrocarbons	to	produce	volatile	species	(i.e.	–	CO2)	that	can	

be	removed	by	vacuum	[11].	Conversely,	plasma	cleaning	of	polymer	surfaces	exploiting	an	

argon	plasma	is	described	by	mechanical	bombardment,	or	“sandblasting”	[22].		

	

Using	 methodologies	 analogous	 to	 plasma	 cleaning,	 plasma	 ablation	 of	 a	 polymer	

surface	 alters	 the	 topography	 of	 its	 outermost	 layer	 by	 removing	 surface	 contaminants.	

Plasma	 or	 dry	 etching	 embodies	 an	 anisotropic	 process	 that	 functions	 to	modify	 surface	

adhesion	 properties	 of	 polymer	 membranes,	 such	 as	 wettability.	 Etching	 insinuates	 the	

removal	 of	 material.	 With	 respect	 to	 plasma	 treatment	 of	 polymer	 membranes,	 etching	

entails	the	elimination	(desorption)	of	volatile	products	fabricated	by	chemical	reactions	of	

plasma	generated	radical	species	and	polymer	surface	components.	Owing	to	high	chemical	



	 129	

reactivity	 and	 polymerizing	 capabilities,	 halogen-containing	 gases	 (i.e.	 –	 CF4	 and	 SF6)	 are	

commonly	used	in	conjunction	with	oxygen	for	plasma	etching	applications	[23,	24].		

	

Plasma	 processing	 with	 noble	 gases	 can	 induce	 crosslinking	 of	 molecular	 chain	

polymers	 as	 a	 consequence	 of	 unreacted	 free	 radicals	 at	 the	 surface	 of	 a	membrane.	 	 To	

elucidate	 crosslinking,	 activation	 (radical	 formation)	 and	 concurrent	 polymer	

decomposition	 or	 chain	 scission	 must	 occur	 [25].	 Assuming	 adequate	 flexibility	 of	 the	

resulting	polymer	chains,	crosslinking	can	be	explained	by	the	combination	of	free	radicals	

present	 at	 the	 membrane	 surface	 with	 additional	 nearby	 surface	 free	 radicals	 [26].	 The	

effect	 of	 crosslinking	 on	 polymer	 membrane	 surfaces	 is	 revealed	 by	 an	 increase	 in	 the	

cohesive	strength	and	heat	resistance	of	treated	material	[27].	

	

Manipulating	the	chemical	structure	of	polymer	membranes	involves	altering	and/or	

adding	 functional	 groups	 at	 the	 membrane	 surface.	 Surface	 chemical	 modifications	 are	

dependent	 upon	 the	 process	 gas	 and	 occur	 through	 two	 approaches,	 non-film	 forming	

(activation)	or	 film	forming.	Plasma	processing	with	non-film	forming	gases	(i.e.	 -	oxygen,	

hydrogen,	 carbon	 dioxide,	 nitrogen	 and	 ammonia)	 is	 often	 utilized	 for	 hydrophilic	

treatments	by	incorporating	polar	functional	groups	at	the	surface	of	a	polymer	membrane	

[28-30].	When	 combined	with	 an	 inert	 gas,	 non-film	 forming	 gases	may	 dissociate	weak	

surface	bonds	by	 ion	bombardment	and	 free	radical	reactions	 to	produce	various	oxygen,	

amine	 and	 amide	 containing	 functional	 groups	 at	 the	 membrane	 surface	 [31].	 Polymer	

membranes	treated	by	non-film	forming	gas	plasmas	will	illustrate	altered	chemical	activity	

and	surface	characteristics	such	as	wettability	and	adhesion.	In	contrast,	plasma	processing	
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with	 film	 forming	 gases	 (i.e.	 –	 CF4,	 SF6	 and	 C4F8)	 can	 be	 employed	 for	 hydrophobic	

treatments	 of	 polymer	 membranes	 [32-34].	 The	 polymerizing	 ability	 of	 such	 gases	 is	

conducive	 for	 deposition	 applications	 at	 the	 surface	 of	 polymer	 membranes.	 At	 the	

appropriate	conditions,	chain	growth	is	propagated	in	the	gas	phase,	due	to	the	abundance	

of	 reactive	 free	 radicals	 present	 during	 plasma	 formation.	 Gas	 phase	 polymer	 chains	 are	

then	deposited	onto	the	polymer	surface	at	activated	sites.	In	addition	to	polymerization	of	

the	process	gas,	polymerization	can	also	occur	at	 the	surface	of	 the	membrane.	Following	

deposition	of	fragmented	monomers	to	the	activated	membrane	surface,	subsequent	chain	

growth	can	occur	by	surface	reactions	with	additional	fragments	present	in	the	plasma	[31].	

Plasma	 chemical	 structure	 modifications	 of	 polymer	 membranes	 impart	 new	 surface	

characteristics	without	affecting	the	bulk	of	the	membrane.		

	

Plasma	 treatments	 of	 microporous	 polymer	 membranes	 have	 a	 diverse	 range	 of	

applications	in	a	number	of	industries.	The	ability	to	design	a	process	tailored	to	introduce	

select	 physical	 and	 chemical	 characteristics	 (i.e.	 –	 functional	 groups	 and	 physical	

properties)	onto	the	surface	of	a	membrane	while	maintaining	the	bulk	polymer	properties,	

demonstrates	 the	 versatility	 of	 plasma	 treatments.	 Plasma	 modifications	 can	 be	

manipulated	 to	 produce	 biomimetic	 polymer	membranes	 that	 act	 as	 a	 surrogate	 for	 the	

intestinal	membrane	during	dissolution	testing.		

	

The	 most	 popular	 mode	 of	 drug	 administration	 is	 the	 oral	 route,	 denoting	 the	

gastrointestinal	tract	(GIT)	as	the	primary	site	for	drug	delivery	[35-37].	Of	the	anatomical	

structures	 comprising	 the	GIT,	 the	 small	 intestine	 presents	 the	 largest	 surface	 area	 (~30	
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m2),	designating	it	as	a	primary	site	for	drug	absorption	[38,	39].	Predicting	drug	absorption	

and	oral	bioavailability	 is	a	critical	aspect	of	drug	development,	which	can	be	challenging	

due	 to	 the	 complexity	of	 the	human	 intestinal	membrane.	Biorelevant	 in	 vitro	dissolution	

techniques	 employ	 synthetic	 polymer	 membranes	 to	 act	 as	 intestinal	 alternative,	 and	

thereby	mimic	molecular	properties	[40].	Structural	properties	of	the	intestinal	membrane	

are	portrayed	in	Figure	4.1.		

	

Figure	4.1:	 Schematic	 features	 of	 the	 small	 intestine.	 Image	 reproduced	with	permission	
from	Environmental	Health	Perspectives	(Crane	et	al.	1979)	
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In	 the	 simplest	 description,	 the	 small	 intestine	 is	 composed	 of	 a	 porous	 lipid	

membrane.	Collections	of	villi	(villus)	project	from	the	lining	of	intestinal	epithelial	cells	(i.e.	

–	 enterocytes),	 and	 consequently	 expose	 tiny	 hair-like	 microvilli	 to	 the	 intestinal	

environment.	 At	 the	 outermost	 surface,	 striated	 layers	 of	 microvilli	 constitute	 the	 brush	

border	membrane.	Adjacent	to	the	apical	brush	border,	a	stagnant	layer	of	aqueous	media	

separates	 the	 membrane	 from	 the	 bulk	 fluid	 phase	 and	 is	 known	 to	 act	 as	 a	 barrier	 to	

diffusion	 [41].	With	advances	 in	 technology,	 fabrication	of	 the	aforementioned	properties	

into	 a	 surrogate	 biological	 membrane	 is	 possible.	 Biomimetic	 membranes	 must	 embody	

essential	chemical,	physical	and	topographical	properties	such	as	hydrophilicity	(unstirred	

aqueous	layer,	wettability	of	membrane	from	intestinal	fluid),	hydrophobicity	(lipophilicity	

of	 the	 brush	 border	 membrane),	 porosity	 (neighboring	 epithelial	 cells,	 intestinal	

crypts/glands	 in	 villus)	 and	 self-assembly	 (spontaneous	 organization	 of	 molecules).	

Biological	elements	have	been	 incorporated	 into	various	scaffolds	 to	generate	biomimetic	

membranes	 through	 complex	 and	 sophisticated	 paradigms.	 Such	 membranes	 exude	

inadequate	 stability,	 lengthy	 manufacturing	 times	 (>20	 days)	 and	 extensive	 production	

costs	[42].	In	contrast,	novel	approaches	such	as	plasma	treatment	of	microporous	polymer	

membranes	have	been	utilized	for	the	production	of	biomimetic	membranes	[43].	An	array	

of	 plasma	 techniques	 (hydrophobic	 and	 hydrophilic)	 can	 be	 exploited	 to	manipulate	 the	

surface	of	polymer	membranes	for	a	variety	of	applications.			

	

Although	 a	 number	 of	 applications	 exist	 for	 plasma	 treated	microporous	 polymer	

membranes,	 they	 have	 not	 been	 extensively	 studied	 as	 a	 platform	 for	 biomimetic	

membranes	 in	dissolution	 testing.	 It	was	hypothesized	 that	 plasma	 treatment	 of	 polymer	
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membranes	 would	 adhere	 biomimetic	 properties	 to	 the	 surface;	 thus	 tailoring	 their	

application	 for	 dissolution	 testing.	 In	 this	 study,	 hydrophobic	 (CF4,	 C6F14	 and	 DCM)	 and	

hydrophilic	(H2O)	plasma	treatments	were	screened	for	surface	modifying	capabilities	with	

hydrophilic	 (PES	 and	 nylon)	 and	 hydrophobic	 (PP)	 polymer	 membrane	 systems	 (Figure	

4.2).	The	surface	properties	of	modified	membranes	were	characterized	by	attenuated	total	

reflectance	Fourier	transform	infrared	spectroscopy	(ATR-FTIR),	water	contact	angle	(CA)	

testing,	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 and	 scanning	 electron	 microscopy	 with	

energy	 dispersive	 X-ray	 spectroscopy	 (SEM-EDS)	 analytical	 techniques	 to	 evaluate	 the	

extent	 of	 treatment,	membrane	morphology	 and	 chemical	 composition	 of	 the	membrane	

surfaces.	
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Figure	4.2:	Molecular	structure	of	(a)	polyethersulfone,	(b)	nylon	and	(c)	polypropylene	

	 	

(a)	

(b)	

(c)	
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4.3 Materials	and	Methods	

	

4.3.1 Materials	

	

Polyethersulfone	 (diameter	 –	 25mm,	 pore	 size	 –	 0.03	 µm,	 0.2	 µm	 and	 0.45	 µm,	

nominal	thickness	–	110	µm	to	150	µm),	nylon	(diameter	–	25mm,	pore	size	–	0.1	µm,	0.2	

µm	and	0.45	µm,	nominal	 thickness	–	65	µm	 to	125	 	µm)	and	polypropylene	 (diameter	–	

25mm,	pore	size	–	0.22	µm	and	0.45	µm,	nominal	thickness	–	110		µm)	polymer	membrane	

filters	 were	 purchased	 from	 Sterlitech	 Corporation	 (Washington,	 USA).	

Polytetrafluoroethylene	 sheets	 (thickness	 –	 6.35	 mm)	 were	 purchased	 from	 VWR	 (New	

Jersey,	 USA).	 Dichloromethane	 (ACS	 or	 reagent	 grade),	 perfluorohexane	 (98+%	 purity),	

methanol	 (ACS	 or	 reagent	 grade),	 isopropyl	 alcohol	 (ACS	 or	 reagent	 grade)	 and	 sodium	

hydroxide	 pellets	 (ACS	 or	 reagent	 grade)	 were	 obtained	 from	 VWR	 (New	 Jersey,	 USA).	

Research	 grade	 nitrogen	 (99.99%	 purity)	 gas	 was	 purchased	 from	 Praxair	 (New	 Jersey,	

USA)	 and	 utilized	 as	 a	 purge	 gas	 during	 plasma	 treatments.	 Commercial	 grade	

tetrafluoromethane	(99.2%	purity)	gas	was	purchased	from	Concorde	Specialty	Gases	(New	

Jersey,	 USA).	 	 Ultrapure	 water	 (resistivity	 –	 18	 MΩ•cm)	 was	 obtained	 from	 a	 Milli-Q®	

purification	system	(EMD	Millipore,	New	Jersey,	USA).	
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4.3.2 Methods	

	

4.3.2.1 Plasma	Treatment	

	

4.3.2.1.1 Plasma	Treatment	Apparatus	

	

A	schematic	of	 the	plasma	treatment	experiment	set-up	and	apparatus	 is	shown	in	

Figure	 4.3.	 A	model	 PDC-32G	 inductively	 coupled	 plasma	 cleaner	 equipped	with	 a	model	

PDC-32Q	quartz	chamber	(diameter	x	 length	–	3	 in.	x	6.5	 in.)	and	model	PDC-32T	sample	

tray	 was	 kindly	 loaned	 from	 Harrick	 Plasma	 (New	 York,	 USA)	 for	 hydrophobic	 and	

hydrophilic	 plasma	 treatments	 of	 polymer	membranes.	 This	 apparatus	 uses	 a	 13.56	MHz	

radio	 frequency	 signal	 to	 generate	 the	 plasma.	 A	 model	 PDC-OPD	 dry	 oxygen	 service	

vacuum	pump	was	kindly	 loaned	 from	Harrick	Plasma	(New	York,	USA)	and	expended	 to	

achieve	a	low-pressure	environment	(<100	mTorr).	A	model	PDC-FMG	PlasmaFlo	gas	flow	

mixer	was	 kindly	 loaned	 from	Harrick	 Plasma	 (New	 York,	 USA)	 and	 utilized	 for	 vacuum	

control	of	processes	gases	and	vacuum	monitoring.	A	dry	scrubbing	system	using	sodium	

hydroxide	 pellets	 was	 positioned	 between	 the	 plasma	 chamber	 and	 vacuum	 pump	 to	

neutralize	hazardous	acidic	gases.	The	scrubbing	system	was	situated	in	a	liquid	nitrogen-

cooling	bath	to	maximize	trapping	efficiency	and	permit	adequate	supply	of	vacuum	to	the	

plasma	chamber.	A	polytetrafluoroethylene	membrane	holder	was	engineered	at	Hovione	

LLC	(New	Jersey,	USA)	(Figure	4.4).		
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Figure	4.3:	Schematic	of	a	plasma	treatment	experimental	set-up	and	apparatus	

	

	

Figure	 4.4:	 Schematic	 of	 a	 polytetrafluoroethylene	membrane	 holder	 and	 quartz	 sample	
tray	
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4.3.2.1.2 Hydrophilic	Plasma	Treatment		

	

Prior	 to	 plasma	 treatment,	 hydrophobic	 polypropylene	 membrane	 filters	 were	

sonicated	in	isopropyl	alcohol	to	remove	any	contaminants	and	dried	in	a	vacuum	oven	at	

40°C	for	1	hour.	The	plasma	chamber	and	sample	tray	were	cleaned	with	isopropyl	alcohol	

and	 positioned	 into	 the	 apparatus	 for	 vacuum	 drying.	 The	 chamber	 was	 purged	 and	

evacuated	 to	 a	 base	 pressure	 of	 ~100	 mTorr	 with	 a	 nitrogen	 gas	 bleed.	 Following	

equilibration,	the	chamber	and	tray	were	treated	for	15-minutes	with	a	high	power	(18W)	

nitrogen	 plasma	 cleaning	 treatment.	 After	 cleaning,	 the	 system	 was	 opened	 up	 to	 the	

atmosphere,	 allowing	 polypropylene	 membrane	 filters	 to	 be	 positioned	 on	 the	 quartz	

sample	 tray	 and	 secured	 by	 a	 polytetrafluoroethylene	 membrane	 holder.	 A	

polytetrafluoroethylene	 shelf	 was	 engineered	 at	 Hovione	 LLC	 (New	 Jersey,	 USA)	 and	

positioned	above	the	sample	tray	and	membrane	holder	in	the	plasma	chamber.	A	shallow	

petri	 dish	 was	 filled	 with	 25	 mL	 of	 ultrapure	 water	 and	 placed	 on	 the	 uppermost	 shelf	

inside	 the	 plasma	 chamber.	 The	 system	was	 purged	with	 nitrogen	 gas	 for	 1	minute	 and	

evacuated	 by	 vacuum	 to	 a	 base	 pressure	 of	 ~500	 mTorr	 for	 5	 minutes	 to	 remove	 any	

volatilized	 degradation	 products	 and	 saturate	 the	 chamber	 with	 water	 vapor.	Note:	 The	

volume	 of	 the	 process	 solvent	 and	 scrubber	 significantly	 affect	 the	 chamber	 pressure.	 To	

maintain	low	pressures,	continuous	replenishment	of	the	liquid	nitrogen	to	the	cooling	bath	is	

required.	Following	equilibration,	the	glow	discharge	was	initiated	at	18W	(RF	Level	–	Hi)	

for	 numerous	 treatment	 times	 (1,	 2,	 3	 and	 5	minutes).	 To	 ensure	 plasma	uniformity,	 the	

chamber	 pressure	 was	 maintained	 at	 ~500	 mTorr.	 Upon	 completion	 of	 the	 plasma	

treatment,	the	RF	generator	was	switched	off	and	the	chamber	was	evacuated	for	5	minutes	
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before	 venting	 to	 atmospheric	 pressure.	 Treated	 membranes	 were	 removed	 from	 the	

sample	tray	and	characterized	by	water	CA	and	ATR-FTIR	analytical	techniques.		

	

4.3.2.1.3 Hydrophobic	Plasma	Treatment	

	 	

Prior	 to	plasma	 treatment,	 hydrophilic	 polymer	membrane	 filters	 (PES	 and	nylon)	

were	 sonicated	 in	 isopropyl	 alcohol	 to	 remove	 any	 contaminants	 and	 dried	 in	 a	 vacuum	

oven	at	40°C	for	1	hour.	The	plasma	chamber	and	sample	tray	were	cleaned	with	isopropyl	

alcohol	and	positioned	into	the	apparatus	for	vacuum	drying.	The	chamber	was	purged	and	

evacuated	 to	 a	 base	 pressure	 of	 ~100	 mTorr	 with	 a	 nitrogen	 gas	 bleed.	 Following	

equilibration,	the	chamber	and	tray	were	treated	for	15-minutes	with	a	high	power	(18W)	

nitrogen	 plasma	 cleaning	 treatment.	 After	 cleaning,	 the	 system	 was	 opened	 up	 to	 the	

atmosphere,	 allowing	 PES	 and	 nylon	 membrane	 filters	 to	 be	 positioned	 on	 the	 quartz	

sample	tray	and	secured	by	a	polytetrafluoroethylene	membrane	holder.	The	chamber	was	

purged	with	nitrogen	gas	and	evacuated	by	vacuum	to	a	base	pressure	of	~100	mTorr	for	

10	 minutes	 to	 remove	 any	 volatilized	 degradation	 products.	 Process	 gas	 (CF4)	 was	

introduced	to	the	chamber	at	a	rate	of	10	psi	 through	a	three-way	needle	valve.	The	base	

pressure	 of	 the	 system	 was	 maintained	 at	 ~100	 mTorr	 for	 5	 minutes	 by	 adjusting	 the	

needle	valve.	Once	equilibrated,	the	glow	discharge	was	ignited	at	18W	(RF	Level	–	Hi)	for	

numerous	treatment	times	(1,	2,	3,	5,	10	and	30	minutes).	To	ensure	plasma	uniformity,	the	

chamber	 pressure	 was	 maintained	 at	 ~500	 mTorr.	 Upon	 completion	 of	 the	 plasma	

treatment,	 the	 RF	 generator	 was	 switched	 off	 and	 the	 chamber	 was	 evacuated	 of	 any	

process	 gas	 for	 5	 minutes	 before	 venting	 to	 atmospheric	 pressure.	 Treated	 membranes	
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were	 removed	 from	 the	 sample	 tray	 and	 characterized	 by	 ATR-FTIR,	water	 CA,	 XPS	 and	

SEM-EDS	analytical	techniques.		

	

Plasma	treatments	employing	a	process	solvent	require	an	alternative	experimental	

set-up	 and	 modified	 procedure.	 The	 cleaning	 procedure	 and	 system	

preparation/equilibration	were	performed	as	stated	above.	To	charge	process	solvents	into	

the	plasma	chamber,	a	rubber	septum	was	added	to	the	three-way	needle	valve	to	permit	

syringe	 injection.	Approximately	10	mL	of	solvent	(DCM,	C6F14)	was	pre-loaded	 into	a	gas	

tight	 Hamilton®	 syringe	 (VWR,	 New	 Jersey,	 USA).	 Process	 solvent	 (DCM,	 C6F14)	 was	

introduced	 to	 the	plasma	 chamber	 as	 a	 liquid	 and	 evaporated	 at	 a	 rate	 controlled	by	 the	

pressure	of	the	system	(~100	mTorr).	Multiple	injections	(5X)	of	the	process	solvent	were	

performed	to	equilibrate	the	system.		The	glow	discharge	was	initiated	at	18W	(RF	Level	–	

Hi)	 for	 numerous	 treatment	 times	 (1,	 2,	 3	 and	 5	 minutes).	 To	 accomplish	 prolonged	

treatment	times,	multiple	syringe	preparations	and	injections	were	required.	Analogous	to	

previous	 experimental	 conditions,	 the	 chamber	pressure	was	maintained	at	~500	mTorr.	

Upon	 completion	 of	 the	 plasma	 treatment,	 the	 RF	 generator	 was	 switched	 off	 and	 the	

chamber	 was	 evacuated	 for	 5	 minutes	 before	 venting	 to	 atmospheric	 pressure.	 Treated	

membranes	were	removed	from	the	sample	tray	and	characterized	by	ATR-FTIR,	water	CA,	

XPS	and	SEM-EDS	analytical	techniques.		
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4.3.2.2 Surface	Characterization		

	

4.3.2.2.1 Fourier	Transform	Infrared	Spectroscopy	

	

Fourier	 transform	infrared	spectroscopy	was	used	to	evaluate	 the	chemical	groups	

on	the	polymer	membrane	surfaces.	Infrared	spectra	were	obtained	using	a	Spectrum	400	

FTIR	 spectrometer	 equipped	 with	 a	 zinc	 selenide	 horizontal	 attenuated	 total	 reflectance	

accessory	(Perkin	Elmer,	Waltham,	MA,	USA).	The	ATR-FTIR	instrument	had	a	penetration	

depth	 of	 approximately	 1.66	 µm.	 Analyses	 were	 performed	 on	 unprocessed	 and	 plasma	

treated	polymer	(PES,	nylon	and	PP)	membranes.	Samples	were	analyzed	in	solid	and	liquid	

form.	Solid	analysis	–	a	thin	strip	of	the	polymer	membrane	was	cut	and	pressed	against	a	

diamond/zinc	 selenide	 crystal.	 The	 level	 of	 applied	 pressure	 was	 established	 by	 the	

software	and	kept	constant	for	all	analyses.	Treated	membranes	were	positioned	such	that	

the	treated	surface	was	in	direct	contact	with	the	ATR	crystal.	The	zinc	selenide	crystal	was	

cleaned	 between	 analyses	 with	 methanol.	 Liquid	 analysis	 –	 Polymer	 membranes	 were	

digested	 in	 dichloromethane	 and	 placed	 onto	 the	 surface	 of	 the	 diamond/zinc	 selenide	

crystal	for	analysis.	Experiments	were	executed	in	absorbance	mode	taking	a	total	32	scans	

across	a	range	of	650	–	3800	cm-1	and	a	resolution	of	4	cm-1.	The	instrument	was	calibrated	

with	polystyrene	reference	material	and	a	background	of	the	diamond/zinc	selenide	crystal	

was	measured.	 Processing	 analysis	was	 done	 using	 Spectrum	 ES	 version	 10.4.3	 software	

(Perkin	Elmer,	Waltham,	MA,	USA).	
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4.3.2.2.2 Water	Contact	Angle		

	

The	 water	 contact	 angle	 can	 be	 used	 to	 quantify	 the	 wettability	 of	 a	 material.	 A	

simple	static	contact	angle	apparatus	(Hovione	LLC,	New	Jersey,	USA)	was	assembled	on	a	

rectangular	base	support	stand	(width	x	length	–	6	in.	x	9	in.)	equipped	with	an	aluminum	

support	rod	(length	–	36	in.),	an	aluminum	support	plate	(width	x	length	–	6	in.	x	9	in.),	a	

swivel	 clamp	 (length	 –	 6.3	 in.)	 and	 a	 1	 mL	 gas	 tight	 Hamilton®	 syringe.	 The	 set-up	 is	

illustrated	 in	 Figure	 4.5.	 Analyses	 were	 performed	 on	 unprocessed	 and	 plasma	 treated	

polymer	 (PES,	 nylon	 and	PP)	membranes.	 Prior	 to	 analysis,	 the	polymer	membranes	 and	

syringe	were	cleaned	by	nitrogen	gas	and	methanol,	respectively.	The	tip	of	the	gas	syringe	

was	 positioned	 ~5	 mm	 above	 the	 membrane	 surface.	 The	 sessile	 drop	 was	 formed	 by	

dispensing	50	μL	of	 a	 test	 solvent	 (ultrapure	water)	 through	a	 gas	 tight	 syringe	onto	 the	

horizontal	 membrane	 surface.	 The	 drop	 was	 stabilized	 on	 the	 membrane	 surface	 for	 5	

seconds	 to	 reach	 static	 state.	 An	 image	 of	 the	 drop	was	 captured	using	 a	 high-resolution	

camera	(Apple,	California,	USA).	The	image	was	enlarged	and	annotated	with	horizontal	and	

tangent	 lines	 denoting	 the	 baseline	 and	 contour	 of	 the	 drop.	 The	 contact	 angle	 was	

measured	between	the	baseline	and	tangent	using	a	protractor.			
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Figure	4.5:	Schematic	of	a	water	contact	angle	apparatus	

	

4.3.2.2.3 Scanning	Electron	Microscopy	–	Energy	Dispersive	X-Ray	Spectroscopy	

	

Analysis	of	secondary	electron	signals	derived	from	interaction	of	incident	electrons	

(focused	electron	beam)	with	a	sample	can	divulge	a	plethora	of	information	regarding	the	

surface	characteristics	of	material.	A	FEI	Quanta	450	FEG	environmental	scanning	electron	

microscope	(FEI,	USA)	equipped	with	a	X-Max	silicon	drift	energy	dispersive	x-ray	detector	

(Oxford	Instruments,	UK)	was	used	to	characterize	the	surface	morphology	and	elemental	

composition	 of	 unprocessed	 and	 plasma	 treated	 polymer	 (PES	 and	 nylon)	 membranes.	

Polymer	membrane	cross	sections	were	prepared	by	incision	of	bulk	material	and	placed	on	

double-coated	 carbon	 adhesive	 strips	 for	 analysis.	 Analyses	 were	 performed	 under	 low	
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vacuum	with	an	applied	acceleration	voltage	of	10	kV.	SEM	images	were	obtained	using	a	

secondary	 electron	 (SE)	 detector	 and	 collected	 at	 20,000x	 and	 40,000x	 magnifications.	

Elemental	 analysis	 of	 polymer	membrane	 cross	 sections	was	 performed	 using	 an	 energy	

dispersive	x-ray	spectrometer	and	analyzed	with	Aztec	2.1	software.		

	

4.3.2.2.4 X-Ray	Photoelectron	Spectroscopy	

	

X-ray	photoelectron	spectroscopy	 is	a	 surface	 sensitive	 technique	used	 to	measure	

the	 elemental	 composition	 and	 chemical	 state	 of	 elements	 within	 material.	 XPS	 detects	

ejected	electrons	 from	the	top	monolayers	of	material,	generally	1	–	10	nm.	The	chemical	

composition	of	membrane	surfaces	was	determined	by	using	a	VG	Scientific	XPS	with	a	Mg	

Kα	X-ray	source	operating	at	280	W,	15	kV	×	25	mA.	Pass	energy	of	50	eV	was	used	for	all	

spectra.	 Samples	 of	 unprocessed	 and	 processed	 polymer	 membranes	 were	 prepared	 by	

securing	the	membrane	to	the	sample	holder	with	copper	tape.	All	data	was	analyzed	using	

CasaXPS	software.	The	C	1s	peak	was	used	to	eliminate	static	charging	effects.	Atomic	ratios	

were	normalized	using	known	cross	sections	as	describe	in	the	published	work	of	Wagner	

et	al.	 [44].	 	Elements	were	 identified	by	their	strongest	binding	energy	regions,	C	1s	(287	

eV),	O	1s	(531	eV),	S	2p	(165	eV),	N	1s	(402	eV)	and	F	2p	(710	eV)	
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4.4 Results	and	Discussion	

	

Biomimetic	 membrane	 development	 is	 a	 subject	 of	 burgeoning	 interest	 for	

simulating	the	intestinal	membrane	during	in	vitro	dissolution	testing.	In	vivo,	the	intestinal	

epithelium	 functions	 as	 a	 gateway	 to	 drug	 absorption	 and	 is	 amphipathic	 in	 nature.	

Consequently,	 traditional	 production	 of	 biomimetic	 membranes	 involved	 constructing	 a	

dense	polymeric-based	support	that	was	modified	with	advanced	surface	functionalizations	

to	 govern	 the	 membrane	 surface	 properties	 [45].	 Numerous	 engineering	 techniques	 are	

available	 for	 manufacturing	 biomimetic	 membranes;	 however,	 most	 processes	 are	 time-

consuming,	 expensive,	 lack	 chemical	 compatibility/physical	 stability	 and	 produce	 over-

expressive	membrane	functionalizations.	Plasma	treatment	of	polymeric	membranes	is	an	

attractive	alternative	 for	production	of	 cell-free	artificial	membranes.	 In	general,	due	 to	a	

low	 penetrating	 power,	 plasma	 treatment	 of	 polymeric	 membranes	 is	 confined	 to	 the	

surface,	 which	 results	 in	 a	 membrane	 modification	 that	 does	 not	 compromise	 the	 bulk	

properties	of	the	polymer	[46,	47].		

	

4.4.1 Water	Vapor	Plasma	Treatment	of	Polypropylene	Membranes	

	

Amphipathic	 functionalization	 is	 an	 essential	 aspect	 artificial	 membranes	 must	

exhibit	 to	 be	 considered	 biomimetic.	 To	 engineer	 a	 membrane	 with	 asymmetric	 surface	

properties	 (hydrophilic	 –	 apical	 surface	 and	 hydrophobic	 –	 basal	 surface),	 water	 vapor	

plasma	 treatments	 were	 performed	 to	 enhance	 the	 wettability	 of	 a	 hydrophobic	

polypropylene	membrane.	 The	 contact	 angle	 of	 a	 liquid-solid	 interface	 is	 a	 conventional	
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indicator	of	material	wettability.	A	contact	angle	(θ)	>	90°	and	<	90°	is	indicative	of	low	and	

high	 wettability,	 respectively	 [48].	 Figure	 4.6	 illustrates	 a	 sessile	 drop	 of	 water	 on	 a	

hydrophilic	and	hydrophobic	surface.		

	

	

Figure	4.6:	Contact	angle	of	a	water	drop	on	(a)	hydrophilic	and	(b)	hydrophobic	surfaces	

	

Langmuir	et	al.	denoted	 the	surface	configuration	of	a	polymer	 is	a	 function	of	 the	

arrangement	 and	 nature	 of	 atoms	 that	 compose	 the	 surface	 layer	 and	 not	 the	 bulk	

underlying	 monolayers	 [49,	 50].	 The	 surface	 state	 (region	 with	 considerably	 different	

properties	 than	 bulk	 material)	 of	 treated	 polypropylene	 membranes	 was	 characterized	

using	water	contact	angle	measurements	to	assess	the	efficiency	of	the	water	vapor	plasma	

treatment	 (Table	4.1).	 Treated	polypropylene	membranes	 exhibited	 improved	wettability	

and	were	macroscopically	equivalent	to	unprocessed	membranes.	Quantitating	the	depth	of	

treatment	 from	 water	 contact	 angle	 analysis	 was	 not	 possible,	 but	 visual	 observations	

suggested	the	water	vapor	plasma	treatment	resulted	 in	a	surface	configurational	change.	

Duplicate	analysis	of	 treated	polypropylene	membranes	 indicated	 the	hydrophilic	 surface	

functionalization	groups	were	removed	 following	exposure	 to	water	during	 initial	 testing.	

θ	
θ	

(a)	 (b)	
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Due	 to	 the	 limited	 stability	 of	 the	 surface	modification	 on	 treated	membranes,	 the	water	

vapor	 plasma	 treatment	was	 not	 investigated	 for	 application	 in	 a	membrane-permeation	

dissolution	 apparatus/method.	 The	 mechanism	 of	 absorption	 and	 desorption	 of	 the	

hydroxyl	 groups	 or	 hydrophilic	 species	 on	 the	 membrane	 surface	 is	 considered	 in	 the	

following	section.		

	

Table	 4.1:	 Contact	 angle	 of	 unprocessed	 and	water	 vapor	 plasma	 treated	 polypropylene	
membranes		

Membrane	 Treatment	 Contact	Angle	(θ)	
Polypropylene	(0.22	µm)	 None	 105	

Polypropylene	(0.22	µm)	 Water	Vapor	Plasma	 78	

	

The	 modification	 mechanism	 at	 the	 surface	 of	 polypropylene	 membranes	 was	

estimated	 based	 on	 the	 species	 associated	 with	 water	 vapor	 plasma	 and	 the	 chemical	

structure	 of	 the	 membrane.	 Plasma	 discharge	 of	 liquid	 water	 vapor	 produces	 hydroxyl	

radicals	 and	 hydrogen	 atoms	 (Equation	 4.1	 –	 4.2).	 Polypropylene	 (Figure	 4.1c)	 is	 a	

saturated	hydrocarbon	composed	of	three	types	of	carbon	atoms	(primary,	secondary	and	

tertiary).	The	reactivity	of	hydrogen	increases	with	the	number	of	carbons	attached	to	the	

carbon	atom	of	which	it	is	bound	(i.e.	–	Htertiary	>	Hsecondary	>	Hprimary)	[51]	(Figure	4.7).	In	the	

current	 system,	 plasma	 surface	 activation	 of	 polypropylene	 membranes	 likely	 adheres	

hydroxyl	groups	to	the	membrane	surface	through	the	abstraction	of	tertiary	hydrogens	to	

produce	an	alkyl	radical.	Concurrent	oxidation	of	the	alkyl	radical	can	lead	to	the	formation	

of	alkyl	alcohols	on	 the	polymer	backbone.	 Infrared	spectra	of	polypropylene	membranes	

illustrate	 distinct	 peaks	 ranging	 from	 3000	 cm-1	 to	 2800	 cm-1	 (Figure	 4.8).	 These	 peaks	

correspond	 to	 symmetric	 and	 asymmetric	 stretching	 for	 (–CH3)	 groups	 at	 approximately	



	 148	

2956	cm-1	 and	2868	cm-1,	 respectively.	 In	addition,	 these	peaks	 correspond	 to	 symmetric	

and	 asymmetric	 stretching	 for	 (–CH2)	 groups	 at	 approximately	2918	 cm-1	 and	2849	 cm-1,	

respectively.	 The	 overlay	 of	 unprocessed	 and	 water	 vapor	 treated	 polypropylene	

membranes	 shows	 the	 appearance	 of	 a	 single	 peak	 at	 1717	 cm-1	 and	 a	 broad	 stretching	

peak	at	approximately	3550	cm-1	–	3200	cm-1.		The	appearance	of	a	broad	stretching	peak	at	

3550	cm-1	–	3200	cm-1	is	representative	of	an	alcohol	group.	In	general,	a	peak	at	1700	cm-1	

is	 indicative	 of	 a	 carbonyl	 group.	Desorption	 of	 the	 hydroxyl	 group	may	 occur	 due	 to	 an	

increased	 surface	 tension	 applied	 to	 the	 polymer	 backbone,	 resulting	 from	 the	 absorbed	

moisture.	 The	 increased	wettability	 of	membranes	may	 also	 be	 attributed	 to	 hydrophilic	

species	 existing	 in	 the	 pores	 of	 the	 membrane,	 which	 are	 subsequently	 absorbed	 upon	

exposure	to	an	aqueous	environment.		

	

	 	 	 	 	 ! + H!O →  H! + ∙ OH	 	 	 Equation	4.1	

	 	 	 	 	 H! + H!O →  H! + OH!	 	 	 Equation	4.2	
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Figure	 4.7:	 Free	 radical	 generation/hydrogen	 reactivity	 on	 polypropylene	 membranes.	
Modified	from	reference	Upadhyay	et	al.	2003	with	the	permission	of	Springer	
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Figure	 4.8:	 Infrared	 spectra	 of	 unprocessed	 and	 water	 vapor	 plasma	 treated	 PP	
membranes	

	

4.4.2 Dichloromethane	 Plasma	 Treatment	 of	 Polyethersulfone	 and	 Nylon	

Membranes	

	

The	 application	 of	 water	 vapor	 plasma	 treated	 polypropylene	 membranes	 in	

membrane-permeation	dissolution	 is	 limited	by	 the	 stability	 of	 the	membrane	 treatment.	

For	 that	 reason,	 research	 to	 discover	 an	 alternative	 route	 for	 production	 of	 biomimetic	

membranes	focused	on	the	expenditure	of	hydrophobic	treatments	on	hydrophilic	polymer	

membranes.	 Chlorinated	 plasmas	 have	 been	 employed	 for	 hydrophilic	 modifications	 of	

hydrophobic	 polymer	membranes.	 Conventionally,	 such	 plasmas	 have	 been	 used	 to	 treat	

θ	
θ	

(a)	 (b)	

PP unprocessed
PP Water Vapor
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conjugated	 polymers	 and	 alter	 the	 surface	 wettability	 [52].	 Furthermore,	 exposure	 of	

saturated	hydrocarbon	polymers,	such	as	polypropylene,	to	chlorinated	plasma	has	shown	

to	 increase	membrane	wettability.	 [53,	54].	 In	addition	 to	hydrophilic	 treatments,	 studies	

also	suggest	the	application	of	chlorinated	plasmas	for	hydrophobic	modifications	through	

the	 deposition	 of	 polymerized	 chlorinated	 films	 or	 hydrogen	 atom	 replacement	 [55].	

Resulting	 from	 the	 electronegativity	 of	 chlorine,	 London	 dispersion	 forces	 may	 not	 be	

prevalent	 on	 chlorocarbon	 polymers;	 thereby,	 increasing	 hydrophobicity.	 To	 tailor	 the	

surface	 of	 polymer	 membranes	 to	 exhibit	 amphipathic	 properties,	 a	 dichloromethane	

(DCM)	 plasma	 treatment	 of	 hydrophilic	 PES	 and	 nylon	 membranes	 was	 executed	 to	

decrease	 the	 apical	 surface	 wettability.	 The	 surface	 state	 of	 treated	 PES	 and	 nylon	

membranes	 was	 characterized	 using	 water	 contact	 angle,	 ATR-FTIR	 and	 SEM-EDS	

techniques	to	assess	the	aptitude	of	chlorinated	plasmas	for	the	production	of	hydrophobic	

layers.		

	

The	water	 contact	 angle	 is	 an	 indicator	 of	macroscopic	 properties	 such	 as	 surface	

wettability	 [56].	 Treated	 PES	 and	 nylon	 membranes	 illustrated	 decreased	 wettability	

(increased	 hydrophobicity)	 and	 were	 macroscopically	 equivalent	 to	 unprocessed	

membranes.	Water	contact	angles	of	unprocessed	and	processed	PES	and	nylon	membranes	

can	be	seen	in	Table	4.2.	Sessile	drop	results	demonstrate	a	significant	enhancement	of	the	

water	 contact	 angle	 (PES:	 0°	 to	 95°	 and	 nylon:	 0°	 to	 115°)	 at	 the	 surface	 of	 treated	

membranes.	 Due	 to	 the	 asymmetric	 surface	 properties	 of	 unprocessed	 PES	 membranes,	

care	was	taken	to	ensure	consistency	among	all	treatments	(i.e.	–	treatment	of	the	same	side	

of	 the	 membrane).	 The	 unprocessed	 surface	 of	 chlorinated	 PES	 and	 nylon	 membranes	
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displayed	 contact	 angle	measurements	 identical	 to	 that	 of	 unprocessed	membranes	 (0°),	

thereby	depicting	treated	membranes	possessed	amphipathic	properties.		

	

Table	 4.2:	 Contact	 angle	 of	 unprocessed	 and	 DCM	 plasma	 treated	 PES	 and	 nylon	
membranes		

Membrane	 Treatment	 Contact	Angle	(θ)	
PES	(0.20	µm)	 None	 0°,	40°*	

PES	(0.20	µm)	 DCM	Plasma	 95°,	95°*	

Nylon	(0.20	µm)	 None	 0°	

Nylon	(0.20	µm)	 DCM	Plasma	 116°	

*Note:	Polyethersulfone	membranes	demonstrated	different	contact	angles	based	upon	the	

surface	analyzed	(top	vs.	bottom).	

	

The	 surface	 morphology	 of	 unprocessed	 and	 chlorinated	 nylon	 membranes	 was	

characterized	 using	 SEM.	 Cross-section	 and	 surface	 images	 of	 unprocessed	 nylon	

membranes	 are	 presented	 in	 Figure	 4.9a	 and	 4.9b,	 respectively.	 To	 analyze	 the	 bulk	

properties	 of	 nylon	membranes,	 cross-sections	 were	 incised	 using	 a	 straight	 edge	 razor.	

Note:	 Although	 unprocessed	 nylon	membranes	 appear	 to	 have	 dissimilar	morphology	 on	

the	apical	and	basal	surface	(apical	and	basal	surfaces	on	this	image	are	defined	by	the	left	

and	 right	 of	 the	 membrane),	 the	 difference	 is	 a	 result	 of	 “smearing”	 due	 to	 the	 incision	

(Figure	4.9a).	Additional	SEM	analysis	confirmed	the	apical	and	basal	surface	morphology	

for	 unprocessed	 nylon	 membranes	 are	 equivalent.	 SEM	 images	 of	 unprocessed	 nylon	

membranes	 reveal	 a	 fibrous,	 porous	 surface	 constructed	 on	 polyester	 supports.	 Cross-

section	and	surface	images	of	nylon	membranes	exposed	to	chlorinated	plasma	treatments	

can	be	seen	in	Figures	4.10a	and	4.10b,	respectively.	Direct	comparison	of	unprocessed	and	

processed	 nylon	membrane	 cross-sections	 is	 challenging,	 as	 images	 appear	 to	 be	 similar	
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(Figure	4.9a	and	4.10a).	Analysis	of	unprocessed	and	chlorinated	nylon	membrane	surface	

images	 indicates	 the	 morphology	 of	 each	 is	 porous;	 however,	 the	 apparent	 pore	 size	 of	

chlorinated	membranes	is	increased,	suggesting	surface	polymer	ablation	(Figure	4.9b	and	

4.10b).	Ablation	of	polymer	membranes	associated	with	plasma	treatment	is	described	by:	

1	–	surface	bombardment	with	ionized	or	neutral	species	and	2	–	polymer	chain	destruction	

by	loss	of	volatile	fragments	[57].	Free	radical	sites	on	the	polymer	backbone	are	generated	

in	 conjunction	with	 the	 ablation	process.	These	 sites	may	bond	with	 free	 radical	 gaseous	

species	of	the	plasma	or	exposed	free	radicals	on	neighboring	surface	polymer	chains.	It	can	

be	 suggested	 that	 chlorinated	 species	 of	 the	 plasma	 are	 bound	 to	 the	 surface	 of	 treated	

nylon	 membranes	 due	 to	 modified	 surface	 morphologies	 and	 increased	 water	 contact	

angles.	The	mechanism	of	DCM	plasma	discharge	will	be	discussed	in	subsequent	sections.	
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Figure	4.9:	SEM	images	of	unprocessed	nylon	membranes	(a)	cross-section	and	(b)	surface	

(b)


(a)
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Figure	4.10:	 SEM	 images	 of	DCM	plasma	 treated	 nylon	membranes	 (a)	 cross-section	 (b)	
surface	

	

(b)


(a)
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The	 surface	 morphology	 and	 atomic	 composition	 of	 unprocessed	 and	 chlorinated	

PES	membranes	were	characterized	using	SEM-EDS.	Although	the	surface	transformation	of	

unprocessed	 and	 chlorinated	 nylon	 membranes	 was	 difficult	 to	 detect	 by	 SEM	 analysis,	

images	 of	 unprocessed	 and	 DCM	 plasma	 treated	 PES	 membranes	 displayed	 a	 distinct	

surface	 restructuring.	 The	 cross-sectional	 and	 surface	 morphology	 of	 unprocessed	 PES	

membranes	illustrates	a	uniform	surface	of	interconnected	pores	with	a	size	on	the	order	of	

one	hundred	nanometers	(Figure	4.11a	and	4.11b).	Cross-section	and	surface	images	of	PES	

membranes	 exposed	 to	 chlorinated	 plasma	 treatments	 can	 be	 seen	 in	 Figures	 4.12a	 and	

4.12b,	respectively.	Due	to	the	incisional	artifact,	limited	information	is	obtained	in	a	cross-

sectional	 comparison	 of	 unprocessed	 and	 chlorinated	 PES	 membranes.	 However,	 an	

evaluation	 of	 unprocessed	 and	 chlorinated	 PES	 membrane	 surface	 images	 exemplifies	 a	

significant	 decrease	 in	 porosity,	 suggesting	 surface	 polymer	 crosslinking	 or	 thin	 film	

deposition	 (Figure	 4.11b	 and	 4.12b).	 In	 conjunction	 with	 the	 cross-linking	 of	 polymer	

chains,	 the	 deposition	 phenomenon	 can	 be	 explained	 by	 the	 polymerization	 of	 the	 DCM	

process	gas,	either	on	the	surface	of	the	polymer	membrane	or	in	the	gaseous	plasma	[47].	

Such	 interactions	 have	 been	 cited	 for	 fluorinated	 plasmas	 that	 utilized	 a	 low	 discharge	

power	[58].		

Note:	 SEM	 analysis	 of	 unprocessed	 and	 DCM	 treated	 PES	 and	 nylon	 membranes	 was	

performed	at	a	45°	tilt	to	include	membrane	cross-sections	for	determining	bulk	membrane	

properties.	
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Figure	4.11:	 SEM	 images	 of	 unprocessed	PES	membranes	 (a)	 cross-section	+	 surface	 (b)	
surface	

(b)


(a)
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Figure	 4.12:	 SEM	 images	 of	 DCM	 plasma	 treated	 PES	 membranes	 (a)	 cross-section	 +	
surface	(b)	surface		

	

(b)


(a)
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The	 elemental	 proportions	 of	 PES	membranes	were	 examined	with	 SEM	 –	 EDS	 to	

identify	 the	presence	 of	 chlorine	 on	 the	membranes	 surface	 (Figure	4.13).	 The	 elemental	

ratios	 conveyed	 in	 Table	 4.3	 allude	 to	 polymer	 ablation	 and	 surface	 activation	 plasma	

modification	mechanisms.	A	 significant	 reduction	of	 the	O/C	 ratio	 (0.19	à	 0.10)	 inferred	

ablation	 of	 the	 oxygen	 atoms	 is	 associated	 with	 (a)	 the	 sulfonyl	 functional	 group	 or	 (b)	

scission	 of	 the	 ether	 linkage.	 Surface	 activation	 of	 chlorinated	 PES	 membranes	 can	 be	

deduced	from	an	increased	Cl/C	ratio	(0.00	à	0.04).	The	increased	S/C	ratio	is	suggested	to	

be	a	result	of	sulfur	extrusion	or	shielding	of	carbon	atoms	by	chlorine	atoms.	Concurrent	

with	 ablation,	 chlorinated	 species	 may	 interject	 at	 sites	 where	 free	 radicals	 are	 present	

(Figure	 4.14).	 Free	 radical	 generation	 occurs	 though	 numerous	 mechanisms	 that	 are	

dependent	on	the	nature	of	the	species	in	the	plasma.	Plasma	discharge	of	DCM	generates	

chlorinated	methyl	radicals	and	chlorine	radicals	in	addition	to	other	chlorinated	moieties	

(Equations	 4.3	 –	 4.5)	 [59].	 Suggested	 reaction	 mechanisms	 initiated	 by	 excited	 electron	

impact	with	DCM	can	be	seen	in	Equations	4.3	–	4.5.	Ensuing	from	the	elemental	percentage	

of	carbon	in	chlorinated	PES	membranes,	it	can	be	inferred	that	although	chain	propagation	

may	occur	in	the	plasma,	cross-linking	and/or	polymerization	are	likely	events	transpiring	

amongst	 surface	 polymer	 chains	 rather	 than	 depositing	 plasma	 propagated	 chlorinated	

species	onto	the	membrane	surface.		

	

! + CH!Cl! →  ∙ CH!Cl+ ∙ Cl		 	 Equation	4.3	

	 	 	 	 	 CH!Cl! + ∙ Cl →  ∙ CHCl! +  HCl	 	 Equation	4.4	

∙ CH!Cl+ ∙ CH!Cl →  ClCH! − CH!Cl	 		Equation	4.5	
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Table	 4.3:	 Summary	 of	 elemental	 modifications	 on	 PES	 membranes	 after	 DCM	 plasma	
treatment	

	 Elemental	Ratio	(%)	
Sample	 C	 O	 S	 Cl	 O/C	 S/C	 Cl/C	

PES	Theoretical	 75	 19	 6	 0	 25	 8	 0	

PES	Unprocessed	 80	 15	 5	 0	 19	 6	 0	

PES	DCM	Treated	 67	 7	 23	 3	 10	 34	 4	

Note:	Elemental	ratio	excludes	hydrogen	contributions	

	

	

Figure	4.13:	EDS	spectra	of	chlorinated	PES	membranes	
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Figure	 4.14:	 Free	 radical	 generation/free	 radical	 reaction	with	 DCM	 reactive	 species	 on	
PES	membranes	

	

Chemical	changes	resulting	from	processes	described	by	desorption	and	absorption	

of	 volatile	 organic	 and	 plasma	 species	 were	 assessed	 using	 ATR-FTIR.	 Because	 both	

membranes	 revealed	 similar	 results	 upon	ATR-FTIR	 analysis,	 only	PES	data	 is	 presented.	

Infrared	spectra	of	unprocessed	PES	membranes	exhibited	strong	aromatic	bands	at	1631	

cm-1	and	1578	cm-1,	as	well	as	distinct	peaks	resulting	from	the	symmetric	vibration	of	the	

sulfonyl	group	(O=S=O)	at	1198	cm-1	and	vibration	of	 the	ether	group	(–C–O–C–)	at	1276	

cm-1	(Figure	4.15).	A	direct	comparison	of	unprocessed	and	chlorinated	PES	membranes	did	

not	 indicate	 any	 significant	 alterations	 in	 the	 transmission	 patterns	 (Figure	 4.15).	 A	

suggested	mechanism	for	chlorinated	PES	membranes	illustrates	the	appearance	of	a	(–CCl)	

band	at	800	cm-1	with	the	broadening	of	a	(–CH)	stretch	at	3000	cm-1.	However,	due	to	the	

sensitivity	of	the	technique,	no	significant	changes	were	detected.	Confirming	the	formation	

of	 sulfonyl	 chloride	 groups	 following	DCM	plasma	 treatment	was	not	 possible	 due	 to	 the	

complicated	 nature	 of	 the	 fingerprint	 region	 where	 such	 stretching	 vibrations	 exist.	
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Justifying	the	decreased	oxygen	percentage	was	not	obvious	as	the	distinct	ether	vibration	

remained	 after	 treatment.	 Although	 the	 surface	 of	 PES	 and	 nylon	 membranes	 contained	

chlorine	 functionalities	 following	 plasma	 treatment,	 challenges	 accompanying	 the	 surface	

characterization	 indicated	the	extent	and	efficiency	of	chlorinated	plasma	treatments	may	

be	 limited	 by	 the	 chlorine-etch	 rate.	 The	 depth	 of	 penetration	 observed	 in	 ATR-FTIR	

analyses	is	suggested	to	range	from	less	than	200	nm	to	greater	than	1	µm	[60].	Due	to	the	

depth	of	penetration,	ATR-FTIR	analysis	is	representative	of	the	bulk	membrane	properties	

rather	 than	 the	 DCM	 plasma	 treated	 membrane	 surface.	 Overall	 the	 ATR-FTIR	 data	 is	

inconclusive	with	 regards	 to	whether	or	not	 establishing	 a	 surface	modification	occurred	

after	exposure	to	the	DCM	plasma.	For	that	reason,	various	fluorocarbon	treatments	were	

explored	for	production	of	biomimetic	membranes.	
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Figure	4.15:	Infrared	spectra	of	unprocessed	and	DCM	plasma	treated	PES	membranes	

	

4.4.3 Perfluorohexane	Plasma	Treatment	of	Polyethersulfone	and	Nylon	Membranes	

	

Compared	 to	 chlorine,	 the	 distance	 of	 fluorine	 valence	 electrons	 relative	 to	 the	

atomic	nucleus	is	shorter;	thereby	implicating	fluorine	exhibits	higher	electronegativity	and	

reactivity.	To	that	extent,	it	can	be	inferred	that	fluorinated	plasmas	possess	higher	etching	

and	treatment	capabilities.	Fluorocarbon	plasmas	promote	two	treatment	mechanisms:	1	–	

fluorination	 and	 2	 –	 polymerization,	 each	 of	 which	 is	 contingent	 on	 the	 fluorine/carbon	

ratio	of	the	process	gas/solvent.	A	plasma	gas	discharge	with	a	large	fluorine/carbon	ratio	

(>	 3)	 will	 induce	 fluorination	 rather	 than	 polymerization	 [61].	 Deposition	 and/or	

PES unprocessed
PES DCM
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polymerization	 of	 plasma	 moieties	 to	 polymer	 membranes	 can	 be	 used	 to	 introduce	

complex	geometries	and	enhance	the	biomimetic	nature	of	the	membrane.	Perfluorohexane	

plasma	 treatment	 of	 PES	 and	 nylon	membranes	was	 performed	 to	 generate	 hydrophobic	

surfaces.	 The	 hydrophobicity/hydrophilicity	 of	 fluorinated	 PES	 and	 nylon	 membrane	

surfaces	 was	 characterized	 by	 water	 contact	 angle	 analysis,	 while	 SEM	 examined	 the	

surface	morphology/topography.		

	

Fluorinated	 PES	 and	 nylon	membranes	 exhibited	 decreased	water	wettability	 and	

were	 macroscopically	 equivalent	 to	 unprocessed	 membranes.	 Water	 contact	 angles	 of	

unprocessed	and	perfluorohexane	plasma	treated	PES	and	nylon	membranes	can	be	seen	in	

Table	4.4.	Sessile	drop	results	portray	an	enhanced	water	contact	angle	(PES:	0°	to	110°	and	

nylon:	0°	to	120°)	at	the	surface	of	treated	membranes.	Relative	to	PES,	nylon	membranes	

appear	 more	 susceptible	 to	 fluorination	 by	 perfluorohexane	 plasma.	 This	 suggests	 the	

removal	 of	 hydrogen	 atoms	 from	 saturated	 carbons	 on	 the	 polymer	 backbone	 by	

fluorinated	 radical	 species.	 Water	 contact	 angle	 analysis	 divulged	 that	 perfluorohexane	

plasma	treated	PES	and	nylon	membranes	possessed	amphipathic	surface	properties	(i.e.	–	

a	hydrophobic	apical	surface	and	a	hydrophilic	basal	surface).		

	

	 	



	 165	

Table	 4.4:	 Contact	 angle	 of	 unprocessed	 and	 perfluorohexane	 plasma	 treated	 PES	 and	
nylon	membranes		

Membrane	 Treatment	 Contact	Angle	(θ)	
PES	(0.20	µm)	 None	 0°,	40°*	

PES	(0.20	µm)	 C6F14	Plasma	 110°,	110°*	

Nylon	(0.20	µm)	 None	 0°	

Nylon	(0.20	µm)	 C6F14	Plasma	 120°	

*Note:	Polyethersulfone	membranes	demonstrated	different	contact	angles	based	upon	the	

surface	analyzed	(top	vs.	bottom).	

	

ATR-FTIR	spectra	of	perfluorohexane	 treated	PES	and	nylon	membranes	exhibited	

no	new	significant	 transmission	peaks;	 inferring	 the	depth	of	penetration	during	 infrared	

analysis	may	extend	beyond	the	treated	fluorinated	layer	(Figure	4.16a	and	4.16b).	For	that	

reason,	surface	structural	changes	following	perfluorohexane	plasma	treatment	of	PES	and	

nylon	membranes	were	characterized	with	SEM	at	low	and	high	magnification	(Figure	4.17	

–	 4.20).	 Compared	 to	 unprocessed	 membranes,	 fluorinated	 membranes	 showed	 surface	

morphology	changes	such	as	enhanced	porosity	and	rigidity.	After	3	minutes	of	treatment,	

the	 surface	 of	 PES	 and	 nylon	membranes	 appeared	 roughened.	 In	 addition,	 the	 apparent	

pore	size	of	C6F14	plasma	treated	PES	membranes	was	reduced	greater	than	10	fold	(Figure	

4.19b	and	Figure	4.20b).	The	most	 ostensible	 explanation	 regarding	membrane	pore	 size	

reduction	is	cross-linking	and/or	polymerization.	Due	to	a	small	fluorine/carbon	ratio	(<	3),	

C6F14	can	produce	a	complex	arrangement	of	species	 that	can	be	extensively	cross-linked,	

making	 it	 a	 prime	 candidate	 for	 polymerization.	 Fluorochemical	 functionalization	 is	

initiated	 through	 the	 bombardment	 of	 unsaturated	 carbon-carbon	 bonds	 by	 neutral	 and	

ionic	 species	 (PES	 membranes)	 and	 hydrogen	 abstraction	 followed	 by	 reaction	 with	

fluorine	radical	species	(nylon	membranes).	The	corresponding	liquid	repellency	behavior	
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of	perfluorohexane	plasma	treated	PES	and	nylon	membranes	is	insinuated	by	the	surface	

roughness	 (porosity	 and	 rigidity)	 observed	 in	 SEM	 images	 (Figure	 4.18	 and	 4.20).	 A	

generalized	 reaction	 pathway	 in	which	 perfluorohexane	monomers	 endure	 chain-growth	

polymerization	 is	 presented	 in	 Equations	 4.6	 and	 4.7.	 Compared	 to	 dichloromethane,	

perfluorohexane	 plasma	 treatments	 revealed	 significantly	 improved	 modified	 surface	

dynamics	 by	 SEM	 images.	 Owing	 to	 the	 success	 of	 perfluorohexane	 plasma	 treatments,	

further	fluorinated	process	gases	such	as	CF4	were	investigated	for	plasma	treatment	of	PES	

and	nylon	membranes.	

	

! +M →  ∙ X	 	 	 	 	 Equation	4.6	

∙ X+M →   X−M ∙	 	 	 	 		Equation	4.7	

Note:	∙ X	represents	a	fragmented	free	radical	species	
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Figure	 4.16:	 Infrared	 spectra	 unprocessed	 and	 C6F14	 plasma	 treated	 (a)	 PES	 (b)	 nylon	
membranes	

PES unprocessed
PES C6F14(a)



Nylon unprocessed
Nylon C6F14

(b)
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Figure	4.17:	SEM	images	of	unprocessed	nylon	membranes	(a)	16,000X	(b)	25,000X	

(b)


(a)
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Figure	4.18:	SEM	images	of	perfluorohexane	plasma	treated	nylon	membranes	(a)	16,000X	
(b)	25,000X	

(b)


(a)
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Figure	4.19:	SEM	images	of	unprocessed	PES	membranes	(a)	16,000X	(b)	25,000X	

	

	

(b) 

(a) 
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Figure	4.20:	SEM	images	of	perfluorohexane	plasma	treated	PES	membranes	(a)	16,000X	
(b)	25,000X	

(b)


(a)
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4.4.4 Tetrafluoromethane	 Plasma	 Treatment	 of	 Polyethersulfone	 and	 Nylon	

Membranes	

	

Membrane	 performance	 can	 be	 tailored	 to	 possess	 specific	 functionalizations	 by	

chemical	 modification	 of	 the	 membrane	 itself	 [62].	 The	 chemisorption	 of	 fluorinated	

moieties	 to	 hydrophilic	 polymer	membranes	 occurs	 through	 various	 pathways	 including	

bond	 cleavage	 and	 ionization	 of	 process	 gases	 as	 well	 as	 ablation,	 activation	 and	 cross-

linking	of	plasma	polymer	at	the	membrane	surface.	Process	gas	dissociation	is	contingent	

upon	 the	 ability	 of	 an	 applied	 RF	 field	 to	 accelerate	 free	 electrons	 beyond	 the	 ionization	

potential	 (minimum	 voltage	 required	 for	 ionization)	 of	 the	 gas.	 Continuous	 inelastic	

collision	(i.e.	–	kinetic	energy	is	not	conserved)	of	electron,	ion	and	neutral	species	with	the	

process	gas	eventually	leads	to	its	dissociation.	The	current	work	evaluates	the	dissociation	

of	tetrafluoromethane	as	a	plasma	process	gas	and	the	consequential	interaction	of	reactive	

species	with	hydrophilic	PES	and	nylon	polymer	membrane	surfaces.	

	

When	 the	 electron	 energy	 exceeds	 the	 ionization	 potential,	 dissociative	 ionization	

will	 produce	 various	 fragments	 and	 species.	 Although	 tetrafluoromethane	 possesses	 a	

relatively	high	ionization	potential	(17.8	eV),	it	was	selected	as	a	process	gas	due	to	its	F/C	

ratio,	which	corresponds	with	the	ability	to	produce	an	overabundance	of	excited	fluorine	

species	 in	 the	plasma	state	 [63,	64].	 Surfeit	 fluorine	 radicals	 can	bind	onto	 the	 surface	of	

saturated	 and	 unsaturated	 hydrocarbons	 through	 hydrogen	 abstraction	 and	 double	 bond	

addition	 pathways,	 respectively	 (Figure	 4.21)	 [65].	 In	 addition	 to	 fluorine	 radicals,	 CFx	
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(where	 x	 =	1,	 2	 or	 3)	 radicals	 can	 graft	 onto	 the	 surface	 of	 polymer	membranes	 through	

similar	 mechanisms.	 To	 understand	 the	 surface	 fluorination	 mechanism	 as	 well	 as	 the	

consequent	effect	on	membrane	surface	properties,	tetrafluoromethane	plasma	treated	PES	

and	nylon	membranes	were	evaluated	by	water	contact	angle	analysis,	ATR-FTIR,	SEM-EDS	

and	XPS	techniques.	

	

	

Figure	4.21:	Surface	fluorination	of	(a)	saturated	and	(b)	unsaturated	hydrocarbons	

	

Key	 characteristics	 embodying	 a	 biomimetic	 polymer	 membrane	 are	 a	 1	 –	 upon	

hydration	 in	 an	 aqueous	 environment	 an	 unstirred	 water	 layer	 is	 formed	 and	 2	 –	 a	

hydrophobic	 surface	 mimics	 the	 lipophilic	 features	 of	 the	 intestinal	 epithelial	 cells.	

Quantitating	 the	 surface	 wettability	 of	 a	 modified	 hydrophobic	 surface	 is	 commonly	
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achieved	by	water	contact	angle	analysis.	The	water	contact	angle	(CA)	is	primarily	affected	

by,	 hydrophilicity,	 roughness	 and	 porosity	 [66].	 An	 increased	water	 contact	 angle	would	

therefore	infer	the	implementation	of	such	functionalities	on	PES	and	nylon	membranes.	On	

high	 surface	 energy	 materials,	 a	 sessile	 drop	 will	 spread,	 indicating	 wettability	 due	 to	

adhesion	 properties.	 In	 contrast,	 low	 surface	 energy	 materials	 (carbon-fluorine	 groups),	

express	 limited	 capacity	 to	 interact	 with	 aqueous	 material	 and	 result	 in	 sessile	 drop	

beading.	 This	 phenomenon	 was	 observed	 during	 water	 contact	 angle	 analysis.	 Results	

demonstrate	a	significant	rise	 in	 the	contact	angle	(PES:	0°	 to	125°	as	well	as	40°	 to	125°	

and	nylon:	0°	 to	135°)	at	 the	surface	of	 treated	membranes	(Table	4.5).	Unprocessed	PES	

membranes	 were	 asymmetric	 and	 exhibited	 water	 contact	 angles	 dependent	 upon	 the	

surface	 analyzed.	 For	 that	 reason,	 care	 was	 taken	 to	 ensure	 consistency	 among	

tetrafluoromethane	 plasma	 treatments.	 Amphiphilicity	 is	 a	 critical	 aspect	 of	 biomimetic	

membranes.	 Water	 contact	 angle	 analysis	 of	 the	 non-exposed	 surfaces	 on	 CF4	 plasma	

treated	PES	and	nylon	membranes	verify	the	modification	only	affects	the	exposed	surface.	

The	 non-exposed	 surfaces	 of	 CF4	 treated	membranes	 revealed	 contact	 angles	 identical	 to	

that	of	the	bulk	unprocessed	membranes:	PES	(CA:	0°	à	0°,	as	well	as	40°	à	40°)	and	nylon	

(CA:	 0°	à	 0°).	 Depth	 characterization	 is	 recommended	 in	 future	 studies	 to	 provide	 a	

detailed	understanding	of	the	thickness	of	the	fluorinated	layer.		
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Table	4.5:	Contact	angle	of	unprocessed	and	 tetrafluoromethane	plasma	 treated	PES	and	
nylon	membranes		

Membrane	 Treatment	 Contact	Angle	(θ)	
PES	(0.10	µm)	 None	 0°,	40°*	

PES	(0.10	µm)	 CF4	Plasma	–	5	minutes	 125°,	125°*	

Nylon	(0.10	µm)	 None	 0°	

Nylon	(0.10	µm)	 CF4	Plasma	–	5	minutes	 135°	

*Note:	Polyethersulfone	membranes	demonstrated	different	contact	angles	based	upon	the	

surface	analyzed	(top	vs.	bottom).	

	

Surface	chemical	changes	resulting	from	tetrafluoromethane	plasma	fluorination	of	

PES	and	nylon	membranes	were	evidenced	utilizing	ATR-FTIR.	As	mentioned	previously,	IR	

spectra	of	unprocessed	PES	membranes	exhibited	strong	aromatic	bands	at	1631	cm-1	and	

1578	cm-1,	as	well	as	distinct	peaks	resulting	from	the	symmetric	vibration	of	the	sulfonyl	

group	 (O=S=O)	 at	 1198	 cm-1	 and	 vibration	 of	 the	 ether	 group	 (–C–O–C–)	 at	 1276	 cm-1	

(Figure	 4.22).	 Superimposing	 unprocessed	 and	 CF4	 treated	 PES	 membranes	 infrared	

spectra	 revealed	 variations	 in	 the	 transmission	 patterns	 (Figure	 4.22).	 Fluorinated	 PES	

membranes	displayed	the	appearance	of	various	(–CF)	stretches	at	1000	cm-1	–	1400	cm-1	

in	addition	to	a	reduction	in	the	intensity	of	aromatic	bands	(–C=C–)	at	approximately	1631	

cm-1	and	1578	cm-1.	In	addition,	(–CH)	bending	transmission	peaks	at	690	cm-1	and	850	cm-1	

were	reduced	 in	signal	strength,	which	suggests	substitution	of	aromatic	hydrogen	or	 the	

presence	of	aromatic	fluorine	is	shielding	the	signal	intensity	of	(–CH).	This	data	implicates	

the	 primary	 pathway	 of	 fluorination	 on	 PES	membranes	 occurs	 through	 the	 reduction	 of	

aromatic	 alkenes	 to	 various	 fluorocarbon	 species,	 as	 presented	 in	 Figure	 4.21b.	 Defining	

specific	 fluorinated	 functional	 groups	 on	 the	 surface	 of	 treated	 PES	membranes	 by	 ATR-

FTIR	 was	 not	 possible	 due	 to	 poor	 resolution	 and	 overlapping	 of	 peaks	 in	 the	 (–CF)	
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stretching	 region;	 therefore,	 surface	 chemical	 functionalities	 were	 investigated	 with	 XPS	

analysis	and	discussed	in	subsequent	sections.		

	

	

Figure	4.22:	 Infrared	spectra	of	unprocessed	and	CF4	plasma	treated	PES	membranes	(a)	
full	spectrum	and	(b)	selected	region	

(a)


(b)


PES unprocessed
PES CF4

PES unprocessed
PES CF4
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ATR-FTIR	 spectra	 of	 unprocessed	 nylon	 membranes	 displayed	 strong	 amide	

stretching	 peaks	 corresponding	 to	 (–C=O)	 and	 (–NH)	 at	 1631	 cm-1	 and	 1535	 cm-1,	

respectively	(Figure	4.23).	 In	addition,	a	distinct	bending	peak	resulting	from	an	amine	(–

NH)	 group	 is	 seen	 at	 3300	 cm-1	 (Figure	 4.23).	 Nylon	 is	 a	 polyamide	 that	 is	 composed	

primarily	 of	 (–CH2)	 groups,	 which	 are	 portrayed	 in	 FTIR	 spectra	 as	 asymmetric	 and	

symmetric	 stretching	 peaks	 at	 2934	 cm-1	 and	 2860	 cm-1,	 respectively	 (Figure	 4.23).	 An	

overlay	 of	 unprocessed	 and	 CF4	 treated	 nylon	 membrane	 infrared	 spectra	 disclosed	

significant	variations	in	the	transmission	patterns	(Figure	4.23).	Analogous	to	treated	PES	

membranes,	 fluorinated	 nylon	 membranes	 displayed	 the	 appearance	 of	 various	 (–CF)	

stretches	 at	 1000	 cm-1	 –	 1400	 cm-1.	 The	 appearance	 of	 (–CF)	 signals	 in	 treated	 nylon	

membranes	 was	 much	 more	 intense	 compared	 to	 equivalently	 treated	 PES	 membranes.	

This	observation	infers	the	primary	mechanism	of	fluorination	in	nylon	membranes	is	the	

fluorination	 of	 saturated	 hydrocarbons	 (Figure	 4.21a)	 and	 this	 process	 may	 occur	 more	

readily	than	the	addition	of	fluorine	radical	species	to	unsaturated	hydrocarbons	as	in	PES	

membranes	(Figure	4.21b).	Unprocessed	PES	membranes	elucidated	multiple	peaks	in	the	

1000	cm-1	–	1400	cm-1	region.	Consonant	with	the	appearance	of	(–CF)	signals,	a	reduction	

of	 (–CH2)	 stretching	 peaks	 confirms	 the	 primary	 reaction	 pathway	 of	 membrane	

fluorination	 for	nylon	corresponds	 to	hydrogen	abstraction,	as	 illustrated	 in	Figure	4.21a.		

Spectral	 analysis	 of	 the	 regions	 corresponding	 to	 the	 amide	 linkage	 in	 nylon	 exhibited	 a	

reduced	 intensity	 in	 CF4	 treated	 membranes.	 This	 data	 supports	 the	 hypothesis	 of	

fluorinated	 polymerization	 and	 subsequent	 deposition	 on	 the	 membrane	 surface	 by	 CF4	

plasma.	The	intensity	of	 individual	bands	 is	proportional	to	the	number	of	components	 in	

the	path	of	applied	radiation;	which	suggests	fluorocarbon	groups	at	the	membrane	surface	
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decreased	the	absorption	path	of	the	carbonyl	and	amine	groups	and	thereby	reduced	the	

corresponding	 IR	 signals.	 In	 contrast,	 the	 ablation	 of	 nylon	membranes	 through	 polymer	

chain	scission	may	elucidate	a	supplemental	rationalization	for	the	reduced	signal	intensity	

of	 carbonyl	 and	 amine	 groups.	 Determining	 the	 specific	mechanism	 of	 plasma	 treatment	

(i.e.	 –	 ablation,	 cross-linking,	 polymerization,	 etc.)	 with	 ATR-FTIR	 was	 challenging	 and	

therefore	the	utilization	of	orthogonal	techniques	was	explored.	Further	analysis	of	surface	

chemical	 functionalities	 on	 treated	 nylon	 membranes	 was	 examined	 by	 XPS,	 and	 is	

presented	in	later	sections.		
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Figure	4.23:	Infrared	spectra	of	unprocessed	and	CF4	plasma	treated	nylon	membranes	(a)	
full	spectrum	and	(b)	selected	region	

	

(a)


(b)


Nylon unprocessed
Nylon CF4

Nylon unprocessed
Nylon CF4
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The	 structure	 and	 composition	 of	 unprocessed	 and	 CF4	 treated	 membranes	 were	

characterized	using	SEM-EDS.	SEM	images	of	 the	 top	and	bottom	surfaces	of	unprocessed	

PES	and	nylon	membranes	can	be	seen	in	Figures	4.24	and	4.25,	respectively.	Unprocessed	

PES	membranes	 illustrated	a	different	morphology	on	the	top	and	bottom	surface	(Figure	

4.24a	–	4.24b).	The	surface	dissimilarity	was	expected	due	to	the	asymmetric	nature	of	the	

PES	 membranes.	 Unprocessed	 nylon	 membranes	 presented	 similar	 morphology	 at	 both	

surfaces	(Figure	4.25a	–	4.25b).	The	effectiveness	of	the	CF4	plasma	treatment	to	modify	the	

only	exposed	surface	(top/apical)	of	PES	and	nylon	membranes	is	shown	in	Figure	4.26a	–	

4.26b	 and	 Figure	 4.27a	 –	 4.27b,	 respectively.	 The	 bottom/basal	 surfaces	 of	

tetrafluoromethane	 treated	 PES	 and	 nylon	 membranes	 were	 equivalent	 to	 that	 of	

unprocessed	 counterparts.	 Images	 of	 fluorinated	 PES	 and	 nylon	membranes	 indicated	 an	

enriched	porosity	following	plasma	treatment,	which	is	in	agreement	with	the	modification	

mechanism	 of	 plasma	 ablation.	 Relative	 to	 unprocessed	 membranes,	 the	 pore	 size	 of	

tetrafluoromethane	plasma	treated	PES	and	nylon	membranes	was	substantially	reduced.	It	

should	be	noted	that	the	extent	of	pores	size	reduction	was	much	more	significant	on	CF4	

treated	 PES	 membranes.	 The	 most	 rational	 explanation	 regarding	 the	 surface	 pore	 size	

reduction	is	cross-linking	and/or	polymerization.	Owing	to	a	large	fluorine/carbon	ratio	(>	

3),	gas	phase	polymerization	of	CF4	plasma	is	unlikely.	However,	surface	polymerization	is	

plausible	 assuming	 the	 reaction	 of	 fluorinated	 radical	 species	 with	 surface	 moieties	 is	

continuous.	 SEM	 images	 convey	 the	 surface	 roughness	 (porosity)	 of	 CF4	 plasma	 treated	

membranes	 in	 Figures	 4.26	 and	 4.27.	 As	 inferred	 from	 water	 contact	 angle	 analyses,	

fluorinated	 PES	 and	 nylon	 membranes	 presented	 an	 increased	 hydrophobicity	 at	 the	

treated	 surface.	Among	 several	 explanations,	 increased	hydrophobicity	 can	be	defined	by	
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the	 enhanced	 texturization	 of	 the	 membrane	 surface	 or	 the	 lotus	 effect	 (i.e.	 –	 a	 water	

droplet	 may	 bounce	 and/or	 roll	 off	 the	 surface).	 Furthermore,	 an	 increased	 number	 of	

deviations	 and	 irregularities	 observed	 at	 the	 surface	 of	 PES	 and	 nylon	 membranes	 are	

consistent	with	plasma	ablation/etching	treatment	mechanisms.	Plasma	ablation	or	etching	

occurs	 at	 the	 outermost	 surface	 of	 the	 polymer	 membrane	 and	 emanates	 from	 the	

disruption	 of	 weak	 covalent	 C-H	 bonds	 by	 energetic	 electrons	 and	 ions.	 Coinciding	 with	

ablation,	 surface	 activation	 of	 PES	 and	 nylon	 membranes	 is	 emphasized	 by	 the	 relative	

increase	 of	 fluorine	 in	 EDS	 spectrum	 (Figure	 4.28	 –	 4.30).	 An	 overlay	 of	 EDS	 spectra	 for	

several	points	on	the	same	surface	of	a	CF4	treated	PES	membrane	is	depicted	in	Figure	4.29	

to	 demonstrate	 homogeneity	 of	 the	 treatment.	 EDS	 spectrum	 present	 the	 compositional	

distinction	of	treated	membranes	at	a	specified	location	by	characterizing	the	distribution	

of	chemical	elements.	Table	4.6	summarizes	the	elemental	modifications	of	treated	PES	and	

nylon	membranes.		
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Figure	4.24:	 SEM	 images	of	unprocessed	PES	membranes	(a)	 top	surface	and	(b)	bottom	
surface	

(b)


(a)
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Figure	4.25:	SEM	images	of	unprocessed	nylon	membranes	(a)	top	surface	and	(b)	bottom	
surface	

(b)


(a)
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Figure	 4.26:	 SEM	 images	 of	 CF4	 treated	 PES	membranes	 (a)	 top	 surface	 and	 (b)	 bottom	
surface	

(b)


(a)
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Figure	4.27:	SEM	images	of	CF4	 treated	nylon	membranes	(a)	top	surface	and	(b)	bottom	
surface	

(b)


(a)
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Figure	4.28:	EDS	spectrum	of	PES	membranes	(a)	unprocessed	and	(b)	CF4	treated	
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Figure	4.29:	Overlay	of	EDS	spectra	for	PES	membranes	
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Figure	4.30:	EDS	spectrum	of	nylon	membranes	(a)	unprocessed	and	(b)	CF4	treated	
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Table	 4.6:	 Summary	 of	 elemental	modifications	 on	 PES	 and	 nylon	membranes	 after	 CF4	
plasma	treatment	determined	by	SEM-EDS	

	 Elemental	Ratio	(%)	
Sample	 C	 N	 O	 S	 F	 N/C	 O/C	 S/C	 F/C	

PES	Theoretical	 75	 -	 19	 6	 0	 -	 25	 8	 0	

PES	Unprocessed	 80	 -	 15	 5	 0	 -	 19	 6	 0	

PES	CF4	Treated	 78	 -	 15	 5	 2	 -	 19	 6	 3	

Nylon	Theoretical	 75	 12.5	 12.5	 -	 0	 16	 16	 -	 0	

Nylon	Unprocessed	 79	 10	 11	 -	 0	 12	 14	 -	 0	

Nylon	CF4	Treated	 75	 9	 11	 -	 5	 12	 15	 -	 7	

Note:	Elemental	ratio	excludes	hydrogen	contributions	

	

Compositional	changes	on	the	surface	of	PES	and	nylon	membranes	after	CF4	plasma	

treatment	were	evaluated	using	EDS	and	XPS.	Compared	to	EDS,	XPS	offers	more	accurate	

quantitative	analysis	of	surface	structures	as	well	as	chemical	bonding	information.	Prior	to	

CF4	 plasma	 treatment,	 the	 elemental	 ratios	 determined	 by	 SEM-EDS	 for	 PES	 (C:S:O)	 and	

nylon	(C:N:O)	membranes	were	80:5:15	and	79:10:11,	respectively	(Table	4.6).	Prior	to	CF4	

plasma	treatment,	the	elemental	ratios	established	by	XPS	for	PES	(C:S:O)	and	nylon	(C:N:O)	

membranes	 were	 75:12:13	 and	 79:4:18,	 respectively	 (Table	 4.7).	 Elemental	 ratios	 of	

unprocessed	 membranes	 are	 similar,	 which	 indicates	 the	 accuracy	 of	 fitting.	 Elemental	

percentages	 acquired	 from	 both	 techniques	 suggest	 that	 preceding	 the	 CF4	 plasma	

treatment	the	most	abundant	element	for	each	membrane	type	was	carbon.	Following	CF4	

plasma	 treatment,	 the	 most	 copious	 element	 for	 PES	 membranes	 remained	 carbon;	

however,	 EDS	 and	 XPS	 analysis	 indicated	 a	 significant	 increase	 in	 fluorine	 content.	

Following	 CF4	 plasma	 treatment,	 the	 most	 abundant	 element	 for	 nylon	 membranes	 was	
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fluorine.	 Using	 EDS	 analysis,	 the	 ratio	 of	 F/C	 increased	 from	 (0.00	à	 0.03)	 and	 (0.00	à	

0.06)	 from	 unprocessed	 to	 treated	 PES	 and	 nylon	 membranes,	 respectively.	 Using	 XPS	

analysis,	the	ratio	of	F/C	increased	from	(0.00	à	0.48)	and	(0.00	à	1.10)	from	unprocessed	

to	treated	PES	and	nylon	membranes,	respectively.	A	larger	percentage	of	fluorine	depicted	

by	XPS	analysis	relative	to	bulk	EDS	analysis	indicates	that	most	of	the	fluorine	is	confined	

to	the	surface	of	the	membrane.	Furthermore,	the	x-ray	penetration	depth	is	considerably	

minute	utilizing	the	XPS	technique;	thus	analyses	only	observed	the	top	few	nanometers	of	

the	 polymer	membranes.	 During	 EDS	 analysis	 the	 size	 of	 the	 interactive	 space	 increased	

with	the	acceleration	voltage.	Considering	the	applied	acceleration	voltage,	 it	 is	 likely	EDS	

analysis	 penetrates	 further	 than	 the	 surface	 of	 the	membrane	 and	 closer	 represents	 the	

bulk	 properties	 of	 the	 material.	 An	 increase	 in	 the	 F/C	 ratio	 advocates	 a	 deposition	 or	

activation	 of	 fluorinated	 species	 on	 the	 surface	 of	 the	 membrane.	 As	 described	 earlier,	

energetic	 and	 reactive	 species	 can	 impart	 a	 modification	 on	 the	 surface	 of	 polymer	

membranes.	These	species	are	specific	with	respect	to	the	process	gas.	Mechanistically,	the	

reactive	species	likely	present	as	a	result	of	CF4	dissociation	are	CF,	CF2,	CF3	radicals	and	F	

atoms	in	addition	to	other	 ions	[67,	68]	(Equations	4.8	–	4.12).	XPS	spectra	 insinuate	that	

the	formation	of	CF2–CF2,	CF	and	CF3	bonds	at	the	surface	of	each	polymer	membrane	lead	

to	an	enriched	fluorine	percentage	(Figure	4.31	–	4.40).	The	enlarged	fluorine	percentage	is	

described	 by	 the	 plasma	 modification	 mechanism	 of	 activation,	 in	 which	 hydrogen	 is	

substituted	with	 fluorine	and	various	 fluorocarbon	species.	Fluorination	of	PES	and	nylon	

membranes	by	 substitution	of	hydrogen	atoms	with	 fluorine	 is	 an	energetically	 favorable	

process	in	which	HF	is	a	byproduct	[19,	54,	69,	70].		
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Table	 4.7:	 Summary	 of	 elemental	modifications	 on	 PES	 and	 nylon	membranes	 after	 CF4	
plasma	treatment	determined	by	XPS	

	 Elemental	Ratio	(%)	
Sample	 C	 N	 O	 S	 F	 N/C	 O/C	 S/C	 F/C	

PES	Theoretical	 75	 -	 19	 6	 0	 -	 25	 8	 0	

PES	Unprocessed	 79	 -	 18	 4	 0	 -	 25	 4	 0	

PES	CF4	Treated	 57	 -	 14	 2	 27	 -	 25	 4	 48	

Nylon	Theoretical	 75	 12.5	 12.5	 -	 0	 16	 16	 -	 0	

Nylon	Unprocessed	 75	 12	 13	 -	 0	 16	 17	 -	 0	

Nylon	CF4	Treated	 43	 5	 7	 -	 45	 11	 15	 -	 110	

Note:	Elemental	ratio	excludes	hydrogen	contributions	

	

! + CF! → ! + CF! + F 	 	 	 			Equation	4.8	

! + CF! → ! + CF! + 2F 	 	 	 			Equation	4.9	

! + CF! → ! + CF! + F 	 	 	 Equation	4.10	

! + CF! → ! + CF+ F	 	 	 Equation	4.11	

! + CF → ! + C+ F 	 	 	 	 Equation	4.12	
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Figure	 4.31:	 XPS	 core	 level	 spectrum	 for	 unprocessed	 and	 CF4	 plasma	 treated	 PES	
membranes		
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Figure	4.32:	Primary	XPS	region	C1s	spectrum	for	unprocessed	and	CF4	plasma	treated	PES	
membranes		
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Figure	4.33:	Primary	XPS	region	F1s	spectrum	for	unprocessed	and	CF4	plasma	treated	PES	
membranes		
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Figure	4.34:	Primary	XPS	region	S2p	spectrum	for	unprocessed	and	CF4	plasma	treated	PES	
membranes		
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Figure	4.35:	Primary	XPS	region	O1s	spectrum	for	unprocessed	and	CF4	plasma	treated	PES	
membranes		
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Figure	 4.36:	 XPS	 core	 level	 spectrum	 for	 unprocessed	 and	 CF4	 plasma	 treated	 nylon	
membranes		
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Figure	 4.37:	 Primary	 XPS	 region	 C1s	 spectrum	 for	 unprocessed	 and	 CF4	 plasma	 treated	
nylon	membranes		
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Figure	 4.38:	 Primary	 XPS	 region	 F1s	 spectrum	 for	 unprocessed	 and	 CF4	 plasma	 treated	
nylon	membranes		
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Figure	 4.39:	 Primary	 XPS	 region	N1s	 spectrum	 for	 unprocessed	 and	 CF4	 plasma	 treated	
nylon	membranes		
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Figure	 4.40:	 Primary	 XPS	 region	 O1s	 spectrum	 for	 unprocessed	 and	 CF4	 plasma	 treated	
nylon	membranes		
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For	PES	membrane	treatments,	Figure	4.32	depicted	the	formation	of	(–CFx)	bonds,	

which	 increased	 with	 treatment	 time.	 The	 absence	 of	 fluorine	 in	 control	 spectra	 is	

demonstrated	 in	 Figure	 4.33.	 As	 the	 treatment	 time	 was	 increased,	 the	 intensity	 of	 the	

sulfonyl	group	was	reduced	and	eliminated,	suggesting	chain	scission	of	the	PES	backbone	

(Figure	4.34).	Similar	to	this	occurrence,	a	reduction	of	the	ether	 linkage	is	apparent	with	

increasing	treatment	time	(Figure	4.35).	Beyond	the	notion	of	fluorocarbon	chain	addition,	

cross-linking	is	also	as	a	potential	mechanism	as	a	result	of	additional	radical	reactions.	For	

nylon	 membrane	 treatments,	 Figure	 4.37	 illustrates	 the	 formation	 of	 (–CFx)	 bonds.	 The	

absence	of	fluorine	in	control	spectra	is	demonstrated	in	Figure	4.38.	The	positions	of	the	

amine	 group	 and	 carbonyl	 group	 were	 shifted	 to	 higher	 binding	 energies	 due	 to	 the	

increased	 presence	 of	 electronegative	 fluorine	 (Figure	 4.39	 and	 4.40).	 Compared	 to	 PES	

membranes,	nylon	membranes	did	not	illustrate	a	significant	elimination	of	any	functional	

groups.	The	representative	peaks	for	nylon	did	shift	in	position,	implicating	the	presence	of	

nearby	 fluorine.	 Beyond	 the	notion	 of	 fluorocarbon	 chain	 addition,	 cross-linking	 is	 also	 a	

potential	 mechanism	 as	 a	 result	 of	 additional	 radical	 reactions.	 Concomitant	 with	

morphology	 observations	 of	 increased	 porosity	 in	 treated	 membranes,	 the	 exchange	 of	

hydrogen	with	 fluorine	 at	 the	 surface	 of	 the	 PES	 and	 nylon	membranes	 also	 results	 in	 a	

more	rigid	structure.	Increased	rigidness	is	an	outcome	of	the	rotational	hindrance	due	to	

the	 larger	 atomic	 size	 of	 fluorine	 compared	 to	 hydrogen	 [62].	 The	 plasma	modifications	

describing	enhanced	rigidness	and	porosity	are	 therefore	a	combination	of	activation	and	

ablation.	 Results	 from	 SEM-EDS	 and	 XPS	 data	 support	 the	 hypothesis	 that	 CF4	 plasma	

treatment	 of	 PES	 and	 nylon	membranes	 lead	 to	 the	 formation	 of	 fluorinated	 layer	 at	 the	
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surface	 of	 the	membrane,	which	 affected	 the	morphology	 (rigidness)	 and	 hydrophobicity	

(Teflon™	like	–CF	bonds).		
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4.5 Conclusions	

	

Industry	accepted	in	vitro	dissolution	methodologies	expend	numerous	resources	to	

emulate	 in	 vivo	 conditions.	 To	 that	 point,	 existing	 membrane-permeation	 dissolution	

techniques	 utilize	 membranes	 that	 are	 expensive	 to	 manufacture	 and	 may	 be	

unrepresentative	of	the	intestinal	epithelium.	Plasma	modification	of	polymer	membranes	

is	 a	 viable	 solution	 to	membrane	 limitations.	 	 In	 the	 current	work,	 synthetic	 biomimetic	

polymer	 membranes	 were	 explored	 as	 an	 option	 to	 circumvent	 undesirable	 membrane	

attributes	such	as	cost	and	non-representative	biorelevance.	As	shown	in	low	temperature	

hydrophilic	 and	 hydrophobic	 plasma	 treatment	 studies,	 tailored	 polymer	 membrane	

modifications	 depicted	 asymmetric	 surfaces	 and	 possessed	 amphipathic	 properties.	 The	

type	 of	membrane	modification	 proved	 dependent	 upon	 the	 selected	 process	 gas	 and/or	

solvent.	

	

Water	vapor	plasma	treatment	of	hydrophobic	polypropylene	membranes	gave	rise	

to	 an	 increased	 level	 of	 hydroxyl	 groups	 on	 the	 exposed	 membrane	 surface.	 Such	

treatments	demonstrated	increased	membrane	aqueous	wettability;	however,	were	limited	

by	 treatment	 stability	 compared	 to	 hydrophobic	 treatments.	 Dichloromethane	 plasma	

treatment	of	hydrophilic	PES	and	nylon	membranes	engendered	a	chlorinated	hydrophobic	

surface.	Surface	characterization	on	chlorinated	membranes	was	performed	with	SEM-EDS.	

SEM	 results	 portrayed	 a	 surface	 morphology	 consistent	 with	 plasma	 cross-linking	

mechanisms	and	EDS	data	confirmed	 the	presence	of	a	 chlorinated	surface.	Ensuing	 from	

challenges	 associated	 with	 the	 identification	 of	 the	 specific	 DCM	 plasma	 modification	
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mechanism,	 research	 shifted	 focus	 toward	 fluorocarbon	 plasma	 treatments.	 Compared	 to	

chlorinated	 plasmas,	 fluorinated	 plasmas	 exhibit	 a	 higher	 etching	 rate	 with	 numerous	

treatment	 mechanisms.	 Possessing	 a	 fluorine/carbon	 ratio	 of	 (>	 3),	 it	 is	 suggested	 that	

perfluorohexane	plasma	 treatments	 induced	polymerization	of	 larger	 fluorocarbon	chains	

at	the	surface	of	the	membrane.	C6F14	plasma	treatment	showed	a	surface	morphology	with	

reduced	 porosity,	 analogous	 to	 that	 of	 ablation	 and	 cross-linking	 plasma	 mechanisms.	

Water	contact	angle	results	of	perfluorohexane	treated	nylon	and	PES	membranes	suggest	

the	 fluorination	of	polymer	membranes	may	be	more	effective	on	nylon	membranes	 (CA:	

120°	 vs.	 110°).	 Due	 to	 a	 fluorine/carbon	 ratio	 (>	 3),	 results	 from	CF4	 plasma	 treatments	

indicated	surface	fluorination	of	PES	and	nylon	membranes	occurred.	Observations	suggest	

fluorination	 as	 a	 more	 effective	 and	 less	 destructive	 treatment	 technique.	 Extensive	

fluorination	 ensued	 as	 a	 result	 of	 fluorine	 substitution	 for	 hydrogen.	 XPS	 and	 EDS	

established	 the	 presence	 of	 fluorine	 functional	 groups	 at	 the	 surface	 of	 PES	 and	 nylon	

membranes	 following	 CF4	 plasma	 treatment.	 Contact	 angle	 measurements	 showed	

fluorinated	 plasma	 treatments	 rendered	 the	 water	 contact	 angle	 for	 PES	 and	 nylon	

membranes	 from	 0°	 to	 125°	 and	 135°,	 respectively.	 Analysis	 of	 elemental	 changes	 (F/C	

ratio)	 from	 XPS	 and	 EDS	 techniques	 divulge	 that	 fluorinated	 plasma	 treatments	 are	

localized	 to	 the	 surface	 of	 the	 membrane	 and	 do	 not	 significantly	 influence	 the	 bulk	

properties.	Treated	membranes	will	be	evaluated	for	bioequivalent	properties	and	applied	

in	 membrane-permeation	 dissolution	 methodologies	 for	 biomimetic,	 biorelevant	 in	 vitro	

dissolution.			
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CHAPTER	 5:	 MEMBRANE-PERMEATION	 DISSOLUTION	 OF	 FELODIPINE	
AMORPHOUS	 SOLID	 DISPERSIONS	 PRODUCED	 BY	 SPRAY	 DRYING	 AND	
HOT	MELT	EXTRUSION	

	

5.1 Abstract	

	

Accurately	 forecasting	 the	 oral	 absorption	 behavior	 of	 a	 drug	 formulation	 can	

significantly	 reduce	 the	 sample	 size	 of	 animal	 and/or	 human	 clinical	 studies	 required	

during	 development	 testing.	 Recreating	 the	 gastrointestinal	 environment	 in	 vitro	 is	 an	

essential	attribute	necessary	to	predict	the	in	vivo	performance	of	drug	formulations,	which	

can	 be	 accomplished	 utilizing	 biorelevant	 dissolution	 methodologies.	 The	 current	 work	

describes	 the	 development	 of	 a	 universal	 membrane-permeation	 non-sink	 dissolution	

method	 that	 can	 provide	 analysis	 of	 complete	 drug	 speciation	 and	 emulate	 the	 in	 vivo	

performance	of	poorly	water-soluble	BCS	Class	II	compounds.	The	designed	in	vitro	system	

permits	 evaluation	 of	 amorphous	 solid	 dispersion	 formulations	 and	 offers	 insight	 to	 oral	

drug	 absorption.	 Pharmacokinetic	 processes	 such	 as	 dissolution,	 permeation	 and	

absorption	are	replicated	in	the	described	in	vitro	system	by	the	use	of	a	two-cell	apparatus,	

biorelevant	 dissolution	 media	 and	 a	 biomimetic	 polymer	 membrane.	 The	 model	 drug	

selected	 for	 this	 work	 was	 Felodipine,	 which	 is	 a	 poorly	 water-soluble	 drug	 substance.	

Amorphous	solid	dispersions	of	Felodipine	were	prepared	by	hot	melt	extrusion	and	spray	

drying	 techniques	 and	 evaluated	 for	 in	 vitro	 performance	 by	 the	 designed	 membrane-

permeation	non-sink	dissolution	method.	 Prior	 to	 ranking	 the	performance	 extruded	 and	

spray	dried	Felodipine	amorphous	solid	dispersions,	various	parameters	of	the	dissolution	

method	were	assessed	and	adjusted	to	achieve	the	most	 ideal	results.	Optimization	of	 the	
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dissolution	methodology	 focused	 primarily	 on	 drug	 concentration	 in	 the	 donor	 solution,	

agitation	 rate	 and	membrane	 type/pore	 size.	A	 stir	 rate	of	300	 rpm,	donor	 solution	drug	

concentration	 of	 1	mg/mL	 and	 PES	 polymer	membrane	with	 a	 pore	 size	 of	 1.0	 μm	were	

selected	 as	 the	 most	 ideal	 conditions	 for	 the	 studied	 system.	 The	 particle	 size	 and	 zeta	

potential	 were	 monitored	 during	 dissolution	 experiments	 to	 understand	 drug/polymer	

speciation	 and	 supersaturation	 sustainment	 of	 an	 amorphous	 solid	 dispersion.	 Values	

obtained	 during	 particle	 size	 and	 zeta	 potential	 experiments	 inferred	 the	 pathway	 of	

dissolution	 for	 an	 amorphous	 solid	 dispersion	 occurs	 sequentially	 through	 processes	 of	

dissolution	à	 supersaturation	à	 supersaturation	sustainment	à	precipitation.	Similarity	

(f2)	 and	 difference	 (f1)	 factors	 were	 assessed	 for	 dissolution	 profiles	 using	 polymer	

membranes	 and	porcine	 intestines	 to	 establish	 the	biomimetic	nature	of	 treated	polymer	

membranes.	 A	 statistical	 comparison	 of	 dissolution	 profiles	 acquired	 employing	 polymer	

membranes	 to	 dissolution	 profiles	 acquired	 using	 porcine	 intestine	 confirmed	 the	

hypothesis	that	chemically	engineered	polymer	membranes	exhibit	biorelevant	properties.	

The	designed	membrane-permeation	dissolution	methodology	presents	a	means	to	predict	

in	 vivo	 pharmacokinetic	 parameters	 through	 researching	 and	 analyzing	 a	 variety	 of	

processes	occurring	during	drug	dissolution.	

	

5.2 Introduction	

	

Historically,	 pharmaceutical	 development	 strictly	 encompassed	 synthetic	 chemists	

designing	 crystalline	 active	 pharmaceutical	 ingredients	 (APIs)	 with	 desirable	

physicochemical	 properties	 [1].	 In	 recent	 years	 a	 shift	 in	 focus	 has	 been	 observed	 as	
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approximately	 70%	 of	 candidates	 in	 drug	 pipelines	 are	 categorized	 by	 the	

biopharmaceutics	 classification	 system	 (BCS)	 as	 class	 II	 compounds.	 This	 infers	 that	 the	

prevalent	 trend	 in	 the	 pharmaceutical	 industry	 is	 the	 market	 development	 of	 drug	

substances	with	limited	aqueous	solubility	[2].	For	that	reason,	the	application	of	innovative	

formulation	 technologies	 has	 become	 widespread	 for	 the	 production	 amorphous	 solid	

dispersions,	 which	 are	 known	 to	 enhance	 the	 physicochemical	 properties	 of	 BCS	 class	 II	

drug	 substances.	 Although	 the	 production	 of	 amorphous	 solid	 dispersions	 has	 become	

somewhat	 mundane,	 understanding	 the	 dissolution	 behavior	 of	 these	 complex	 systems	

using	 current	 techniques	 continues	 to	 be	 a	 controversial	 entanglement.	 Relative	 to	 the	

crystalline	 form,	 the	 solubility	 of	 an	 amorphous	 solid	 dispersion	 is	 notably	 elevated	

resulting	 from	excess	 free	 energy	and	 complex	drug/excipient(s)	 species	 that	 are	 formed	

upon	 exposure	 to	 the	 gastrointestinal	 environment.	 Therefore,	 information	 pertaining	 to	

the	thermodynamic	properties	of	supersaturated	solutions	as	well	as	the	kinetics	of	phase	

transformation	 is	 instrumental	 during	 the	 conception	 of	 a	 drug	 formulation	 [3].	 	 In	 that	

regard,	it	is	imperative	biorelevant	dissolution	methodologies	exist	to	accurately	predict	in	

vivo	 performance,	 reduce	 development	 cost/time	 and	 limit	 excessive	 pharmacokinetic	

animal	studies.		

	

The	 basic	 function	 of	 dissolution	 testing	 throughout	 the	 life	 cycle	 of	 a	 drug	

formulation	 (formulation	 screening/design	à	 formulation	 development	à	 scale-up	à	

manufacturing)	 is	 to	 establish	 physiologically	 relevant	 conditions	 that	 predict	 in	 vivo	

performance.	 Evaluating	 dissolution	 behavior	 in	 physiologically	 relevant	 conditions	

establishes	 the	 relative	 performance	 of	 a	 drug	 formulation,	 which	 thereby	 warrants	 a	
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comprehensive	 performance	 monitoring	 at	 each	 stage.	 Beyond	 development,	 dissolution	

testing	of	commercially	manufactured	orally	administered	drug	products	must	involve	good	

manufacturing	practices	(GMP)	and	be	capable	of	confirming	batch-to-batch	quality.	Owing	

to	the	enormity	of	in	vivo	data	collected	during	development	stages,	dissolution	testing	in	a	

commercial	 setting	 is	 often	 simplified	 and	 functions	 to	 demonstrate	process	 and	product	

consistency	 [4].	 In	 contrast,	 during	 drug	 discovery	 and	 formulation	 development	 the	

availability	 of	 in	 vivo	data	 less	 available,	making	 it	 challenging	 to	 obtain	 in	 vitro	 -	 in	 vivo	

correlations	(IVIVC)	and	in	vitro	-	in	vivo	relationships	(IVIVR)	for	drug	formulations	that	are	

continuously	evolving	and	dynamic	in	nature	[5].	Thus,	a	dissolution	methodology	capable	

of	 predicting	 IVIVC/IVIVR	 during	 the	 drug	 development	 stage	 could	 significantly	 reduce	

costs	by	decreasing	the	number	of	pharmacokinetic	animal	studies	required.		

	

Traditional	 dissolution	 methodologies	 described	 in	 United	 States	 Pharmacopeia	

(USP)	 <711>	 reflect	 conditions	 approved	 by	 the	 FDA	 for	 use	 in	 applications	 that	 assure	

batch-to-batch	 quality,	 guide	 formulation	 development,	 establish	 process	 control/quality	

assurance	 and	 evaluate	 bioequivalence	 studies	 [6,	 7].	 The	 apparatuses	 alluded	 to	 in	 USP	

<711>	are	I	–	basket,	II	–	paddle,	III	–	reciprocating	cylinder	and	IV	–	flow	through	cell.	The	

corresponding	methodologies	are	 considered	 the	gold	 standard	 in	dissolution	 testing	and	

recommend	 experiments	 to	 be	 performed	 in	 sink	 conditions	 (i.e.	 –	 volume	 of	 dissolution	

media	>	3	 times	drug	solubility)	 for	 realistic	 characterization	of	drug	 formulations	 [8].	 In	

that	 regard,	 BCS	 class	 II	 drug	 substances	 present	 a	 unique	 challenge	 resulting	 from	 low	

solubility	(i.e.	–	20	mg/L)	in	aqueous	dissolution	media.	In	order	to	achieve	sink	conditions	

for	BCS	class	II	drug	substances,	excessive	volumes	of	dissolution	media	must	be	supplied.	
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For	 drug	 substances	with	 limited	 aqueous	 solubility,	 non-sink	 dissolution	 conditions	 are	

widely	 accepted	 to	 provide	 a	 direct	 evaluation	 of	 drug	 supersaturation	 and	 formulation	

performance	 in	 physiologically	 relevant	 conditions	 [9].	 In	 addition	 to	 solubility	

considerations,	 alternative	 dissolution	 methodologies	 focus	 on	 replicating	 the	

gastrointestinal	 environment	 by	 selecting	 the	 appropriate	 dissolution	 media	 (pH	 shift,	

surfactants,	bile	salts	and	phospholipids)	and	apparatus.	Fed	and/or	fasted	state	simulated	

gastric/intestinal	fluids	(FeSSGF,	FaSSGF,	FeSSIF,	FaSSIF)	at	appropriate	pH	conditions	are	

commonly	accepted	as	biorelevant	media	by	researchers	and	compendial	sources	[10,	11].	

Implementing	 simulated	 gastric/intestinal	 media	 and	 evaluating	 a	 combination	 of	

dissolution	methodologies	affords	a	means	to	construct	IVIVC/IVIVR	for	drug	formulations.	

	

To	 obtain	 IVIVC/IVIVR	 and	 accurately	 rank	 the	 relative	 order	 of	 formulation	

performance	for	orally	administered	amorphous	solid	dispersions,	drug	speciation	must	be	

considered.	 Oral	 administration	 of	 an	 amorphous	 solid	 dispersion	 involves	 several	

processes	 including	 disintegration,	 dissolution,	 precipitation,	 diffusion	 and	 absorption.	 In	

general,	disintegration	of	a	tablet	or	capsule	comprised	from	an	amorphous	solid	dispersion	

hydrates	 into	 wetted	 drug-polymer	 composites/aggregates.	 Disintegration	 and/or	

deaggreagation	 of	 these	 structures	 generates	 drug-polymer	 particles,	 which	 in	 turn	

undergo	dissolution	to	form	free	drug	(i.e.	–	dissolved	drug	or	drug	in	solution).	Diffusion	of	

dissolved	 drug	 through	 the	 unstirred	 aqueous	 layer	 and	 across	 the	 intestinal	 epithelium	

leads	 to	 the	 absorption	 of	 drug	 in	 the	 bloodstream.	 Coinciding	 with	 the	 aforementioned	

phenomena,	precipitation	of	crystalline	drug	from	an	amorphous	solid	dispersion	can	also	

occur	resulting	from	the	thermodynamic	instability	of	the	amorphous	state.	Complex	drug	
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containing	species	function	to	maintain	supersaturated	free	drug	concentration	during	the	

process	 of	 dissolution.	 However,	 of	 those	 species	 only	 free	 drug	 is	 absorbed	 into	 the	

bloodstream,	inferring	drug	speciation	is	a	critical	aspect	of	in	vitro	dissolution	testing.		

	

The	formation	and	function	of	these	species	has	been	suggested	by	Vodak	et	al.	[12].	

Several	 potential	 microstates	 comprised	 of	 drug	 and/or	 polymer	 are:	 free	 drug,	 free	

polymer,	drug	in	bile	salt/lecithin	micelles,	polymer	colloids,	drug-polymer	nanostructures,	

aggregates	of	drug-polymer	nanostructures,	 and	drug	 in	precipitate	 [13-15].	 In	vivo	 these	

species	 function	 to	 continuously	 replenish	 the	 supply	 of	 free	 drug	 as	 it	 is	 absorbed.	

Therefore,	the	mechanisms	of	bioavailability	and	sustained	supersaturation	rely	immensely	

on	 these	 species	 to	 maintain	 elevated	 concentrations	 of	 drug	 in	 the	 intestinal	 tract.	 An	

accurate	 and	 biorelevant	 in	 vitro	 dissolution	 methodology	 must	 consider	 the	 effect	 of	

complex	drug-polymer	species	without	analyzing	the	actual	content.		

	

Sequestering	free	drug	from	precipitated	drug	and	other	drug	containing	species	in	

the	 bulk	 dissolution	 media	 requires	 filtration	 and/or	 centrifugation.	 The	 importance	 of	

filtration	 becomes	 evident	 as	 various	 complications	 can	 arise	 during	 sample	 preparation	

(filtration)	of	drug	formulations.	In	particular,	the	selection	of	membrane	filters	has	shown	

to	 impact	 drug	 permeation	 and	 drug	 adsorption	 in	 dissolution	 studies	 of	 formulations	

resulting	 from	 drug-polymer	 interactions	 with	 the	membrane	 filter	 [16].	 To	 isolate	 total	

drug	content	and	assess	the	performance	of	amorphous	solid	dispersion	systems,	filtration	

of	 dissolution	 samples	was	 required	 for	 dispersions	manufactured	 by	 hot	melt	 extrusion	

[17-22]	and	spray	drying	[15,	23,	24].	Alternatively,	ultrafiltration	techniques,	which	enlist	
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membranes	with	molecular	weight-cutoffs	of	approximately	3000	Da,	have	 illustrated	 the	

ability	to	quantitate	free	drug	and	evaluate	dissolution	performance	[25,	26].	Although	the	

inclusion	 of	 a	 filtration	 step	 in	 dissolution	 testing	 has	 demonstrated	 success,	 difficulties	

arise	in	analysis	of	multiple	components	due	to	large	volume	requirements	and	availability	

of	USP	apparatuses	[5].		

	

In	 addition	 to	 filtration,	 analysis	 of	 total	 drug	 content	 in	 solid	 dispersions	 can	 be	

accomplished	 by	 centrifugation.	 The	 principle	 theory	 of	 centrifugation	 is	 that	 applied	

centrifugal	 force	 sediments	 a	 mixture	 of	 species	 based	 on	 size	 or	 density.	 Equation	 5.1	

depicts	the	capabilities	of	microcentrifuge	dissolution	for	amorphous	solid	dispersions	and	

infers	 total	 dissolved	 drug	 content	 represents	 an	 amalgamation	 of	molecularly	 dissolved	

free	 drug,	 drug	 in	 bile-salt	micelles	 and	 various	 other	 drug-polymer	microstates	 [12].	 To	

remove	 large	 precipitates	 and	 avoid	 inaccurately	 reporting	 elevated	 drug	 concentrations,	

microcentrifuge	 dissolution	 was	 investigated	 for	 dissolution	 testing	 of	 amorphous	 solid	

dispersions	produced	by	hot	melt	 extrusion	and	spray	drying	 [13,	15,	27-30].	Briefly,	 the	

procedure	for	microcentrifuge	dissolution	as	described	by	Curatolo	et	al.	 is	as	follows:	(1)	

an	 amount	 of	 sample	 is	 added	 to	 a	 2.0	 mL	 Eppendorf	 tube	 to	 obtain	 a	 concentration	

approximately	three	times	the	solubility	of	the	drug	(non-sink	conditions)	in	FaSSIF	media	

at	pH	6.5,	(2)	following	the	addition	of	dissolution	media,	the	Eppendorf	tube	is	vortexed	to	

disperse	the	sample	and	equilibrated	at	37°C,	(3)	at	a	desired	time	point	the	Eppendorf	tube	

is	centrifuged	to	separate	total	dissolved	drug	from	larger	precipitates	and	the	supernatant	

is	sampled	into	an	organic	solvent	to	cease	precipitation	and	further	dissolution	and	(4)	the	
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Eppendorf	 tube	 is	 then	 vortexed	 to	 re-distribute	 the	 dissolution	 media	 and	 sample	

components	and	re-equilibrated	at	37°C	until	the	next	time	point	[13].		

	

! !"!#$ =  ! !"## + ! !"#$%%$& + !/! !"#$%&'(')&	 Equation	5.1	

Where	 ! 	 infers	 the	 concentration	 of	 drug	 and	 !/! 	 represents	 the	 concentration	 of	

drug/polymer	microstates	[12].		

	

Microcentrifuge	 dissolution	 mimics	 in	 vivo	 gastrointestinal	 conditions	 with	 the	

application	of	biorelevant	media.	As	discussed	previously,	exposure	of	a	solid	dispersion	to	

biorelevant	 media	 induces	 the	 generation	 of	 various	 drug	 containing	 species.	 Although	

microcentrifuge	 dissolution	 adequately	 resolves	 the	 total	 dissolved	 drug	 from	 larger	

precipitates	and	crystalline	drug,	it	does	not	demonstrate	the	ability	to	isolate	free	drug.	If	

the	 centrifugal	 force	 is	 accelerated,	 the	 aptitude	 of	 centrifugation	 to	 segregate	 colloidal	

species	of	drug/polymer	microstates	and	molecularly	dissolved/isolated	 free	drug	will	be	

enhanced.	 Mitra	 et	 al.	 employed	 ultracentrifuge	 dissolution	 to	 address	 the	 impact	 of	

polymer	 on	 the	 bio-performance	 of	 hot	melt	 extruded	 formulations	 [31].	 Ultracentrifuge	

dissolution	has	also	been	utilized	to	evaluate	solid	dispersions	at	a	molecular	level	through	

the	removal	of	colloidal	species	[32-34].	Gao	et	al.	demonstrated	the	utility	of	a	simple	pH	

transition	ultracentrifuge	dissolution	technique	to	establish	accurate	IVIVR	for	a	rat	model	

[35].	Ultracentrifugation	dissolution	demands	substantial	development	work	up	front	with	

supportive	analytical	tools	such	as	NMR	to	confirm	resolution	of	molecularly	dissolved	free	

drug	 from	 drug-polymer	 microstates	 and	 colloidal	 species.	 The	 application	 of	
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ultracentrifuge	dissolution	 in	a	 research	and	development	environment	can	be	 limited	by	

instrument	availability	(cost)	and	development	time.		

	

Beyond	 filtration	 and	 centrifugation,	 biphasic	 solvent	 partitioning	

(aqueous/organic)	can	be	used	to	sequester	free	drug	from	other	species	during	dissolution	

testing.	 Solvent	 partitioning	 dissolution	 embodies	 a	 biphasic	 system	 in	 which	 an	 upper	

organic	 phase	 promotes	 sink	 conditions	 for	 absorption	 of	 a	 drug	 from	 a	 lower	 aqueous	

phase	operating	in	non-sink	conditions.	Fundamental	aspects	pertaining	to	solvent	partition	

dissolution	 are:	 (1)	 the	 organic	 solvent	 creates	 a	 sink	 reservoir	 for	 the	 active	

pharmaceutical	 ingredient	of	 the	 formulation	and	 (2)	 the	organic	 solvent	 (i.e.	 –	 saturated	

hydrocarbons,	commonly	with	the	number	of	carbon’s	>	6)	is	not	miscible	with	the	aqueous	

media.	Pharmacokinetic	research	has	explored	solvent	partitioning	dissolution	as	a	tool	to	

evaluate	 free	drug	 concentration	and	mimic	drug	absorption	 into	 the	bloodstream	 [8,	36,	

37].	Gibaldi	and	Feldman	hypothesized	that	if	sink	conditions	are	maintained	throughout	in	

vitro	 dissolution	 experiments,	 results	 would	 resemble	 those	 obtained	 in	 vivo;	 therefore,	

permitting	 quantitative	 correlations	 with	 in	 vivo	 results	 to	 be	 established	 [38].	 Typical	

analyses	involve	a	continuous	series	of	in	situ	dissolution-partitioning	events	based	on	the	

lipophilic	 properties	 of	 the	 drug	 and	 the	 ability	 of	 the	 organic	 phase	 to	 maintain	 sink	

conditions.	 From	 a	 research	 and	 development	 perspective,	 biphasic	 solvent	 partitioning	

dissolution	studies	have	been	employed	to	rank	the	performance	order	of	early	formulation	

prototypes	 of	 drug	 substances	 with	 limited	 aqueous	 solubility	 [39-41].	 In	 such	 studies	

obtaining	 rank	 order	 relationships	 is	 achievable;	 however,	 ascertaining	 IVIVC/IVIVR	 is	

often	 challenging	 due	 to	 misleading	 elevated	 drug	 concentrations	 in	 the	 organic	 phase	
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resulting	 from	 the	 lack	 of	 an	 inter-phase	 barrier.	 Undissolved	 drug	 and	 drug/polymer	

microstates	 in	 the	 aqueous	 phase	 may	 accumulate	 at	 the	 aqueous/organic	 interface.	

Consequentially,	 direct	 exposure	 of	 drug	 and	 drug	 containing	 species	 to	 a	 solvent	 that	

provides	sink	conditions	may	result	in	artificially	high	drug	concentrations	observed	in	the	

organic	phase.	Renditions	of	biphasic	solvent	partitioning	dissolution	methodologies	have	

incorporated	a	 flow	 through	cell	 to	prevent	direct	 contact	of	undissolved	 species	with	an	

organic	 phase.	 Nevertheless,	 difficulties	 still	 exist	 concerning	 the	 hydrodynamics	 of	

diffusion	 due	 to	 the	 kinetic	 influence	 of	 shear	 force	 on	 the	 dissolution	 rate	 of	 drug	

substances.		

	

To	 address	 shortcomings	 of	 biphasic	 solvent	 partitioning,	 membrane-permeation	

dissolution	 methodologies	 incorporate	 a	 microporous	 biomimetic	 membrane	 at	 the	

interface	 of	 the	 aqueous/organic	 bilayer.	 Acting	 as	 a	 partition	 and	 physical	 barrier,	 the	

microporous	 membrane	 averts	 undissolved	 drug	 and	 drug	 containing	 species	 from	

traversing	into	the	organic	phase.	Therefore,	undissolved	species	are	filtered	based	on	size	

(membrane	 pore	 size	 –	 size	 exclusion)	 and	 solubility	 (hydrophilicity	 of	 polymer	 colloid	

species)	 [5].	 An	 in	 vitro	 methodology	 that	 incorporates	 physiological	 conditions	 of	 the	

gastrointestinal	 tract	 and	 encompasses	 processes	 of	 dissolution,	 permeation	 and	

absorption,	 will	 demonstrate	 drastically	 enhanced	 biorelevance.	 Membrane-permeation	

dissolution	 systems	 have	 shown	 to	 contribute	 immensely	 in	 candidate	 selection	 in	 early	

drug/formulation	development	stages	[42].		
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Development	 of	 multi-compartment	 dissolution/permeation	 systems	 has	

demonstrated	progress	in	predicting	IVIVC/IVIVR	in	recent	years	[43].	In	such	systems,	the	

most	 pivotal	 aspect	 is	 the	 membrane.	 Common	 membranes	 employed	 in	

dissolution/permeation	 systems	 are	 composed	 of	 intestinal	 epithelial	 cells	 or	 artificial	

membrane	 models	 such	 as:	 Caco-2	 cells,	 Madin-Darby	 canine	 kidney	 (MDCK)	 cells	 and	

parallel	artificial	membrane	permeability	assay	(PAMPA).		

	

Caco-2	 permeability	 membranes	 are	 constituted	 of	 human	 epithelial	

adenocarcinoma	cells	grown	on	a	filter	support.	Since	being	introduced,	Caco-2	assays	have	

become	respected	by	the	FDA	as	a	means	to	measure	permeability	in	a	biorelevant	manner	

[44].	 In	 particular,	 Caco-2	 monolayers	 resemble	 the	 human	 intestinal	 morphology	 by	

expressing	a	transporters	and	enzymes	[45].	Despite	championed	acknowledgements,	Caco-

2	assays	suffer	shortcomings	such	as:	absence	of	a	mucous	layer,	thickness	control	issues	of	

the	unstirred	water	layer,	long	incubation	period	(21	days),	inter-laboratory	variation	and	

elevated	transepithelial	electrical	resistance	(TEER)	[46-48].	To	avoid	extended	incubation	

periods,	 MDCK	 cells	 are	 commonly	 used	 for	 dissolution/permeability	 studies,	 as	 they	

require	 approximately	 5	 days	 of	 incubation.	 MDCK	 cells	 can	 be	 utilized	 to	 mimic	 drug	

permeability	 as	 well	 as	 suggest	 plausible	 mechanisms	 of	 drug	 absorption	 in	 vivo	 [49].	

However,	ensuing	from	differences	in	tight	junctions	and	other	active	transport	properties,	

MDCK	 cells	 in	 certain	 studies	 have	 shown	 insignificant	 correlation	 to	 in	 vivo	 studies	 for	

compounds	that	exhibit	poor	permeability	[49].		
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Although	 cell-based	 practices	 are	 well	 characterized,	 they	 demonstrate	 challenges	

associated	with	cell	culturing	and	stability.	Consequently,	alternative	non-biological	or	cell-

free	 approaches	 have	 risen	 in	 popularity.	 A	 filter	 supported	 lipid	 membrane	 system,	

PAMPA,	was	 first	 introduced	by	Kansy	et	 al.	 as	 a	high	 throughput	 transcellular	 screening	

tool	 [50,	 51].	 PAMPA	utilizes	 a	 lipid	 impregnated	 hydrophobic	 filter	 support	 sandwiched	

between	 a	 multi-well	 microtitre	 plate	 and	 cell	 compartment.	 Each	 compartment	 is	

constituted	 with	 aqueous	 buffer	 solutions	 containing	 additives	 and	 solubilizing	 agents	

respective	 to	 their	 function	 (i.e.	 –	donor	vs.	 acceptor).	The	effectiveness	of	 this	 technique	

was	 illustrated	 by	 establishing	 a	 correlation	 between	 the	 absorption	 of	 19	 structurally	

diverse	compounds	in	humans	with	flux	values	obtained	across	a	PAMPA	membrane	in	Li	et	

al.	 [52].	 Renditions	 of	 the	 original	 technique	 have	 explored	 the	 effect	 of	 various	 lipid	

compositions,	 as	 the	 composition	 has	 been	 demonstrated	 to	 have	 an	 appreciable	

dependence	on	drug	permeability	[53].	Specifically,	lipophilic	compounds	have	proven	to	be	

sensitive	 to	 the	 lipid	 composition	 of	 the	 impregnated	membrane,	 resulting	 in	membrane	

retention	 of	 the	 drug	 and	 decreased	 concentration	 in	 the	 acceptor	 compartment	 [49].	

Further	 limitations	of	PAMPA	are	 related	 to	 the	contribution	of	 the	unstirred	water	 layer	

and	 the	 concern	 that	 it	 may	 underestimate	 permeability	 [54].	 Considering	 the	 above	

challenges,	 the	 most	 advantageous	 application	 of	 PAMPA	 is	 drug	 discovery.	 The	 high	

throughput	nature	of	the	technique	permits	rapid	screening	and	cherry	picking	of	potential	

lead	compounds	for	future	development	[55].	

	

Deficiencies	 in	 existing	 membranes	 may	 limit	 the	 application	 of	 aforementioned	

methodologies	 to	 specific	 compounds	 and	 techniques.	 Expanding	 on	 concepts	 related	 to	
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PAMPA	membranes,	 plasma	modified	microporous	 polymer	membranes	 exist	 as	 a	 viable	

option	as	a	universal	biomimetic	membrane.	Plasma	modifications	of	microporous	polymer	

membranes	 manipulate	 physical	 and	 chemical	 characteristics	 of	 universal	 polymer	

membranes	and	permit	membranes	to	act	as	surrogates	for	the	intestinal	membrane	during	

dissolution	testing.	Conducive	to	the	success	of	plasma	modified	microporous	membranes	

are	factors	such	as	cost,	 lifetime,	chemical/pH	compatibility	and	control	over	the	depth	of	

the	unstirred	aqueous	layer.	

	 	

Membrane-permeation	dissolution	is	a	novel	technique	for	analysis	of	compounds	in	

biorelevant	 conditions.	 Membrane-permeation	 dissolution	 systems	 employing	 cell	 based	

and	 cell-free	 based	 membranes	 can	 be	 configured	 to	 function	 in	 a	 vertical	 assembly.	

Without	complex	engineering	and	internal	detection	tools,	real-time/in	situ	analysis	of	drug	

concentration	in	both	compartments	(donor	and	acceptor)	may	be	physically	challenging.	In	

contrast,	 side-by-side	or	horizontal	 cell	 assemblies	 are	 simple,	 increase	 stirring	 efficiency	

and	permit	continuous	analysis	or	sampling	of	each	compartment.		

	

In	this	study	it	was	postulated	that	a	side-by-side	cell	configuration	equipped	with	a	

plasma	treated	microporous	polymer	membrane	could	function	as	a	universal	membrane-

permeation	 dissolution/absorption	 methodology	 for	 analysis	 of	 free	 drug	 in	 amorphous	

solid	 dispersions.	 Combining	 numerous	 processes	 into	 a	 single	 technique	 warrants	

comprehensive	 analysis	 of	 drug	 formulations.	 Felodipine,	 a	 weak	 base	 (pKa	 =	 5.07)	 was	

selected	as	a	model	BCS	Class	II	drug	as	it	exhibits	an	aqueous	solubility	of	approximately	1	

µg/mL	and	an	octanol/water	partition	 coefficient	 (logP)	of	3.48	 [56,	57].	Formulations	of	
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20%,	33%	and	50%	Felodipine	in	HPMCAS	were	produced	by	hot	melt	extrusion	and	spray	

drying	 technologies	 for	 evaluation	 by	 the	 proposed	 membrane-permeation	

dissolution/absorption	 methodology.	 Initially,	 critical	 operational	 parameters	 of	 the	

designed	dissolution	method	were	assessed	to	ensure	optimal	performance	and	maximum	

biorelevance	 were	 achieved.	 All	 formulations	 were	 characterized	 using	 the	 membrane-

permeation	dissolution/absorption	system	and	ranked	according	to	their	predicted	in	vivo	

performance.	 To	 assess	 the	 extent	 of	 supersaturation	 and	 dissolution	 behavior	 of	

Felodipine	solid	dispersions,	the	free	drug	concentration	in	the	acceptor	cell	compartment	

was	 monitored	 concomitantly	 with	 the	 zeta-potential	 and	 particle	 size	 of	 the	 donor	 cell	

compartment	solution	at	various	time	points	during	a	dissolution	study.	A	further	objective	

of	the	current	study	was	to	compare	the	relative	performance	of	Felodipine/HPMCAS	solid	

dispersions	using	microcentrifuge	and	membrane-permeation	dissolution	methods.				

	

5.3 Materials	and	Methods	

	

5.3.1 Materials	

	

Felodipine	 (±	 ethyl	 methyl	 4-(2,3-dichlorophenyl)-1,4-dihydro-2,6-dimethyl-3,5-

pyridinedicarboxylate)	 was	 purchased	 from	 Vega	 Pharma	 Limited	 (Zhejiang,	 China).	

HPMCAS-MG	 and	 HPMCAS-MMG	 (hydroxypropyl	methylcellulose	 acetate	 succinate)	 were	

kindly	donated	by	Shin-Etsu	Chemical	Co.,	Ltd.	(Tokyo,	Japan).	Solvents	and	chemicals	used	

for	 spray	drying,	 hot	melt	 extrusion,	 in	 vitro	dissolution	 testing,	 and	high	pressure	 liquid	

chromatography	 (HPLC)	 analysis	were	 analytical	 or	 ACS	 grade.	 Analytical	 grade	 solvents	
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and	 chemicals	 –	 acetonitrile,	 methanol,	 ammonium	 acetate	 and	 sodium	 phosphate	

monobasic	were	purchased	from	VWR	(New	Jersey,	USA).	ACS	grade	or	equivalent	solvents	

and	chemicals	–	sodium	chloride,	decanol,	acetone,	sodium	hydroxide	and	hydrochloric	acid	

were	 purchased	 from	 VWR	 (New,	 Jersey,	 USA).	 FaSSIF	 powder	 was	 purchased	 from	

Biorelevant.com	 (London,	UK).	 Polyethersulfone	 (diameter	 –	 25mm,	 pore	 size	 –	 0.03	 µm,	

0.2	µm	and	0.45	µm,	nominal	thickness	–	110	µm	to	150	µm)	and	nylon	(diameter	–	25mm,	

pore	size	–	0.1	µm,	0.2	µm	and	0.45	µm,	nominal	 thickness	–	65	µm	to	125	 	µm)	polymer	

membrane	 filters	 were	 purchased	 from	 Sterlitech	 Corporation	 (Washington,	 USA).	

Polytetrafluoroethylene	 sheets	 (thickness	 –	 6.35	 mm)	 were	 purchased	 from	 VWR	 (New	

Jersey,	 USA).	 Research	 grade	 nitrogen	 (99.99%	 purity)	 gas	 was	 purchased	 from	 Praxair	

(New	Jersey,	USA)	and	utilized	as	a	purge	gas	during	plasma	treatments.	Commercial	grade	

tetrafluoromethane	(99.2%	purity)	gas	was	purchased	from	Concorde	Specialty	Gases	(New	

Jersey,	 USA).	 	 Ultrapure	 water	 (resistivity	 –	 18	 MΩ•cm)	 was	 obtained	 from	 a	 Milli-Q®	

purification	system	(EMD	Millipore,	New	Jersey,	USA).	

	

5.3.2 Methods	

	

5.3.2.1 Amorphous	Solid	Dispersion	Preparation		

	

5.3.2.1.1 Hot	Melt	Extrusion	(HME)	

	

Hot	melt	extrudates	of	Felodipine	were	produced	at	20%,	33%	and	50%	(w/w)	drug	

loading	 with	 HPMCAS-MMG.	 A	 Thermo	 Pharma	 11	 co-rotating	 twin-screw	 extruder	
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(Thermo	Scientific,	USA)	with	a	screw	diameter	of	11	mm	and	L/D	ratio	of	40:1	was	used	to	

for	processing	mixtures	of	Felodipine	and	HPMCAS-MMG.	Prior	to	extrusion,	Felodipine	and	

HPMCAS-MMG	 mixed	 thoroughly	 in	 a	 polyethylene	 bag.	 The	 blended	 mixture	 was	 fed	

volumetrically	at	a	rate	of	500	g/hr	into	a	hopper	and	extruded	at	a	temperature	of	160°C	

with	 a	 screw	 rotation	 speed	 of	 100	 rpm.	 The	molten	 extrudate	was	 quenched	 in	 an	 air-

cooled	 zone	 and	 milled	 using	 a	 Fitzpatrick	 L1A	 Laboratory	 Fitzmill	 (The	 Fitzpatrick	

Company,	Illinois,	USA)	equipped	with	a	0.010-inch	screen,	operating	in	a	hammers	forward	

configuration	at	9,000	rpm.	Modulated	differential	scanning	calorimetry	(mDSC)	and	x-ray	

powder	diffraction	(XRPD)	were	used	to	demonstrate	all	extrudates	were	void	of	crystalline	

Felodipine.		

	

5.3.2.1.2 Spray	Drying	

	

Spray-dried	dispersions	of	Felodipine	were	produced	at	20%,	33%	and	50%	(w/w)	

drug	loading	with	HPMCAS-MG.	Prior	to	spray	drying,	acetone	feed	solutions	of	Felodipine	

and	HPMCAS-MG	mixtures	were	prepared	with	10%	(w/w)	concentration	of	solids.	Spray	

dried	 dispersions	 were	 produced	 in	 a	 laboratory	 scale	 spray	 dryer	 –	 BÜCHI	 Mini	 Spray	

Drier	 B-290	 (BUCHI	 Corporation,	 Delaware,	 USA).	 The	 spray	 drier	 was	 operated	 with	

nitrogen	 in	 single	 pass	mode	 (open	 loop).	 The	 aspirator	was	 set	 to	 100%	 of	 its	 capacity	

(maximum	40	kg/h).	A	flow	rate	of	1.0	kg/h	was	set	to	achieve	atomization	with	nitrogen.	

The	 feed	 flow	 rate	 was	 set	 to	 30%	 for	 the	 peristaltic	 pump.	 The	 inlet	 temperature	 was	

adjusted	to	54°C	to	achieve	an	outlet	temperature	of	40°C.	Following	spray	drying,	the	wet	

solid	 dispersions	 were	 subjected	 to	 a	 secondary-drying	 step	 in	 a	 vacuum	 oven	 with	 a	
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temperature	 of	 40°C	 for	 approximately	 24	 hours.	 Modulated	 differential	 scanning	

calorimetry	 (mDSC)	 and	 x-ray	 powder	 diffraction	 (XRPD)	 were	 used	 to	 demonstrate	 all	

spray	dried	dispersions	were	void	of	crystalline	Felodipine.	

	

5.3.2.2 In	Vitro	Membrane-Permeation	Dissolution		

	

A	non-sink	membrane-permeation	dissolution	 test	was	used	 to	emulate	 the	 in	vivo	

performance	 of	 Felodipine/HPMCAS	 amorphous	 solid	 dispersions	 and	 crystalline	

Felodipine.	A	Side-By-Side	Cell	(PermeGear	Inc.,	Pennsylvania,	USA)	outfitted	with	treated	

and	 untreated	 polymer	 membranes	 was	 used	 to	 determine	 the	 free	 drug	 available	 and	

solubility	 enhancement	 of	 Felodipine/HPMCAS	 amorphous	 solid	 dispersions	 relative	 to	

crystalline	 Felodipine	 (Figure	 5.1).	 The	 donor	 cell	 and	 acceptor	 cells	 were	 composed	 of	

FaSSIF	solution	at	pH	6.5	and	decanol,	respectively.	Decanol	was	selected	for	the	acceptor	

cell	solution	because	it	is	immiscible	with	the	aqueous	dissolution	media	and	acts	a	sink	for	

the	drug.	The	temperature	of	the	donor	and	acceptor	cell	compartments	was	maintained	at	

37°C	 and	 the	 cells	 were	 agitated	 at	 a	 rate	 of	 300	 rpm	 using	 a	 60-position	 stir	 plate	

(Variomag-USA,	Florida,	USA).	Untreated	membranes	were	inserted	between	the	donor	and	

acceptor	 cell.	 In	 a	 similar	manner,	 treated	membranes	were	 inserted	 between	 the	 donor	

and	acceptor	cell	and	positioned	so	that	the	hydrophilic	surface	of	the	membrane	faced	the	

donor	cell	 and	 the	hydrophobic	 surface	of	 the	membrane	 faced	 the	acceptor	 cell.	Treated	

membranes	were	prepared	using	a	hydrophobic	plasma	treatment	procedure.	Appropriate	

amounts	Felodipine/HPMCAS	amorphous	solid	dispersions	and	crystalline	Felodipine	were	

added	to	the	donor	cell	such	that	non-sink	conditions	were	fulfilled.	Dissolution	testing	was	
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performed	over	a	time	period	of	300	minutes	and	samples	were	obtained	at	intervals	such	

as	0,	 30,	 60,	 120,	 180,	 240	 and	300	minutes.	 Samples	 acquired	 from	 the	donor	 cell	were	

centrifuged	 for	 60	 seconds	 at	 13,500	 rpm.	 Following	 centrifugation	 the	 supernatant	was	

diluted	 1:1	 (v/v)	 with	 acetonitrile	 to	 cease	 precipitation	 and	 analyzed	 by	 HPLC	 to	

determine	the	concentration	of	Felodipine	in	solution.	Samples	acquired	from	the	acceptor	

cell	were	analyzed	directly	by	HPLC	to	establish	 the	concentration	of	Felodipine.	The	 flux	

(change	 in	 mass	 across	 an	 element	 of	 area	 per	 unit	 time)	 of	 Felodipine	 from	 donor	 to	

acceptor	cell	compartment	was	determined	from	a	plot	of	free	drug	concentration	vs.	time	

using	the	slope	from	the	linear	regression.		
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Figure	5.1:	Membrane-permeation	dissolution/absorption	system		

	

5.3.2.2.1 Fasted	State	Simulated	Intestinal	Fluid	(FaSSIF)	Preparation	

	

Approximately	 1	 L	 of	 FaSSIF	 was	 prepared	 by	 dissolving	 0.420	 g	 of	 sodium	

hydroxide	 (NaOH),	 3.9540	 g	 of	 sodium	 phosphate	 monobasic	 (monohydrate)	

(NaH2PO4•H2O)	 and	 6.186	 g	 of	 sodium	 chloride	 (NaCl)	 in	 0.9	 L	 of	 purified	 water.		
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Adjustment	to	pH	6.5	was	made,	as	necessary,	with	1	N	NaOH	or	1	N	HCl	and	volume	was	

increased	to	1.0	L.			Approximately	2.24	g	of	FaSSIF	powder	was	added	to	0.5	L	of	the	buffer,	

stirred	until	complete	dissolution	occurred	and	made	up	to	1.0	L	with	the	remaining	buffer	

solution.		The	resulting	FaSSIF	solution	was	allowed	to	equilibrate	for	at	least	2	hours	prior	

to	use.	

	

5.3.2.2.2 Felodipine	–	Partition	Coefficient	Determination	

	

Partition	 coefficient	 measurements	 were	 made	 at	 37°C	 using	 an	 incubated	

microplate	 shaker	 (VWR,	 Pennsylvania,	 USA).	 A	 temperature	 of	 37°C	 was	 selected	 to	

provide	conditions	similar	to	dissolution	studies.	A	known	amount	of	Felodipine	was	added	

to	 a	 vessel	 containing	 equal	 volumes	 of	 nonpolar	 organic	 solvent	 and	 aqueous	 solution	

(FaSSIF,	water).	The	vessels	were	agitated	for	24	hours	to	ensure	equilibrium	in	each	phase	

was	achieved.	Following	agitation,	the	phases	were	separated	and	the	concentration	of	each	

phase	was	determined	by	HPLC	analysis.		

	

5.3.2.2.3 Membrane	Biorelevance	Evaluation	

	

Non-sink	membrane-permeation	dissolution	testing	was	performed	as	described	in	

previous	 sections	 with	 the	 application	 of	 porcine	 intestines	 for	 the	 membrane.	 Porcine	

intestines	 were	 purchased	 from	 a	 local	 source.	 The	 biomimetic	 nature	 of	 the	 treated	

polymer	membranes	was	determined	by	statistical	comparisons	of	their	dissolution	profiles	

with	that	of	porcine	intestines.	
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5.3.2.3 Analytical	Techniques		

	

5.3.2.3.1 High	Pressure	Liquid	Chromatography	(HPLC)	

	

The	 concentration	of	 Felodipine	during	dissolution	 testing	was	measured	using	an	

Alliance	HPLC	(Waters	Corporation,	Massachusetts,	USA)	equipped	with	a	photodiode	array	

detector	(PDA).	Analysis	was	performed	using	a	Sunfire	C18	column	(4.6	x	150	mm,	3.5	μm)	

(Waters	Corporation,	Massachusetts,	USA).	A	20	mM	ammonium	acetate	 (NH4OAc)	buffer	

was	prepared	by	weighing	1.54	g	NH4OAc	into	1000	mL	of	deionized	water.	Felodipine	was	

analyzed	 using	 an	 isocratic	 mobile	 phase	 comprised	 of	 25/75	 (v/v)	 20	 mM	

NH4OAc/Methanol,	 a	 flow	rate	of	1.0	mL/min,	 column	 temperature	of	60°C	and	detection	

wavelength	of	360	nm.	The	method	has	a	detection	limit	of	0.025	μg/mL	and	demonstrated	

linearity	 using	 a	 standard	 curve	 in	 the	 range	 of	 (0.05	 –	 100	 μg/mL)	 with	 a	 correlation	

coefficient	(r2)	of	1.000.	The	concentration	of	Felodipine	from	 in	vitro	dissolution	samples	

was	quantitated	based	upon	a	single	point.	

	

5.3.2.3.2 Dynamic	Light	Scattering	(DLS)	

	

To	 investigate	 the	 types	 of	 species	 present	 during	 dissolution	 testing,	 the	 particle	

size	and	zeta	potential	were	evaluated	using	a	Zetasizer	Nano	ZS90	(Malvern	Instruments	

Ltd.,	 Worcestershire,	 UK)	 equipped	 with	 a	 He-Ne	 633	 nm	 laser.	 An	 aliquot	 of	 aqueous	
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dissolution	media	was	collected	at	time	points	0,	30,	60,	120,	180,	240	and	300	minutes	and	

filtered	 through	grade	no.	4	whatman	 filter	paper	 (GE	Healthcare	Bio-Sciences,	Pittsburg,	

PA,	USA)	remove	 large	aggregates.	Samples	were	analyzed	at	37°C	 for	60	seconds	using	a	

glass	 cuvette,	 equipped	 with	 a	 dip-cell	 (Malvern	 Instruments	 Ltd.,	 Worcestershire,	 UK)	

during	 zeta	 potential	 analysis.	 Scattering	 information	 was	 detected	 at	 173°	 using	 non-

invasive	 backscattering	 optics	 (NIBS)	 to	 reduce	 the	 effect	 of	multiple	 scattering	 and	dust	

contamination.	

	

5.3.2.3.3 Polarized	Light	Microscopy	(PLM)	

	

Microscopic	 analysis	 was	 carried	 out	 using	 a	 Leica	 DM750	 microscope	 (Leica	

Microsystems,	 Germany)	 with	 a	 40X	 objective.	 Samples	 were	 observed	 under	 cross	

polarizers	 to	 characterize	 the	 crystallization	 behavior	 of	 Felodipine	 amorphous	 solid	

dispersions	during	dissolution	experiments.	A	 small	 aliquot	 (~	1	–	2	drops)	of	donor	 cell	

dissolution	media	was	sampled	via	a	pipette	and	deposited	onto	a	glass	slide.	Images	were	

captured	 using	 a	 Leica	 ICC50	 HD	 digital	 camera	 (Leica	 Microsystems,	 Germany)	 and	

interpreted	using	LAS	4.1	software	(Leica	Microsystems,	Germany).	

	

5.4 Results	and	Discussion	

	

With	 the	advent	of	 solubility	enhancement	 technologies	and	simultaneous	upsurge	

in	 commercially	 available	 amorphous	 solid	 dispersions,	 the	 need	 for	 reliable	 biorelevant	

dissolution	techniques	 is	clear.	Existing	techniques	struggle	to	suggest	 in	vivo	 information	
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due	 to	 challenges	 related	 to	 replicating	 the	pharmacokinetics	 aspects	 associated	with	 the	

oral	administration	of	a	drug	substance	and	other	mechanisms	that	transpire	during	transit	

through	 the	 gastrointestinal	 tract.	 A	 dissolution	 method	 capable	 of	 predicting	 in	 vivo	

performance	 can	 significantly	 reduce	 the	 number	 animal/human	 studies,	 accelerate	 drug	

development	 and	 diminish	 costs	 [58].	 Current	 standardized	 compendial	 procedures	 are	

unable	 to	 measure	 absorption,	 elimination	 and	 solids	 transfer	 [58].	 And	 while	 newly	

designed	 dissolution	 methods	 encompass	 some	 of	 these	 aspects,	 they	 are	 yet	 to	 be	

standardized.	 The	 present	 work	 describes	 the	 development	 of	 a	 universal	 membrane-

permeation	dissolution/absorption	method	that	can	be	used	to	understand	the	behavior	of	

supersaturated	 systems	 and	 provide	 information	 that	 insinuates	 the	 relative	 in	 vivo	

performance	of	amorphous	solid	dispersions.		
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5.4.1 In	Vitro	Membrane-Permeation	Dissolution	

	

5.4.1.1 Parameter	Optimization	

	

A	 preliminary	 assessment	 was	 executed	 to	 optimize	 parameters	 critical	 to	 the	

dissolution	 apparatus	 and	 methodology.	 Features	 such	 as	 the	 partition	 coefficient	 of	

Felodipine	 in	 donor/acceptor	 media,	 agitation	 rate,	 membrane	 pore	 size	 and	 drug	 dose	

were	evaluated.	In	addition	to	 in	vivo	considerations,	selected	parameters	were	studied	to	

determine	their	effective	working	range	in	the	designed	apparatus.	

	

	 A	key	aspect	of	biphasic	dissolution	systems,	and	in	particular	membrane-permeation	

dissolution/absorption	system	is	 the	 immiscibility	of	each	solvent	phase.	 In	general,	most	

solvents	are	miscible	even	at	small	amounts.	To	ensure	minimal	miscibility	and	limit	false	

permeation	 of	 drug,	 solvents	 with	 water	 solubilities	 less	 than	 5%	 (%	 w/w)	 were	

investigated.	 Since	 the	 concentration	 gradient	 between	 the	 donor	 and	 acceptor	 cell	

functions	as	 the	major	driving	 force	of	drug	permeation,	 the	accepter	cell	 solution	should	

create	 a	 sink	 environment	 for	 the	 drug.	 To	 ensure	 optimal	 sink	 conditions	 during	

dissolution	 studies,	 the	 partition	 coefficients	 of	 Felodipine	 in	 several	 immiscible	 solvent	

systems	 were	 evaluated.	 Decanol	 exhibited	 the	 largest	 partition	 coefficient	 (~5000)	 and	

was	selected	as	the	solution	for	the	acceptor	cell	in	all	future	experiments	with	Felodipine.		

	

An	 ideal	dissolution	method	would	 reproduce	 the	hydrodynamics	and	 flow	rate	of	

the	 gastrointestinal	 tract.	 Insight	 to	 the	 unstirred	 aqueous	 layer	 depth	 and	 intestinal	
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residence	 time	can	be	 studied	 through	varying	 the	agitation	 rate	of	 each	 cell.	Membrane-

permeation	 methods	 that	 have	 employed	 Caco-2	 and	 PAMPA	membranes	 have	 shown	 a	

significant	 dependence	 on	 the	 agitation	 rate	 with	 respect	 to	 drug	 permeation	 and	

absorption	 [59].	 In	certain	systems,	 increasing	 the	agitation	rate	permits	 reduction	of	 the	

unstirred	aqueous	layer	thickness.	Even	so,	mechanical	 limitations	may	restrict	the	ability	

to	control	the	depth	of	the	unstirred	aqueous	layer	to	a	physiologically	relevant	level.		The	

current	work	eliminates	the	need	to	investigate	the	correlation	between	agitation	rate	and	

unstirred	 aqueous	 layer	 thickness	 by	 fixing	 the	 depth	 of	 the	 hydrophilic	 surface	 in	 the	

membrane.	 To	 understand	 the	 working	 range	 of	 the	 apparatus	 and	 ensure	 excessive	

agitation	was	not	applied,	dissolution	tests	were	performed	stressing	the	agitation	rate	the	

device	(150,	300,	600	rpm)	(Figure	5.2).	Results	revealed	enhanced	agitation	corresponded	

to	 increased	drug	absorption.	An	agitation	rate	of	300	rpm	was	selected	 for	 the	designed	

membrane-permeation	dissolution/absorption	system	as	it	represented	the	apex	at	which	

the	absorption	of	Felodipine	plateaued.			
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Figure	 5.2:	 Graphical	 representation	 of	 drug	 absorption	 profiles	 against	 time	 for	 spray	
dried	 Felodipine	 (1:4	 Felodipine:HPMCAS)	with	 varying	 agitation	 rates	 in	 the	 donor	 and	

acceptor	cells.		

	

Researchers	commonly	utilize	biorelevant	media	(simulated	intestinal	fluid)	during	

dissolution	studies	to	mimic	physiological	conditions	of	gastrointestinal	fluid	[5].	Composed	

of	 natural	 surfactants,	 biorelevant	 dissolution	 media	 provides	 enhanced	 solubilizing	

capabilities.	Upon	exposure	to	bile	salts	(i.e.	–	sodium	taurocholate)	and	lecithin,	species	of	

various	 sizes	 and	 compositions	 are	 generated	due	 to	 drug/polymer	 interactions	with	 the	

dissolution	media	 [14].	Colloid,	micelle	and	nanoaggregate	 complexes	play	a	 fundamental	

role	 in	 maintaining	 a	 supersaturated	 state	 of	 amorphous	 solid	 dispersions,	 but	 are	 not	

absorbed	 in	 vivo.	 The	 presented	 dissolution	 methodology	 allows	 permeation	 of	 free	 or	

dissolved	 drug,	 while	 restricting	 all	 other	 drug-containing	 species.	 This	 is	 accomplished	
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though	 an	 interplay	 of	 physical	 and	 chemical	measures.	 The	designed	 technique	 employs	

biomimetic	membranes	with	minimal	pore	sizes	to	physically	filter	undissolved	species	and	

nonpolar	acceptor	cell	solutions	to	create	an	environment	in	which	undissolved	species	lack	

solubility.	Therefore,	the	surface	porosity	and	membrane	pore	size	could	have	a	significant	

effect	 on	 the	 permeation	 and	 absorption	 of	 a	 drug	 substance.	 It	 has	 been	 suggested	 that	

drug-containing	 species	 range	 in	 size	 from	20	–	500	nm	[14].	Nylon	and	PES	membranes	

with	pore	sizes	ranging	from	0.03	–	0.45	μm	were	used	to	investigate	the	most	appropriate	

pore	 size	 for	 the	membrane-permeation	dissolution	 apparatus	 (Figure	5.3).	 At	 pore	 sizes	

greater	 than	 0.45	 μm,	 increased	 drug	 transfer	 was	 observed	 as	 a	 result	 of	 inadequate	

filtration	of	drug-containing	species.	Exploiting	larger	pore	sizes	can	increase	the	number	of	

species	 that	 entered	 the	 unstirred	 aqueous	 layer	 and	 falsely	 enhanced	 the	 likelihood	 of	

permeation	 and	 dissolution	 into	 the	 acceptor	 cell.	 In	 contrast,	 at	 pore	 sizes	 <	 0.1	 μm,	

decreased	drug	absorption	was	observed.	Diminished	drug	absorption	is	believed	to	be	an	

artifact	 of	 membrane	 fouling,	 which	 consequently	 degraded	 membrane	 performance.	 A	

graphical	representation	of	drug	absorption	profiles	for	Felodipine	exploiting	various	pore	

size	membranes	can	be	seen	in	Figure	5.3a	and	Figure	5.3b.	A	PES	membrane	with	a	pore	

size	of	0.1	μm	was	selected	for	future	experiments	based	on	its	correlation	with	a	porcine	

intestinal	membrane	(Figure	5.8).			
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Figure	 5.3:	 Graphical	 representation	 of	 drug	 absorption	 profiles	 against	 time	 for	 spray	
dried	Felodipine	(1:4	Felodipine:HPMCAS)	using	CF4	plasma	treated	(a)	nylon	membranes	–	

pore	sizes	0.1	μm,	0.2	μm	and	0.45	μm	and	(b)	PES	membranes	–	pore	sizes	0.03	μm,	0.1	μm	

and	0.2	μm	

	

Due	 to	 volume	 constraints	 associated	 with	 dissolution	 cell	 compartments,	 the	

designed	 membrane-permeation	 dissolution	 apparatus	 is	 limited	 to	 5	 mL	 in	 donor	 and	
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acceptor	cells.	Achieving	perfect	sink	conditions	with	the	current	system	is	undesirable,	as	

it	 would	 yield	 information	 that	 lacks	 physiological	 relevance.	 To	 ensure	 product	 quality,	

dissolution	studies	of	supersaturating	oral	dosage	forms	should	be	performed	in	non-sink	

conditions,	 which	 predict	 the	 in	 vivo	 performance	 of	 drug	 formulations	 [9].	 During	

gastrointestinal	 transit,	 amorphous	 solid	 dispersions	 exist	 as	 a	 supersaturated	 solution	

with	a	concentration	that	far	exceeds	the	drugs	crystalline	solubility.	A	dissolution	method	

functioning	as	a	surrogate	test	to	evaluate	relative	in	vivo	performance	of	amorphous	solid	

dispersions	 would	 be	 capable	 of	 deciphering	 various	 drug	 loadings,	 thus	 permitting	 an	

assessment	on	the	effect	of	drug	dose	and	permeability.	This	may	be	assessed	with	a	single	

formulation	by	increasing	the	amount	of	drug	in	solution.	To	establish	the	working	range	of	

the	 apparatus	 with	 regards	 to	 solids	 loading	 and	 drug	 concentration,	 selected	 amounts	

(concentrations	1	–	10	mg/mL)	of	a	spray	dried	Felodipine	(1:4	Felodipine:HPMCAS)	were	

assessed.	Results	indicate	the	concentration	of	Felodipine	in	the	acceptor	cell	compartment	

considerably	decreased	above	drug	concentrations	of	1	mg/mL	(Figure	5.4).	Thus,	deducing	

two	 conclusions:	 1	 –	 at	 elevated	 concentrations	 the	 kinetic	 solubility	 of	 Felodipine	 is	

exceeded	and	the	amorphous	solid	dispersion	precipitates	from	a	supersaturated	solution	

to	 the	 crystalline	 form	 or	 2	 –	 fouling	 of	 the	 membrane	 has	 occurred.	 Supplemental	 to	

membrane	 fouling,	 it	 is	 likely	 that	 pores	 at	 the	 membrane	 surface	 were	 physically	

obstructed	 due	 to	 significant	 amounts	 of	 solid	 material	 present	 in	 the	 donor	 cell	

compartment.	 Information	pertaining	 to	 solids	 loading	and	drug	dosage	 can	be	 critical	 to	

understanding	the	crystallization	kinetics	of	supersaturated	solutions	as	well	as	estimating	

the	in	vivo	performance	of	amorphous	solid	dispersions.		
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Figure	5.4:	 Graphical	 representation	of	 drug	 absorption	profiles	 against	 time	 for	 various	
concentrations	of	spray	dried	Felodipine	(1:4	Felodipine:HPMCAS)	0.1	mg/mL,	1.0	mg/mL	

and	10.0	mg/mL	using	CF4	plasma	treated	PES	membranes.	

	

5.4.1.2 Predicting	Amorphous	Solid	Dispersion	Performance		

	

This	 research	 was	 designed	 to	 construct	 a	 dissolution	 method	 that	 is	 capable	 of	

predicting	the	in	vivo	performance	of	amorphous	solid	dispersions	using	a	reliable	and	cost	

effective	 method;	 which	 thereby,	 provides	 rationale	 and	 support	 during	 formulation	

development.	The	bioavailability	of	a	drug	substance	is	limited	by	factors	such	as	solubility,	

dissolution	 rate	 and	 permeability.	 The	 discussed	 membrane-permeation	 dissolution	

method	 offers	 a	 tool	 to	 suggest	 the	 interplay	 of	 solubility	 and	 permeability	 on	 in	 vivo	
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performance.	A	detailed	investigation	is	presented	using	data	from	various	spray	dried	and	

hot	melt	extruded	amorphous	solid	dispersions	of	a	model	BCS	class	II	drug,	Felodipine.		

	

Initially,	 dissolution	 profiles	 of	 Felodipine	 (1:4	 Felodipine:HPMCAS	 SDD)	 were	

examined	 to	estimate	 the	extent	at	which	supersaturation	was	maintained	 in	vivo	(Figure	

5.5).	The	ability	to	monitor	the	concentration	of	Felodipine	in	the	donor	and	acceptor	cell	

offers	 insight	 into	 mechanisms	 such	 as	 supersaturation,	 nucleation,	 crystallization	 and	

diffusion.	Monitoring	the	concentration	of	Felodipine	in	the	donor	cell	in	Figure	5.5a	depicts	

that	 1:4	 Felodipine:HPMCAS	 spray	 dried	 dispersion	 reached	 a	 maximum	 dissolved	

concentration	 in	 FaSSIF	 of	 153	 μg/mL	 at	 180	 minutes.	 Supersaturation	 periods	 are	

dependent	 upon	 polymer	 selection.	 Following	 supersaturation,	 precipitation	 occurred	

slowly	for	17	hours.	Over	a	17	hour	time	period,	the	concentration	of	Felodipine	gradually	

decreased	to	59	μg/mL,	which	was	approximately	60	times	that	of	its	crystalline	form	(~	1	

μg/mL	 aqueous	 solubility).	 The	 acceptor	 cell	 in	 Figure	 5.5b	 exhibits	 a	 linear	 increase	 in	

Felodipine	 concentration	 (r2	 =	 1.000)	 after	 the	 180-minute	 time	 point;	 wherein,	 the	

concentration	of	the	donor	cell	became	relatively	constant.	The	linear	increase	of	Felodipine	

in	the	acceptor	cell	during	this	period	of	time	is	indicative	of	supersaturation	sustainment.	

Ensuing	 from	 a	 slow	 onset	 of	 dissolution	 and	 delayed	 precipitation	 of	 Felodipine	 in	 the	

donor	 cell	 compartment,	 the	 concentration	 of	 Felodipine	 in	 the	 acceptor	 cell	 increased	

continuously	over	24	hours.	The	unremitting	elevating	 concentration	of	Felodipine	 in	 the	

acceptor	cell	solution	is	explained	by	the	constant	replenishment	of	free	drug	in	the	donor	

cell	 solution	 from	drug	 containing	 species	 as	 Felodipine	permeates	 the	membrane	 and	 is	

absorbed.	 Gautschi	 et	 al.	 suggests	 formulation	 derived	 drug	 species	 such	 as	 micelles,	
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colloids,	nanoaggregates	and	nanostructures,	form	during	wetting	and	disintegration	of	the	

amorphous	 solid	 dispersion	 and	 function	 as	 a	 potential	 source	 of	 free	 drug	 supply	 [60].	

Throughout	the	duration	of	 the	experiment	the	concentration	of	Felodipine	 in	both	donor	

and	acceptor	compartments	indicates	that	complete	de-supersaturation	did	not	occur.	The	

data	 presented	 in	 Figure	 5.5	 suggests,	 HPMCAS	 provided	 excellent	 supersaturation	 and	

sustainment	at	studied	drug	to	polymer	ratios.		

	

	

Figure	 5.5:	 Graphical	 representation	 of	 drug	 release	 profiles	 against	 time	 for	 1:4	
Felodipine-HPMCAS	Spray	Dried	Dispersion	(a)	Donor	cell,	(b)	Acceptor	cell.		
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Up	to	this	point,	the	described	dissolution	model	has	been	utilized	for	the	analysis	of	

Felodipine	content	 in	donor	and	acceptor	cell	 solutions.	 It	has	been	proven	successful	 for	

the	 assessment	 of	 supersaturation,	 nucleation	 of	 crystalline	 drug	 and	 precipitation	 of	

amorphous	drug	from	an	amorphous	solid	dispersion	of	Felodipine.	Information	pertaining	

to	 supersaturation	and	nucleation	 is	 vital	 in	 formulation	development	and	understanding	

factors	 that	 influence	 the	 dissolution	 behavior	 can	 be	 instrumental	 for	 developing	 a	

formulation	that	prolongs	the	state	of	supersaturation.	Sustaining	drug	supersaturation	is	a	

challenge	 frequently	 encountered	 during	 development	 work	 due	 to	 the	 unstable	

thermodynamic	 nature	 corresponding	 to	 the	 amorphous	 form.	 A	 critical	 attribute	

pertaining	to	supersaturation	of	an	amorphous	solid	dispersion	is	drug/polymer	speciation.	

Understanding	 the	 influence	 of	 these	 species	 on	 drug	 supersaturation	 can	 provide	

fundamental	information	that	is	beneficial	for	optimizing	formulations.	Due	to	the	design	of	

the	dissolution	apparatus,	particle	size	and	zeta	potential	analysis	of	the	donor	cell	solution	

can	be	performed	to	determine	the	various	species	present	and	suggest	their	stability.	Zeta	

potential	is	a	measured	charge	revealed	by	any	particle	in	a	dispersed	condition,	and	is	used	

here	 to	 offer	 an	 estimation	 on	 the	 degree	 of	 precipitation	 [61].	 In	 general,	 zeta	 potential	

values	 greater	 than	 30	 mV	 are	 representative	 of	 a	 stable	 solution	 due	 to	 tendency	 of	

charged	particles	to	overcome	aggregation	by	repelling	one	another	[62,	63].	Zeta	potential	

values	less	than	10	mV	are	symbolic	of	agglomeration	and	precipitation.		

	

Particle	 size	 and	 zeta	 potential	 values	 measured	 from	 the	 donor	 cell	 during	

dissolution	of	 extruded	Felodipine	 (1:4	 Felodipine:HPMCAS)	 and	HPMCAS	 can	be	 seen	 in	

Table	 5.1.	 Extruded	 solid	 dispersions	 were	 utilized	 for	 zeta	 potential	 and	 particle	 size	
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analysis	for	reasons	associated	with	sample	filtration.	For	each	time	point,	the	particle	size	

is	reported	as	an	average	value	in	nanometers	(nm)	and	zeta	potential	in	millivolts	(mV).	In	

addition,	 a	 relative	 percentage	 by	 volume	 of	 specific	 particle	 sizes	was	 also	 investigated.	

Initial	 particle	 size	 values	 greater	 than	 1000	 nm	 indicated	 the	 presence	 of	 large	 species.	

These	species	are	short	lived	and	correspond	to	the	addition	of	material	being	disseminated	

throughout	 the	 dissolution	 media.	 Analysis	 of	 zeta	 potential	 values	 at	 the	 onset	 of	

dissolution	 is	 challenging	 to	 interpret	 due	 to	 the	 uniformity	 of	 the	 donor	 cell	 media.	

Considerably	 low	zeta	potential	 values	 (5	 -	 10	mV)	 signify	 a	 thermodynamically	unstable	

solution,	which	is	associated	with	the	initial	mechanism	of	dissolution	and	supersaturation.	

This	 process	 is	 described	 by	 the	 freeing	 of	 drug	molecules	 from	 the	 solid	 phase	 into	 the	

liquid	phase.	These	molecules	traverse	into	a	layer	of	stagnant	liquid	and	form	a	saturated	

solution	of	solvent	engulfing	the	solid	molecules.	A	rapid	reduction	of	particle	size	to	48	and	

36	nm	at	t	=	15	and	30	minutes,	respectively,	 insinuates	drug	dissolution	and	consequent	

solution	supersaturation.	In	contrast,	an	increase	in	zeta	potential	values	to	-18	and	-20	mV	

observed	 at	 the	 15	 and	 30	 minute	 time	 points,	 respectively,	 embodies	 the	 formation	 of	

colloidal	 and	micellular	 species	 that	 correspond	with	 improved	 dispersion	 stability.	 Zeta	

potentials	 greater	 than	 15	mV	 infer	 that	 the	 solution	 is	 thermodynamically	 stable,	 (i.e.	 –	

precipitation	from	the	amorphous	form	is	not	present	at	this	point	in	the	dissolution	study).	

As	depicted	by	the	dissolution	profile	of	Felodipine	in	Figure	5.5a,	as	well	as	the	particle	size	

and	zeta	potential	values	in	Table	5.1,	the	sustainment	of	supersaturation	is	quite	obvious.	

Average	 particle	 size	 values	 remained	 relatively	 constant	 at	 approximately	 40	 nm	

throughout	 the	 initial	90	minutes	of	 the	dissolution	experiment.	Friesen	et	al.	 reports	 the	

particle	size	of	drug-polymer	nanostructures	and	nanoaggregates	ranges	from	20	to	100	nm	
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and	 70	 to	 300	 nm	 respectively	 [14].	 As	 mentioned,	 these	 species	 act	 to	 continuously	

replenish	 free	or	dissolved	drug	 as	 it	 is	 absorbed	 into	 the	 acceptor	 cell.	 The	particle	 size	

values	for	Felodipine	(1:4	Felodipine:HPMCAS	HME)	between	time	points	30	–	120	minutes	

range	 from	 40	 –	 231	 nm,	 which	 suggests	 the	 presence	 of	 nanostructures	 and	

nanoaggregates	and	justifies	the	prolonged	supersaturation	observed	in	Figure	5.5a	(Table	

5.1).	It	should	be	noted	that	reported	particle	size	values	represent	the	average	particle	size	

of	 the	 various	 species	 present.	 A	 closer	 look	 at	 the	 sizes	 of	 the	 individual	 species	 offers	

significant	insight	to	supersaturation	sustainment.	Although	the	average	particle	size	values	

at	 t	 =	 180	 and	 240	minutes	 are	 1215	 and	 2103	 nm	 respectively,	 the	majority	 of	 species	

present	ranged	from	38	–	409	nm	(180	minutes)	and	32	–	571	nm	(240	minutes).	This	data	

suggests	the	larger	particles	may	have	interfered	with	the	analysis	during	these	time	points,	

which	 resulted	 in	 a	 large	 average	 particle	 size	 value	 (Figure	 5.6).	 Zeta	 potential	 values	

remained	 comparatively	 constant	 	 (-14	 –	 -20	 mV)	 over	 that	 period	 of	 time	 (30	 –	 120	

minutes)	 confirming	 the	 extent	 of	 supersaturation	 is	 a	 result	 of	 the	 species	 present.	 The	

formation	 of	 large	 precipitates	 is	 implied	 by	 the	 increase	 in	 average	 particle	 size	 of	 the	

donor	cell	solution	to	1774	nm	at	t	=	300	minutes.	In	addition,	~90%	of	species	at	this	time	

point	 exhibited	 a	 particle	 size	 of	 1017	 nm.	 This	 asserts	 the	 occurrence	 of	 nucleation	 of	

crystalline	 Felodipine	 from	 its	 amorphous	 form.	 Furthermore,	 zeta	 potential	 values	

decreased	to	-8	mV,	confirming	the	presence	of	larger	aggregates	in	solution.		In	conjunction	

with	 drug	 absorption	 studies,	 particle	 size	 and	 zeta	 potential	 analysis	 can	 provide	

invaluable	information	during	early	phase	formulation	development.		
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Table	5.1:	Particle	size	and	zeta	potential	analysis	of	Felodipine	and	HPMCAS	

	
20%	Felodipine	(HME)	 HPMCAS	

Time	(min)	 Particle	Size	
(nm)	

Zeta	Potential	
(mV)	

Particle	Size	
(nm)	

Zeta	Potential	
(mV)	

15	 48	 -18	 N/av	 N/av	

30	 36	 -20	 67	 -13	

60	 41	 -19	 67	 -13	

120	 231	 -14	 76	 -4	

180	 1215	 -9	 69	 -7	

240	 2103		 -10	 N/av		 N/av	

300	 1774	 -8	 97	 -11	
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15	Minutes	
Size	(d.nm)	 Intensity	(%)	

Peak	1	 30.6	 100	

Peak	2	 -	 -	

Peak	3	 -	 -	

Average	 47.5	 -	

30	Minutes	 Size	(d.nm)	 Intensity	(%)	

Peak	1	 35.7	 100	

Peak	2	 -	 -	

Peak	3	 -	 -	

Average	 36.2	 -	

60	Minutes	 Size	(d.nm)	 Intensity	(%)	

Peak	1	 40.7	 100	

Peak	2	 -	 -	

Peak	3	 -	 -	

Average	 41.3	 -	

120	Minutes	 Size	(d.nm)	 Intensity	(%)	

Peak	1	 39.1	 83	

Peak	2	 228.9	 16	

Peak	3	 7.0	 1	

Average	 231.1	 -	
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Figure	5.6:	Particle	size	values	of	species	present	in	20%	Felodipine	extrudate	

	

Analysis	of	crystalline	Felodipine	yielded	zeta	potential	values	of	approximately	-15	

mV	and	particle	size	values	>	500	nm.	Obtaining	accurate	values	for	crystalline	Felodipine	

was	 challenging	 due	 to	 its	 insolubility.	 Visual	 observations	 of	 the	 cuvette	 containing	

180	Minutes	 Size	(d.nm)	 Intensity	(%)	

Peak	1	 37.7	 66	

Peak	2	 409.0	 34	

Peak	3	 -	 -	

Average	 1215.0	 -	

240	Minutes	 Size	(d.nm)	 Intensity	(%)	

Peak	1	 570.7	 79	

Peak	2	 31.9	 21	

Peak	3	 -	 -	

Average	 2103.0	 -	

300	Minutes	 Size	(d.nm)	 Intensity	(%)	

Peak	1	 1017.0	 90	

Peak	2	 28.2	 7	

Peak	3	 98.8	 3	

Average	 1774.0	 -	
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crystalline	 Felodipine	 solution	 from	 the	 donor	 cell	 compartment	 revealed	 large	 species	

settling	at	the	base	of	the	cuvette,	thereby	limiting	analysis.	Particle	size	values	of	HPMCAS	

were	consistent	over	 the	duration	of	 the	dissolution	study	 (67	–	97	nm),	which	 indicated	

the	 likelihood	 of	 colloidal	 polymer	 species.	 The	 variation	 in	 zeta	 potential	 values	 for	

HPMCAS	supports	notion	of	the	formation	of	colloidal	species	during	dissolution	testing.	

	

Polarized	light	microscope	images	can	be	seen	in	Figure	5.7.	The	donor	cell	solution	

was	 sampled	 periodically	 throughout	 the	 duration	 of	 a	 dissolution	 study	 to	 evaluate	 the	

presence	 of	 crystalline	 Felodipine.	 Visual	 observations	 align	 with	 data	 established	 in	

particle	size	and	zeta	potential	studies.	The	presence	of	crystalline	material	is	absent	from	0	

–	90	minutes.	At	120	minutes	the	appearance	of	minute	amounts	of	crystalline	Felodipine	is	

observed	 (Figure	5.7).	At	 approximately	240	and	300	minutes,	PLM	 images	 revealed	 that	

the	process	of	nucleation	has	begun.	It	should	be	noted	that	PLM	images	were	acquired	in	at	

a	 temperature	 of	 25°C,	 which	 may	 have	 induced	 crystallization	 of	 Felodipine	 from	 the	

dissolution	 media	 that	 was	 maintained	 at	 37°C.	 Additional	 PLM	 studies	 should	 be	

performed	at	elevated	temperatures	to	confirm	the	observed	results.	Crystalline	Felodipine	

and	HPMCAS	are	also	shown	for	reference	(Figure	5.7).	
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Figure	5.7:	Polarized	light	microscope	images	of	donor	cell	solution	

30	Minutes	

60	Minutes	

90	Minutes	

120	Minutes	

240	Minutes	

300	Minutes	

Crystalline	

HPMCAS	



	 257	

	

	 The	oral	drug	absorption	of	Felodipine	can	be	predicted	through	an	evaluation	of	the	

interplay	between	 solubility	 and	permeability	 in	 the	donor	 and	acceptor	 cell	 respectively	

[64,	 65].	 Understanding	 the	 flux	 of	 Felodipine	 through	 the	 biomimetic	 membrane	 is	 a	

critical	 aspect	 to	 interpreting	 that	 relationship.	With	 regards	 to	 the	proposed	 system,	 the	

concentration	of	Felodipine	is	relatively	constant	 in	the	donor	cell,	while	the	acceptor	cell	

exists	 in	 sink	 conditions.	 Equation	 5.2	 describes	 the	 flux,	 J,	 of	 drug	 molecules	 diffusing	

across	a	biomimetic	membrane	[66].	The	flux	is	defined	as	the	rate	of	passive	diffusion	or	

the	 change	 in	mass	 per	 unit	 time	 (
!"
!" )	 and	 is	 dependent	 upon	 the	 effective	 permeability	

(!!""),	 the	surface	area	of	 the	 intestinal	membrane	(!)	and	the	concentration	of	 the	drug	

substance	 in	 the	 blood	 and	 lumen	 (!!"##$ ,!!"#$%).	 Where,	 !!"" = ! ∙ !!! 	 and	 K	 is	 the	

membrane-aqueous	partition	 coefficient,	!!	 is	 the	diffusion	 coefficient	of	 the	drug	 in	 the	

membrane	and	!	 is	 the	 thickness	of	 the	barrier.	Flux	calculations	 for	 spray	dried	and	hot	

melt	 extruded	 amorphous	 solid	 dispersions	 can	 be	 seen	 in	 Table	 5.2.	 Flux	 values	 were	

calculated	at	a	time	segment	where	the	drug	absorption	into	the	acceptor	cell	demonstrated	

a	 linear	 value.	 The	 amount	 of	 applied	material	was	 adjusted	 based	 on	 the	 percentage	 of	

drug	 in	 each	 formulation	 to	 ensure	 all	 experiments	 were	 performed	 using	 analogous	

amounts	of	Felodipine.	Results	indicate	that	spray	dried	amorphous	solid	dispersions	with	

20%	and	33%	drug	loading	possessed	the	highest	flux	and	therefore	absorption	potential	of	

the	 analyzed	 formulations.	 Interestingly	 the	 rank	 order	 of	 performance	 established	 by	

microcentrifuge	 and	 membrane-permeation	 dissolution	 methods	 were	 not	 aligned.	 This	

alludes	 to	 the	 importance	of	 selecting	an	 in	 vitro	dissolution	method	 that	predicts	 in	 vivo	

performance.	Although	in	vivo	data	is	not	available	to	confirm	the	success	of	one	technique	
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over	 the	 other,	 it	 is	 assumed	 due	 to	 biorelevant	 features	 that	 the	membrane-permeation	

dissolution	 technique	 would	 closer	 resemble	 in	 vivo	 performance.	 The	 membrane-

permeation	 dissolution	 apparatus	 and	method	 is	 adept	 in	 distinguishing	 factors	 limiting	

drug	 absorption	 such	 as	 dissolution	 rate,	 solubility	 and	 permeability.	 Possessing	 this	

capability	 in	 a	 research	 and	 development	 environment	 warrants	 a	 more	 effective	 and	

biorelevant	 analysis	 of	 drug	 formulations;	 thus,	 reducing	 the	 number	 of	 in	 vivo	

pharmacokinetic	animal	studies.		

	

In	 the	present	work,	monitoring	 the	 concentration	of	 drug	 substance	 in	 the	donor	

cell	provided	a	means	to	assess	dissolution	rate	and	solubility,	while	computing	the	flux	and	

concentration	 of	 the	 drug	 substance	 in	 the	 acceptor	 cell	 permitted	 evaluation	 of	 the	

permeability	 and	 drug	 absorption.	 Additional	 experiments	were	 performed	 to	 determine	

the	 effect	 of	 the	 amount	 of	 Felodipine	 in	 the	 donor	 cell	 on	 the	 flux.	 Varying	 amounts	 of	

crystalline	Felodipine	(0.5	-	50	mg)	were	added	to	the	donor	cell	and	the	flux	was	measured.	

At	 a	 concentration	 of	 0.1	 mg/mL,	 the	 system	 is	 between	 sink	 and	 non-sink	 conditions.	

Results	 in	 Table	 5.2	 denote	 that	 when	 non-sink	 conditions	 were	 applied	 the	 amount	 of	

Felodipine	in	the	donor	cell	had	a	minimal	influence	on	flux	and	rather,	the	flux	was	a	direct	

function	of	the	solubility	of	Felodipine	in	the	biorelevant	dissolution	media.	The	flux	studies	

proclaim	 the	 practicality	 of	 the	 presented	membrane-permeation	 dissolution	method	 for	

evaluating	 the	 relative	 performance	 of	 amorphous	 solid	 dispersions	 by	 delineating	

performance	as	an	outcome	of	solubility	and	permeability.	Drug	absorption	profiles	for	the	

evaluated	amorphous	solid	dispersions	and	crystalline	amounts	of	Felodipine	described	in	

Table	5.2	can	be	seen	in	Figure	5.8.		



	 259	

	

	 	 																													
!"
!" = ! ∙ !!"" ∙ (!!"#$% − !!"##$)	 	 Equation	5.2	

	

Table	5.2:	Flux	through	biomimetic	polymer	membranes.	

Process	 Formulation	
AUC	

(µg·min/mL)	
Flux	x	103	

(μg/(min*cm2))	

Spray	Drying	 1:1	Felodipine:HPMCAS	 2138	 36.3	

Spray	Drying	 1:2	Felodipine:HPMCAS	 3327	 55.5	

Spray	Drying	 1:4	Felodipine:HPMCAS	 2632	 50.6	

Hot	Melt	Extrusion	 1:1	Felodipine:HPMCAS	 2117	 40.3	

Hot	Melt	Extrusion	 1:2	Felodipine:HPMCAS	 2377	 40.3	

Hot	Melt	Extrusion	 1:4	Felodipine:HPMCAS	 2026	 43.0	

N/ap	 Crystalline	(0.1	mg/mL)	 630	 9.1	

N/ap	 Crystalline	(1.0	mg/mL)	 360	 3.7	

N/ap	 Crystalline	(10.0	mg/mL)	 359	 4.7	
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Figure	5.8:	 Graphical	 representation	of	 drug	 absorption	profiles	 against	 time	 for	 various	
drug	formulations	and	crystalline	Felodipine	amounts	 	
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5.4.2 Membrane	Biorelevance	Evaluation	

	

If	 designed	 properly,	 in	 vitro	 dissolution	 testing	 can	 be	 a	 powerful	 tool	 for	

characterization	and	evaluation	of	drug	formulations	during	pharmaceutical	development.	

To	 reiterate,	 an	 ideal	 method	 would	 replicate	 the	 physiological	 and	 hydrodynamic	

conditions	 of	 the	 gastrointestinal	 tract	 and	 intestinal	 epithelium.	 The	 current	 work	

describes	a	successful	application	of	an	in	vitro	model	to	predict	drug	absorption	across	the	

intestinal	epithelial	membrane.	Analysis	of	the	acceptor	cell	solution	provides	information	

pertaining	 to	 free	 drug	 permeation	 and	 absorption.	 The	 biorelevance	 of	 this	 model	 was	

established	 through	 a	 comparison	 with	 a	 porcine	 intestine.	 Although	 it	 is	 challenging	 to	

obtain	human	intestinal	tissue	for	equivalence	studies,	animal	intestinal	tissues	are	readily	

available	 and	 generally	 accepted	 to	 possess	 similar	 physiological	 characteristics	 [67].	 A	

mechanistic	 study	 involving	 porcine	 intestinal	 tissue	 was	 performed	 to	 illustrate	 the	

biomimetic	 nature	 of	 the	 plasma	 treated	 microporous	 polymer	 membranes.	 Drug	

absorption	and	flux	values	were	compared	(Figure	5.8	and	Table	5.3).	A	visual	assessment	

of	 drug	 absorption	 profiles	 confirms	 the	 biorelevance	 of	 the	 technique	 and	 membrane.	

Furthermore,	 a	 percent	 difference	 between	 the	 AUC	 values	 for	 the	 porcine	 intestinal	

membrane	compared	with	the	0.1	μm	PES	membrane	(treatment	time	–	5	minutes)	is	less	

than	 0.6%,	 indicating	 significant	 similarity	 between	 the	 two	 membranes.	 The	 in	 vitro	

similarity	factor	(f2)	is	used	to	measure	the	closeness	of	two	dissolution	profiles	(Equation	

5.3).	 A	 comparison	 of	 drug	 release	 profiles	 generated	 using	 the	 described	 membrane-

permeation	 dissolution	 apparatus	 equipped	 with	 plasma	 treated	 PES	 membranes	 and	 a	

porcine	 intestinal	membrane	demonstrated	an	 f2	value	of	99.	An	 f2	value	 greater	 than	50	
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signifies	that	the	dissolution	profiles	are	similar	based	on	the	percentage	of	drug	dissolved.	

In	 addition,	 the	 in	 vitro	difference	 factor	 (f1)	 value	 is	 19,	which	 implies	 the	 two	 assessed	

dissolution	curves	are	equivalent	(Equation	5.4).	The	results	acquired	 from	the	difference	

and	 similarity	 factors	 support	 the	 hypothesis	 that	 plasma	 treated	 microporous	 polymer	

membranes	exhibit	biorelevant	properties	and	demonstrate	bioequivalence.	 	Although	the	

values	for	the	similarity	and	difference	factors	are	desirable,	they	cannot	be	directly	applied	

to	 evaluate	 the	 correlation	 between	 two	 absorption	 profiles.	 Generally,	 similarity	 and	

dissolution	 factors	 are	 studied	 to	 evaluate	 the	 comparison	 between	 the	 percentages	

dissolved.	 However,	 in	 this	 particular	 study,	 monitoring	 the	 acceptor	 cell	 compartment	

involves	 the	 estimating	 the	 percentage	 of	 drug	 permeated	 as	 calculating	 the	 percentage	

dissolved	 was	 not	 possible.	 Additional	 correlations	 were	 established	 to	 demonstrate	 the	

similarity	of	plasma	treated	PES	membranes	and	porcine	intestines.	Figure	5.9	illustrates	a	

correlation	 of	AUC	 values	 from	each	dissolution	profile.	 A	 correlation	 value	 close	 to	R2	 =	

1.00	indicates	the	two	dissolution	profiles	are	similar.	Figure	5.9	depicts	a	correlation	value	

of	0.99,	indicating	plasma	treated	PES	membranes	with	a	pore	size	of	0.1	μm	are	analogous	

to	 porcine	 intestines.	 Figure	 5.10	 demonstrates	 the	 standard	 deviation	 of	 three	

preparations	 of	 plasma	 treated	PES	membranes.	Assuming	 a	normal	 distribution,	 64%	of	

the	data	should	fall	within	one	standard	deviation,	95%	within	two	standard	deviations	and	

99.7%	 within	 three	 standard	 deviations.	 The	 error	 bars	 in	 Figure	 5.10	 correspond	 to	

standard	deviation.	Upon	evaluation	it	is	determined	that	after	120	minutes,	all	time	points	

for	the	porcine	intestine	are	within	one	standard	deviation	of	the	averaged	plasma	treated	

PES	membrane.		
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																				 										!! = 50 ∙ log 1+  !
!  !! − !! !!

!!!
!!.!

∙ 100 	 Equation	5.3	

	

	 	 	 	 !! = !! − !!!
!!! !!!

!!! ∙ 100		 Equation	5.4	

	

Table	5.3:	Flux	through	biomimetic	polymer	membranes	

Membrane	 AUC	(µg·min/mL)	 Flux	x	103	(μg/(min*cm2))	

Nylon	0.45 μm	 3944	 72.7	

Nylon	0.2	μm	 1403	 33.3	

Nylon	0.1	μm	 948	 30.1	

PES	0.2	μm	 2841	 46.3	

PES	0.1	μm	 2632	 49.8	

PES	0.03	μm	 1925	 33.0	

Porcine	Intestine	 2648	 38.4	
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Figure	 5.8:	 Graphical	 comparison	 of	 drug	 absorption	 profiles	 against	 time	 using	 treated	
microporous	 polymer	 membranes	 and	 porcine	 intestines	 for	 extruded	 Felodipine	 (1:4	

Felodipine:HPMCAS	solid	dispersions)		
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Figure	5.9:	Graphical	comparison	of	AUC	values	from	dissolution	profiles	of	plasma	treated	
PES	membranes	 and	 porcine	 intestines	 for	 extruded	 Felodipine	 (1:4	 Felodipine:HPMCAS	

solid	dispersions)	

	

R²	=	0.99	

0	

500	

1000	

1500	

2000	

2500	

3000	

3500	

0	 500	 1000	 1500	 2000	 2500	 3000	

AU
D
C 0

-4
20
m
in
	V
al
ue
s	
(P
ES
	M
em

br
an
e)
	

AUDC0-420min	Values	(Porcine	Intestine)	



	 266	

	

Figure	 5.10:	 Graphical	 comparison	 of	 dissolution	 profiles	 of	 plasma	 treated	 PES	
membranes	and	porcine	 intestines	 for	 extruded	Felodipine	 (1:4	Felodipine:HPMCAS	solid	

dispersions)	
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5.5 Conclusions	

	

The	current	work	describes	the	development	of	a	universal	membrane-permeation	

non-sink	 dissolution	 method	 that	 emulates	 the	 in	 vivo	 performance	 amorphous	 solid	

dispersions.	 The	 membrane-permeation	 model	 enables	 quantitative	 assessment	 of	 drug	

dissolution	and	absorption	and	offers	a	means	to	predict	the	relative	in	vivo	performance	of	

amorphous	 solid	 dispersions	 for	 BCS	 Class	 II	 drug	 substances.	 In	 this	 work,	 in	 vivo	

pharmacokinetic	 processes	 are	 replicated	 by	 the	 use	 of	 a	 two-cell	 apparatus,	 biorelevant	

dissolution	media	 and	a	biomimetic	polymer	membrane.	The	described	 conditions	mimic	

the	 physiological	 conditions	 that	 transpire	 throughout	 the	 gastrointestinal	 tract.	 The	

processes	that	occur	in	the	unstirred	aqueous	layer	are	simulated	with	the	use	of	a	plasma	

treated	 membrane	 in	 the	 dissolution	 apparatus.	 The	 biomimetic	 membrane	 creates	 an	

environment	 in	 which	 free/dissolved	 drug	 and	 drug-containing	 species	 enter	 the	

membrane	 through	 a	 porous	 hydrophilic	 surface	 and	 traverse	 to	 a	 hydrophobic	 surface	

based	on	the	partition	coefficient	of	the	drug	in	the	selected	system.	Plasma	treatment	was	

selected	 as	 a	 novice	 technique	 to	 diversify	 the	 use	 of	 existing	 microporous	 polymer	

membranes	 in	 dissolution	 studies.	 The	 apparatus	 and	 model	 present	 the	 ability	 to	

understand	 the	 kinetics	 and	 mechanisms	 of	 dissolution,	 supersaturation,	 nucleation	 and	

precipitation.	 The	 utility	 of	 the	 presented	 method	 is	 seen	 during	 the	 evaluation	 of	

amorphous	 solid	 dispersions	 of	 Felodipine	 produced	 by	 spray	 drying	 and	 hot	 melt	

extrusion.	 The	 membrane-permeation	 dissolution/absorption	 apparatus	 can	 accurately	

rank	formulations	and	be	employed	as	a	screening	tool	for	selection	of	candidates	to	move	

forward	to	pharmacokinetic	studies.	The	present	model	warrants	high	throughput	analysis	
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and	is	a	cost	effective	technique.	Future	studies	will	focus	on	IVIVC	of	similar	formulations	

to	 further	 confirm	 the	 versatility	 and	 accuracy	 of	 the	 proposed	 membrane-permeation	

dissolution	apparatus	for	evaluation	of	in	vivo	performance	and	free	drug	dissolution.			
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CHAPTER	 6:	 DEVELOPMENT	 OF	 IN	 VITRO	 -	 IN	 VIVO	
RELATIONSHIP/CORRELATION	 (IVIVR/IVIVC)	 OF	 CARBAMAZEPINE	
SOLID	 DISPERSIONS	 PRODUCED	 BY	 SOLVENT	 CONTROLLED	
PRECIPITATION	

	

6.1 Abstract	

	

During	 formulation	 development	 efficiently	 integrating	 in	 vitro	 dissolution	 testing	

can	 significantly	 improve	 ones	 ability	 to	 estimate	 in	 vivo	 performance	 and	 aide	 in	 the	

selection	 of	 premier	 drug	 candidates.	 The	 concept	 of	 in	 vitro	 -	 in	 vivo	

relationship/correlation	 (IVIVR/IVIVC)	 has	 garnered	 significant	 attention	 from	

pharmaceutical	 scientists	 to	 predict	 expected	 bioavailability	 characteristics	 for	 drug	

substances	 and	 products.	 The	 current	 work	 illustrates	 a	 comparative	 evaluation	 of	

carbamazepine	 permeation	 using	 an	 in	 vitro	 membrane-permeation	 dissolution	

methodology	 and	 various	 IVIVR/IVIVC	 models.	 To	 establish	 the	 best	 model,	 parameters	

such	as	pH,	membrane	constitution	and	dissolution	media	composition	were	 investigated.	

In	vitro	permeation	studies	were	conducted	with	artificial	biomimetic	microporous	plasma	

treated	polyethersulfone	(PES)	membranes	and	porcine	intestines.	Initially,	the	dissolution	

profiles	 for	 carbamazepine	 solid	 dispersions	 were	 collected	 using	 three	 techniques:	

microcentrifuge	 dissolution,	 membrane-permeation	 dissolution	 and	 in	 vivo	 mice	

pharmacokinetic	 (PK)	 studies.	 Qualitatively,	 the	 rank	 order	 of	 performance	 revealed	 the	

membrane-permeation	dissolution	methodology	correlated	well	with	results	expressed	by	

in	 vivo	mice	 studies.	 Conversely,	 a	 qualitative	 comparison	 of	 area	 under	 the	 curve	 (AUC)	

values	acquired	by	microcentrifuge	dissolution	and	mice	studies	inaccurately	predicted	the	
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in	vivo	performance.	Multiple	level	C	correlations	were	investigated	to	ascertain	the	optimal	

IVIVC	 for	 studied	 carbamazepine	 formulations	 using	 membrane-permeation	 dissolution	

data.	Results	exhibited	coefficient	of	determination	(R2)	values	of	0.91	and	0.84,	depicting	

the	 linear	 regression	 fits	 the	 data	 in	 comparison.	 Therefore,	 for	 the	 current	 formulation	

system	(drug/polymer/technique),	membrane-permeation	dissolution	can	be	considered	a	

surrogate	 for	 bioequivalency	 testing,	 and	 potentially	 reduce	 the	 number	 of	 clinical	

pharmacokinetic	studies	required.	

	

6.2 Introduction	

	

The	 oral	 route	 of	 drug	 administration	 is	 preferred	 due	 to	 convenience	 and	 cost.	

However,	 limitations	can	occur	based	upon	a	drugs	ability	 to	 travel	 through	 the	digestive	

tract	 to	 a	 site	 of	 action.	 Prior	 to	 absorption	 or	 systemic	 circulation,	 a	 drug	 must	 be	

molecularly	 dissolved	 and	 undergo	 permeation	 across	 semi-permeable	 membranes.	 In	

vitro,	understanding	systemic	availability	is	explored	in	drug	developmental	stages	without	

knowledge	 of	 in	 vivo	 drug	 pharmacokinetics	 [1].	 If	 in	 vivo	 data	 is	 available,	 biorelevant	

dissolution	 testing	 can	 be	 employed	 to	 forecast	 performance	 trends	 through	 in	 vitro	 –	 in	

vivo	correlations.	

	

The	United	States	Pharmacopeia	(USP)	and	the	Food	and	Drug	Administration	(FDA)	

provide	 governances	 for	 development	 of	 IVIVC.	 The	 USP	 outlines	 IVIVC	 as	 “the	

establishment	 of	 a	 rational	 relationship	 between	 a	 biological	 property	 (…)	 produced	 by	 a	
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dosage	form	and	a	physicochemical	property	(…)	of	the	same	dosage	form”	[2].	In	this	context,	

biological	properties	are	generally	described	by	pharmacokinetic	parameters	such	as	AUC	

or	 maximum	 concentration	 (Cmax)	 values.	 Calculated	 in	 vivo	 AUC	 and	 Cmax	 values	 are	

typically	 compared	 to	 in	 vitro	 results	 expressing	 the	 percentage	 of	 drug	 released.	 A	

quantitative	relationship	between	in	vivo	biological	properties	and	in	vitro	physicochemical	

parameters	 can	 be	 utilized	 to	 establish	 a	 predicative	 mathematical	 model	 for	

bioequivalency	 studies.	 While	 the	 application	 of	 IVIVC	 varies	 based	 upon	 the	 phase	 of	

clinical	research,	during	drug	product/formulation	development	interest	surrounding	IVIVC	

stems	from	the	desire	to	produce	a	product	that	meets	specific	bioavailability	requirements.	

Thereby	 justifying	 meaningful	 in	 vitro	 dissolution	 specifications	 that	 are	 necessary	 to	

support	scale-up	of	 future	manufacturing	as	well	as	 improve	 the	efficiency	of	 formulation	

candidate	selection	[3].		

	

	 Three	correlation	 levels	 (A	–	C)	are	categorized	 in	USP	<1088>,	with	an	additional	

level	existing	as	a	combination	of	levels	(Multiple	C)	defined	in	the	FDA	guidance	[2,	4].		The	

highest	 level	 of	 correlation	 is	 level	 A,	 which	 is	 established	 through	 a	 point-to-point	

comparison	of	 in	vitro	dissolution	data	and	 in	vivo	 input	 rates.	 If	 the	correlation	 is	 linear,	

similarity	can	be	ascertained	by	directly	superimposing	dissolution	curves	or	by	applying	a	

correction/scaling	factor	to	make	the	curves	superimposable	[4].	Preceding	superimposing	

input	curves,	either	deconvolution	of	in	vivo	data	or	convolution	of	in	vitro	data	is	necessary.	

Deconvolution	 of	 plasma	 level	 data	 is	 executed	 with	 mathematical	 models	 that	 warrant	

comparison	of	the	fraction	of	drug	absorbed	with	fraction	of	drug	dissolved	[5,	6].	Methods	
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of	deconvolution	can	be	model	dependent	or	independent.	Traditionally,	model	dependent	

methods	 such	 as	 Wagner-Nelson	 (single	 compartment)	 and	 Loo-Riegelman	 (two	

compartment)	 are	 used	 to	 calculate	 the	 fraction	 of	 drug	 absorbed	by	 taking	 into	 account	

metabolism	and	excretion	[7-9].	Data	rich	requirements	of	level	A	correlations	encompass	

complete	 plasma	 levels	 and	 constitute	 it	 as	 the	 most	 useful	 and	 scientifically	 accepted	

category.	In	contrast,	if	the	total	dissolution	data	cannot	be	used	to	establish	a	correlation,	

single-point	 relationships	 can	 be	 instituted	 to	 develop	 level	 B	 correlations.	 Level	 B	

correlations	utilize	principles	of	 statistical	moment	analysis	 to	compare	 the	 in	vitro	mean	

dissolution	time	with	either	the	 in	vivo	mean	residence	time	or	mean	dissolution	time	[2].	

However,	because	level	B	correlations	do	not	exclusively	reflect	in	vivo	plasma	levels,	their	

application	is	rarely	exploited	to	prove	bioequivalency	of	formulations.	Analogous	to	level	B	

correlations,	 level	 C	 correlations	 denote	 data	 reduction	 [10].	 A	 level	 C	 correlation	

determines	 a	 single-point	 relationship	 between	 an	 in	 vitro	 dissolution	 parameter	 (i.e.	 –	

percentage	dissolved	at	 a	 specific	 time	point)	with	 an	 in	 vivo	 pharmacokinetic	parameter	

(i.e.	 –	 AUC,	 Cmax,	 etc.)	 [4].	 Level	 C	 correlations	 are	 often	 applied	 during	 formulation	

development	 and	 quality	 control	 procedures	 [11].	 The	 application	 of	 a	 single	 level	 C	

correlation	 has	 limited	 practicality	 in	 foreseeing	 the	 in	 vivo	 performance	 of	 a	 drug	

formulation;	 however,	 multiple	 level	 C	 correlations	 may	 be	 as	 suitable	 as	 a	 level	 A	

correlation	 [4].	 A	 distribution	 of	 IVIVC	 proposals	 divulged	 multiple	 level	 C	 IVIVC’s	

accounted	for	11%	of	the	total	regulatory	submissions	[12].	Regardless	of	the	level,	IVIVC’s	

should	be	justified	for	use	through	validation.	
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	 Before	 utilization,	 validation	 of	 the	 established	 IVIVC	 should	 be	 performed	 by	

demonstrating	the	predictability	of	the	model	with	existing	or	new	data	[13].		Predictability	

can	 be	 evaluated	 by	 illustrating	 the	 percent	 prediction	 error	 in	 simulated	 plasma	

concentration	 or	 absorption	 data.	 If	 the	 relationship	 is	 achieved	 and	 validated,	 in	 vitro	

dissolution	 testing	 can	 be	 employed	 as	 a	 surrogate	 for	 human/animal	 bioequivalence	

studies.	

	

	 Challenges	associated	with	the	development	of	a	predictable	IVIVC	model	are	related	

to	the	in	vitro	dissolution	methodology.	Drug	dissolution	in	the	human	gastrointestinal	tract	

is	 a	 complex	 process	 influenced	 by	 many	 factors.	 Therefore,	 a	 physiologically	 relevant	

dissolution	 methodology	 requires	 a	 balanced	 interplay	 of	 physiological	 features,	

physicochemical	components	and	hydrodynamic	conditions	related	to	 the	gastrointestinal	

tract.	 Furthermore,	 biorelevant	 dissolution	 testing	 of	 formulations	 must	 consider	 intra-

luminal	processes	such	as	solubilization,	supersaturation	and	precipitation	[14].	Numerous	

in	 vitro	 dissolution	 methodologies	 have	 been	 reported	 in	 literature	 demonstrating	

biorelevance	 and	 IVIVC	 using	 approaches	 that	 are	 compendial,	 cell-based	 and	

physicochemical	[15-19].			

	

Critical	 to	 the	 success	 of	 an	 IVIVC	 is	 an	 in	 vitro	 process	 that	 simulates	 drug	

absorption	in	biorelevant	gastrointestinal	conditions.	In	vivo,	systemic	circulation	and	drug	

absorption	 require	 transportation	 through	 semi-permeable	membranes.	 Passage	 of	 drugs	

across	 a	 semi-permeable	membrane	occurs	 through	diffusion	mechanisms	 that	 are	based	
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on	 the	 physicochemical	 properties	 of	 the	 drug.	 Dissolution	 techniques	 can	 be	 tailored	 to	

simulate	numerous	diffusion	mechanisms;	 and	often	dissolution	 techniques	 that	 replicate	

the	 passive	 diffusion	 process	 demonstrate	 IVIVC	 [20,	 21].	 Passive	 diffusion	 implies	 the	

permeation	of	 a	 drug	 substance	 is	 based	on	 the	difference	 in	 concentration	between	 two	

compartments	 (concentration	 gradient).	 Passive	 diffusion	 can	 occur	 through	 two	 routes:	

paracellular	or	 transcellular	movement.	Transcellular	passage	denotes	movement	of	drug	

through	 the	 apical	 and	 basolateral	 membrane,	 which	 typically	 requires	 energy	 input.	 In	

vitro	replication	of	 transcellular	 transport	 is	achieved	with	cell-based	membranes	such	as	

Caco-2	cells	 [22].	Although	cell-based	models	are	well	 characterized	and	popular,	 lengthy	

culturing	times	and	limited	stability	can	challenge	their	utilization.	An	alternative	approach	

to	model	passive	diffusion	 in	dissolution	 testing	 is	 the	application	of	biomimetic	polymer	

membranes.	 Unlike	 Caco-2	 cells,	 polymer	 membranes	 do	 not	 express	 tight	 junctions,	

microvilli,	 enzymes	 and	 transporters.	 Passive	 diffusion	 through	 a	 polymer	 membrane	

occurs	 via	 paracellular	 transport	 from	 the	 donor	 compartment	 to	 the	 acceptor	

compartment	 in	 the	 membrane-permeation	 dissolution	 apparatus.	 Beyond	 the	 ability	 to	

reproduce	 passive	 diffusion	 and	 paracellular	 transport	 with	 biomimetic	 polymer	

membranes,	membrane-permeation	dissolution	methodologies	monitor	the	dissolution	and	

permeation	 of	 a	 drug	 substance	 simultaneously.	 Concurrent	 analysis	 of	 dissolution	 and	

permeation	provides	a	means	to	predict	in	vivo	absorption,	which	aides	in	development	of	

an	IVIVC	[23,	24].		
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Membrane-permeation	 systems	 are	 versatile	 and	 provide	 flexibility	 to	 select	

appropriate	parameters/conditions	such	as	dissolution	media	(biorelevant),	membrane	and	

acceptor	 media.	 Biorelevant	 dissolution	 media	 containing	 bile	 salts,	 phospholipids	 and	

lecithin	 at	 physiologically	 appropriate	 concentrations	 has	 been	 shown	 to	 correlate	 with	

gastric	 and	 intestinal	 fluid	 during	 in	 vitro	 dissolution	 testing	 [25].	 In	 addition	 to	 human	

simulated	 gastric/intestinal	 fluids,	 animal	 intestinal	 fluids	 such	 as	 canine	 fasted	 state	

simulated	 intestinal	 fluid	 is	 available	 to	 understand	 drug	 performance	 in	 animal	 studies	

[26].		Although	FaSSIF,	FeSSIF,	FaSSGF	and	FeSSGF	are	not	compendial,	studies	have	shown	

their	 ability	 to	 correctly	 predict	 and	 distinguish	 the	 behavior	 of	 a	 products	 in	 vivo	

performance	 [27].	 Furthermore,	 the	 development	 of	 biorelevant	 dissolution	 media	 that	

closely	resembles	the	composition	of	gastrointestinal	juices/fluid	has	been	revealed	as	one	

of	 the	 most	 important	 steps	 in	 dissolution	 methodology	 development	 [28].	 Drugs	 with	

limited	 aqueous	 solubility	 may	 solubilize	 into	 micelles	 in	 the	 presence	 of	 naturally	

occurring	surfactants,	which	are	present	in	physiologically	relevant	dissolution	media	[20].	

Synthetic	 membranes	 are	 selected	 to	 correlate	 with	 intestinal	 membranes	 and	

human/animal	 studies	 [29].	 The	 primary	 factor	 guiding	 drug	 transport	 in	 membrane-

permeation	dissolution	methods	 the	difference	 in	concentration.	Selection	of	 the	acceptor	

media	 is	 critical,	 as	 it	 creates	 a	 sink	 environment	 for	 the	 drug	 of	 interest.	 Instituting	 an	

acceptor	 compartment	 at	 sink	 conditions	 has	 shown	 to	 improve	 the	 performance	

predictability	 of	 a	 dissolution	 method	 [30,	 31].	 Shi	 et	 al.	 expressed	 the	 relative	 in	 vivo	

performance	 could	 only	 be	 determined	 by	 a	 biphasic	 system	 with	 the	 acceptor	 solution	

representing	 sink	 conditions	 [32].	 Sink	 conditions	 are	 achieved	 in	 two	 compartment	



	

	

287	

systems	 through	 the	 application	 of	 non-polar	 solvents	 and	 buffered	 solutions	 [33].	

Furthermore,	 to	 achieve	 sink	 conditions	 for	 drugs	 with	 limited	 solubility	 in	 acceptor	

solutions,	 sink	conditions	can	be	achieve	 through	partitioning	processes	 [34].	Gibaldi	and	

Feldman	et	al.	revealed	the	value	of	dissolution-permeation	systems	by	suggesting	that	for	

dissolution	rate	limited	drugs	(i.e.	–	BCS	class	II	drugs),	absorption	can	be	modeled	through	

partitioning	studies	[35].	For	BCS	class	II	drugs	this	can	be	attained	by	enticing	permeation	

through	a	solubility	increase	in	the	acceptor	cell	solution	as	compared	to	the	aqueous	donor	

cell	solution.		

	

Compendial	 methods	 do	 not	 take	 into	 consideration	 dynamic	 changes	 that	 occur	

during	 transit	 through	 the	 gastrointestinal	 tract	 [36].	 With	 compendial	 methods	 in	

particular,	 pH	 change	 is	 often	 an	 oversight	 and	 for	 that	 reason	 the	 pathway	 a	 drug	

substance	 or	 formulation	 is	 exposed	 to	 during	 passage	 from	 the	 stomach	 to	 the	 small	

intestine	is	not	studied.	For	ionizable	compounds,	pH	can	play	a	significant	role	in	solubility	

[37].	 Bevernage	 et	 al.	 demonstrated	 different	 mechanisms	 of	 supersaturation	 exist	 in	

gastrointestinal	 conditions	based	upon	pH	 [31].	Therefore,	mimicking	gastrointestinal	pH	

and	pH	transformations	has	noteworthy	implications	in	dissolution	testing.	Shifting	the	pH	

during	a	dissolution	operation	 can	be	performed	 in	 the	 same	vessel	 and	different	vessels	

(i.e.	 –	 dissolution/absorption	 compartments)	 [38,	 39].	 Addressing	 deficiencies	 in	

compendial	 dissolution	 techniques	 such	 as	 dynamic	 changes	 can	 provide	 researchers	 a	

means	to	assess	drug	performance	in	biologically	relevant	conditions.			
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Understanding	 in	 vivo	 drug	 performance	 during	 developmental	 stages	 provides	

invaluable	information	to	researchers	and	formulation	scientists.	A	challenge	often	faced	in	

early	 drug	 and	 formulation	 development	 is	 that	 large	 quantities	 of	 material	 are	 not	

available.	 Therefore,	 limited	 material	 amounts	 and	 cost	 drive	 interest	 in	 analytical	

characterization	 to	 small-scale	 techniques.	 In	development	work,	 encountered	 limitations	

can	be	overcome	with	small-scale	systems	by	reducing	the	amount	of	material	needed	and	

increasing	 the	 sensitivity	 of	 analysis.	 Small-scale	 dissolution	 studies	 in	 later	 phase	 and	

commercial	 stages	 are	 overlooked	 due	 to	 the	 use	 of	 non-compendial	 apparatuses	 and	

techniques.	 Nevertheless,	 miniaturization	 of	 dissolution	 systems	 has	 been	 utilized	

extensively	in	screening	studies	and	prototype	selection	[40-42].	Furthermore,	small-scale	

methodologies	 have	 illustrated	 IVIVC	 in	 canines	 and	 rats	 for	 basic	 and	 acidic	 drugs	

respectively	 [43,	 44].	 The	 application	 of	 miniaturized	 analytical	 techniques	 has	 proven	

relevant	in	predicting	in	vivo	dissolution	processes	[45].		

	

In	 this	 study	 it	 was	 hypothesized	 that	 a	 small-scale	 membrane-permeation	

dissolution	 technique	 could	 demonstrate	 IVIVC	 with	 in	 vivo	mice	 studies	 for	 nano-solid	

dispersions	 of	 carbamazepine.	 Carbamazepine	 was	 selected	 as	 a	 model	 drug	 for	 the	

dissolution	studies	because	is	classified	as	a	BCS	class	II	drug	and	presents	dissolution-rate	

limited	 absorption.	 The	 objectives	 of	 the	 presented	 work	 were	 (1)	 development	 of	 a	

biorelevant	 in	 vitro	 membrane-permeation	 dissolution	 methodology	 for	 analysis	 of	

carbamazepine	 formulations,	 (2)	 comparison	 in	 vitro	 dissolution	 results	 obtained	 by	

membrane-permeation	 and	 microcentrifuge	 dissolution	 techniques	 and	 (3)	 evaluate	 the	
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correlation	of	in	vitro	membrane-permeation	dissolution	results	with	in	vivo	mice	studies	to	

establish	 IVIVR/IVIVC.	 Studies	 were	 performed	 in	 collaboration	 with	 Duarte	 et	 al.	 and	

Hovione	FarmaCiencia	SA	(Loures,	Portugal)	[46].		

	

6.3 Materials	and	Methods	

	

6.3.1 Materials	

	

6.3.1.1 Chemicals	

	

	 Carbamazepine	 (5H-dibenzo(b,f)azepine-5-carboxamide,	 CBZ,	 anhydrous	

Form	 III,	 purity	 >	 97%)	 and	 Eudragit®	 L100	 (methacrylic	 acid:methyl	 methacrylate	

copolymer	(1:1))	were	provided	by	Hovione	FarmaCiencia	SA	(Loures,	Portugal).	Hovione	

purchased	carbamazepine	from	TCI	Company	Limited	(Tokyo,	Japan)	and	Eudragit®	L100	

from	 Evonik	 Röhm	 GmbH	 (Darmstadt,	 Germany).	 Solvents	 and	 chemicals	 for	 in	 vitro	

dissolution	 testing	 and	 high	 pressure	 liquid	 chromatography	 (HPLC)	 analysis	 were	

analytical	 or	 ACS	 grade.	 Analytical	 grade	 solvents	 and	 chemicals	 –	 acetonitrile,	methanol	

and	sodium	phosphate	monobasic	were	purchased	from	VWR	(New	Jersey,	USA).	ACS	grade	

or	 equivalent	 solvents	 and	 chemicals	 –	 sodium	 chloride,	 dichloromethane,	 isopropyl	

alcohol,	decanol,	sodium	hydroxide	and	hydrochloric	acid	were	purchased	from	VWR	(New,	

Jersey,	 USA).	 Trifluoroacetic	 acid	 (LC-MS	 grade)	 was	 purchased	 from	 Sigma-Aldrich	 (St.	

Louis,	MO,	USA).	Ultrapure	water	 (resistivity	–	18	MΩ•cm)	was	obtained	 from	a	Milli-Q®	
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purification	 system	 (EMD	Millipore,	 New	 Jersey,	 USA).	 FaSSIF	 and	 canine	 FaSSIF	 powder	

were	 purchased	 from	 Biorelevant.com	 (London,	 UK).	 Porcine	 intestines	 were	 purchased	

from	 a	 local	 source.	 Polyethersulfone	 (diameter	 –	 25mm,	 pore	 size	 –	 0.03	 µm,	 nominal	

thickness	–	110	µm	to	150	µm)	polymer	membrane	filters	were	purchased	from	Sterlitech	

Corporation	(Washington,	USA).	Polytetrafluoroethylene	sheets	(thickness	–	6.35	mm)	were	

purchased	from	VWR	(New	Jersey,	USA).	Research	grade	nitrogen	(99.99%	purity)	gas	was	

purchased	 from	 Praxair	 (New	 Jersey,	 USA)	 and	 utilized	 as	 a	 purge	 gas	 during	 plasma	

treatments.	Commercial	grade	tetrafluoromethane	(99.2%	purity)	gas	was	purchased	from	

Concorde	Specialty	Gases	(New	Jersey,	USA).			

	

6.3.1.2 Animals	

	

In	vivo	pharmacokinetic	mice	studies	were	performed	by	Duarte	et	al.	and	Hovione	

FarmaCiencia	SA	(Loures,	Portugal),	who	purchased	adult	CD1	female	mice	(22	–	24	g)	from	

Charles	River	(Barcelona,	Spain)	[46]. 

	

6.3.2 Methods	

	

6.3.2.1 Carbamazepine	Solid	Dispersion	Preparation		

	

Three	 carbamazepine	 formulations:	 (1)	 Nanoamorphous	 (20:80	 –	

Carbamazepine:Eudragit®	L100),	 (2)	Nanocrystalline	 (60:40	 –	 Carbamazepine:Eudragit®	
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L100)	 and	 (3)	Microamorphous	 (20:80	–	Carbamazepine:Eudragit®	L100)	were	 supplied	

by	Hovione	FarmaCiencia	SA	(Loures,	Portugal).	Formulations	were	produced	using	solvent	

controlled	 precipitation	 coupled	 with	 spray	 drying	 in	 a	 microfluidization	 process	 and	

provided	by	Duarte	et	al.	[46].	Varying	the	drug	to	polymer	ratio	during	processing,	Duarte	

et	 al.	 was	 able	 to	 produce	 amorphous	 and	 crystalline	 formulations	 [46].	 Briefly,	 solvent	

controlled	precipitation	studies	were	performed	using	PureNanoTM	Microfluidics	Reaction	

Technology	 (MRT,	 CR5	 Reactor	 model)	 by	 Hovione	 FarmaCiencia	 SA	 (Loures,	 Portugal)	

[46].	Following	a	single	passage,	suspensions	were	spray	dried	in	a	Mini	Spray	Drier	B-290	

(BÜCHI,	 Switzerland)	 equipped	 with	 a	 two	 fluid	 nozzle	 by	 Hovione	 FarmaCiencia	 SA	

(Loures,	Portugal)	[46].		

	

6.3.2.2 In	Vitro	Dissolution	Testing		

	

6.3.2.2.1 Microcentrifuge	Dissolution	

	

Microcentrifuge	dissolution	 testing	was	performed	by	Duarte	 et	 al.	 to	 qualitatively	

rank	 the	 order	 of	 formulation	 performance	 [46].	 Duarte	 et	 al.	 utilized	 a	 dissolution	

methodology	described	by	Friesen	et	al.	[46,	47].	The	procedure	was	performed	by	Duarte	

et	al.	can	be	seen	in	the	following	discussion	[46].	Non-sink	dissolution	experiments	were	

executed	at	a	carbamazepine	concentration	of	approximately	425	μg/mL	in	2	mL	Eppendorf	

tubes	 in	a	37°C	water	bath.	A	pH	adjustment	was	performed	using	equivalent	volumes	of	

simulated	gastric	(0.01N	HCl,	pH	=	2)	and	intestinal	fluid	(FaSSIF,	pH	=	6.5)	after	50	minutes	
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of	 dissolution.	 Samples	 were	 acquired	 by	 centrifuging	 the	 dissolution	 solution	 at	 13,000	

rpm	for	1	minute,	followed	by	a	15-fold	dilution	into	methanol.	The	remaining	solution	was	

redistributed	by	vortexing	and	placed	into	the	water	bath	until	subsequent	time	points.	The	

concentration	of	carbamazepine	was	determined	by	HPLC	(discussed	 in	section	6.3.2.4.1).	

The	area	under	the	dissolution	curve	was	established	using	the	trapezoidal	method.		

	

6.3.2.2.2 Ultrafiltration	Dissolution	

	

A	non-sink	ultrafiltration	dissolution	method	was	used	to	investigate	carbamazepine	

free	drug	concentration	during	testing	of	carbamazepine	amorphous	solid	dispersions	and	

crystalline	 carbamazepine.	 The	 ultrafiltration	method	 employed	Amicon®	Ultra	 –	 0.5	mL	

centrifugal	 filters	 (EMD	 Millipore,	 Darmstadt,	 Germany)	 equipped	 with	 Ultracel®	 low	

binding	 regenerated	cellulose	membranes	 (EMD	Millipore,	Darmstadt,	Germany)	with	a	3	

kDa	cutoff.	Filters	were	passivated	overnight	in	a	surfactant	solution.	Appropriate	amounts	

carbamazepine	formulations	and	crystalline	carbamazepine	were	added	6-dram	glass	vials	

such	 that	 non-sink	 conditions	 were	 fulfilled.	 A	 pH	 adjustment	 was	 performed	 using	

equivalent	volumes	of	simulated	gastric	(0.01N	HCl,	pH	=	2)	and	intestinal	fluid	(FaSSIF,	pH	

=	6.5)	after	50	minutes	of	dissolution.	Solutions	were	equilibrated	at	37°C	prior	to	addition.	

After	addition	of	dissolution	media,	the	vials	were	placed	in	an	incubated	shaker	maintained	

at	37°C	and	operating	at	250	rpm.	At	selected	time	points	(i.e.	 -	5,	10,	15,	30,	60	and	120	

minutes)	 an	 aliquot	was	 removed	 from	 the	 dissolution	mixture,	 placed	 into	 an	Amicon®	

Ultra	–	0.5	mL	centrifugal	filters	and	centrifuged	using	an	Eppendorf	Microcentrifuge	5418	
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(Eppendorf,	Hamburg,	Germany)	for	approximately	5	minute	at	13,000	g.		The	supernatant	

was	collected	into	an	HPLC	vial	and	the	concentration	of	carbamazepine	was	analyzed	using	

the	HPLC	method	described	in	section	6.3.2.4.2.	

	

6.3.2.2.3 Membrane-Permeation	Dissolution	

	

A	 non-sink	membrane-permeation	 dissolution	method	was	 used	 to	 emulate	 the	 in	

vivo	 performance	 of	 carbamazepine	 amorphous	 solid	 dispersions	 and	 crystalline	

carbamazepine.	 A	 Side-By-Side	 Cell	 (PermeGear	 Inc.,	 Pennsylvania,	 USA)	 outfitted	 with	

hydrophobically	 plasma	 treated	 polyethersulfone	 membranes	 and	 porcine	 intestines	 to	

determine	the	free	drug	content	and	predict	the	 in	vivo	absorption	of	carbamazepine.	The	

dissolution	 apparatus	 is	 comprised	 of	 two	 cell	 compartments,	 a	 donor	 and	 an	 acceptor	

compartment.	 Simulated	 gastric	 and	 intestinal	 fluids	 were	 employed	 in	 the	 donor	 cell	

compartment.	In	pH	shift	experiments,	a	solution	of	0.01N	HCl,	pH	=	2	was	used	to	replicate	

gastric	 conditions.	 Experiments	 were	 performed	 with	 either	 human	 and	 canine	 FaSSIF	

solutions	 at	 pH	 =	 6.5	 and	 5.2,	 respectively	 to	 simulate	 gastrointestinal	 conditions.	 The	

acceptor	 cell	 compartment	 was	 composed	 of	 either	 decanol	 or	 an	 acceptor	 sink	 buffer	

(Fischer	 Scientific,	USA).	Decanol	was	 selected	 for	 the	 acceptor	 cell	 solution	because	 it	 is	

immiscible	with	the	aqueous	dissolution	media	and	acts	a	sink	for	the	carbamazepine.	The	

temperature	of	the	donor	and	acceptor	cell	compartments	was	maintained	at	37°C	and	the	

cells	 were	 agitated	 at	 a	 rate	 of	 300	 rpm	 using	 a	 60-position	 stir	 plate	 (Variomag-USA,	

Florida,	 USA).	 Membranes	 were	 inserted	 between	 the	 donor	 and	 acceptor	 cell	 and	
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positioned	 so	 that	 the	 hydrophilic	 surface	 of	 the	membrane	 faced	 the	 donor	 cell	 and	 the	

hydrophobic	 surface	 of	 the	 membrane	 faced	 the	 acceptor	 cell.	 Appropriate	 amounts	

carbamazepine	 formulations	 and	 crystalline	 carbamazepine	were	 added	 to	 the	donor	 cell	

such	that	non-sink	conditions	were	fulfilled.	Dissolution	testing	was	performed	over	a	time	

period	of	330	minutes	and	samples	were	obtained	at	intervals	such	as	0,	5,	15,	30,	60,	120,	

180,	240	and	300	minutes.	Samples	acquired	from	the	acceptor	cell	were	analyzed	directly	

by	HPLC	 to	 establish	 the	 concentration	of	 carbamazepine	 (discussed	 in	 section	6.3.2.4.2).	

The	area	under	the	dissolution	curve	was	established	using	the	trapezoidal	method.	

	

6.3.2.2.4 Fasted	State	Simulated	Intestinal	Fluid	(FaSSIF)	Preparation	

	

Two	 preparations	 of	 FaSSIF	 were	 utilized	 during	 dissolution	 testing	 of	

carbamazepine	formulations.		

	

Preparation	1:	Traditional	Concentration.	The	 first	preparation	of	FaSSIF	was	used	

for	dissolution	experiments	that	did	not	incorporate	a	pH	shift.	Approximately	1	L	of	FaSSIF	

was	 prepared	 by	 dissolving	 0.420	 g	 of	 sodium	 hydroxide	 (NaOH),	 3.9540	 g	 of	 sodium	

phosphate	 monobasic	 (monohydrate)	 (NaH2PO4•H2O)	 and	 6.186	 g	 of	 sodium	 chloride	

(NaCl)	 in	0.9	L	of	purified	water.	Adjustment	 to	pH	6.5	was	made,	as	necessary,	with	1	N	

NaOH	or	1	N	HCl	and	volume	was	increased	to	1.0	L.	Approximately	2.24	g	of	FaSSIF	powder	

was	added	to	0.5	L	of	the	buffer,	stirred	until	complete	dissolution	occurred	and	made	up	to	
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1.0	 L	 with	 the	 remaining	 buffer	 solution.	 The	 resulting	 FaSSIF	 solution	 was	 allowed	 to	

equilibrate	for	at	least	2	hours	prior	to	use.	

	

Preparation	2:	10X	Traditional	Concentration.	The	second	preparation	of	FaSSIF	was	

used	for	dissolution	experiments	that	incorporated	a	pH	shift.	Approximately	1	L	of	FaSSIF	

was	 prepared	 by	 dissolving	 4.20	 g	 of	 sodium	 hydroxide	 (NaOH),	 39.540	 g	 of	 sodium	

phosphate	 monobasic	 (monohydrate)	 (NaH2PO4•H2O)	 and	 61.86	 g	 of	 sodium	 chloride	

(NaCl)	 in	0.9	L	of	purified	water.	 	Adjustment	to	pH	6.8	was	made,	as	necessary,	with	1	N	

NaOH	 or	 1	 N	 HCl	 and	 volume	was	 increased	 to	 1.0	 L.	 	 	 Approximately	 22.4	 g	 of	 FaSSIF	

powder	was	added	 to	0.5	L	of	 the	buffer,	 stirred	until	 complete	dissolution	occurred	and	

made	 up	 to	 1.0	 L	with	 the	 remaining	 buffer	 solution.	 	 The	 resulting	 FaSSIF	 solution	was	

allowed	to	equilibrate	for	at	least	2	hours	prior	to	use.	

	

6.3.2.2.5 Canine	Fasted	State	Simulated	Intestinal	Fluid	(FaSSIF)	Preparation	

	

Approximately	1	L	of	FaSSIF	was	prepared	by	dissolving	8.70	g	of	sodium	hydroxide	

(NaOH),	39.50	g	of	sodium	phosphate	monobasic	(monohydrate)	(NaH2PO4•H2O)	and	34.80	

g	of	sodium	chloride	(NaCl)	in	0.9	L	of	purified	water.		Adjustment	to	pH	5.2	was	made,	as	

necessary,	with	1	N	NaOH	or	1	N	HCl	and	volume	was	increased	to	1.0	L.	 	 	Approximately	

87.0	 g	 of	 canine	 FaSSIF	 powder	was	 added	 to	 0.5	 L	 of	 the	 buffer,	 stirred	 until	 complete	

dissolution	occurred	and	made	up	to	1.0	L	with	the	remaining	buffer	solution.		The	resulting	

FaSSIF	solution	was	allowed	to	equilibrate	for	at	least	2	hours	prior	to	use.	
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6.3.2.3 In	Vivo	Pharmacokinetic	Mice	Studies		

	

In	 vivo	pharmacokinetic	mice	 studies	were	performed	by	Duarte	 et	 al.	 to	 rank	 the	

order	of	formulation	performance	[46].	The	procedure	was	performed	by	Duarte	et	al.	can	

be	seen	in	the	following	discussion	[46].	Following	a	6-hour	fasting	period,	mice	(n=3,	per	

formulation)	were	 dosed	with	 0.35	mL	 of	 acidified	water	 (0.01N	HCl)	 constituted	with	 a	

concentration	 of	 approximately	 7.6	 mg	 carbamazepine/kg	 of	 body	 weight	 using	 an	 oral	

gavage	 [46].	At	a	selected	 time	point	serum	samples	were	collected	by	centrifuging	blood	

samples	obtained	from	the	orbital	sinus	[46].	Samples	were	refrigerated	until	assays	were	

performed.		

	

6.3.2.4 Analytical	Techniques		

	

6.3.2.4.1 High	Pressure	Liquid	Chromatography	(HPLC)	–	Method	1	

	

The	following	discussion	describes	the	HPLC	procedure	performed	by	Duarte	et	al.	to	

determine	carbamazepine	concentration	during	in	vitro	microcentrifuge	dissolution	testing	

and	in	vivo	mice	studies	[46].	The	concentration	of	carbamazepine	was	measured	using	an	

Alliance	 2695	 HPLC	 system	 (Waters	 Corporation,	 Massachusetts,	 USA)	 equipped	 with	 a	

2487	 dual	wavelength	 detector	 (UV)	 (Waters	 Corporation,	Massachusetts,	 USA).	 Analysis	

was	 performed	 using	 a	 Zorbax®	 XDB	 –	 C18	 column	 (4.6	 x	 150	 mm,	 3.5	 μm)	 (Agilent	
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Technologies,	Santa	Clara,	CA,	USA).	Carbamazepine	was	analyzed	using	an	isocratic	mobile	

phase	 comprised	 of	 40/60	 (v/v)	 water/Methanol,	 a	 flow	 rate	 of	 1.0	 mL/min,	 column	

temperature	 of	 25°C,	 a	 10	 μL	 and	detection	wavelength	 of	 285	nm.	The	 concentration	 of	

carbamazepine	 from	 in	vitro	microcentrifuge	dissolution	samples	and	 in	vivo	mice	studies	

was	quantitated	based	upon	a	single	point	standard	at	10	μg/mL.	The	method	demonstrates	

a	 linear	response	from	0.5	–	40	μg/mL.	Chromatograms	were	collected	and	analyzed	with	

Empower	Version	2.0	software	(Waters	Corporation,	Massachusetts,	USA).	

	

6.3.2.4.2 High	Pressure	Liquid	Chromatography	(HPLC)	-	Method	2	

	

The	 following	 discussion	 describes	 the	 HPLC	 procedure	 used	 to	 determine	

carbamazepine	 concentration	 during	 in	 vitro	membrane-permeation	 dissolution	 testing.	

The	 concentration	 of	 carbamazepine	was	measured	 using	 an	Alliance	 2695	HPLC	 system	

(Waters	Corporation,	Massachusetts,	USA)	equipped	with	a	2996	photodiode	array	detector	

(PDA)	(Waters	Corporation,	Massachusetts,	USA).	Analysis	was	performed	using	a	Waters	

XBridge	 C18	 column	 (4.6	 x	 50	 mm,	 3.5	 μm)	 (Waters	 Corporation,	 Massachusetts,	 USA).	

Carbamazepine	was	analyzed	using	a	gradient	elution,	a	 flow	rate	of	1.0	mL/min,	 column	

temperature	of	25°C,	a	10	μL	and	detection	wavelength	of	285	nm.	The	method	employed	a	

gradient	 elution	 of	 0.1%	 trifluoroacetic	 acid	 in	 water	 (Mobile	 phase	 A)	 and	 0.1%	

trifluoroacetic	acid	in	acetonitrile	(Mobile	phase	B)	and	a	gradient	as	follows:	t=0	minutes:	

60%	 B,	 t=0	 minutes	à	 t=3	 minutes:	 60%	 B	à	 95%	 B,	 t=3.01	 minutes:	 60%	 B	 and	 t=5	

minutes:	60%	B.	Chromatograms	were	collected	and	analyzed	with	Empower	Version	2.0	
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software	 (Waters	 Corporation,	Massachusetts,	 USA).	 The	 concentration	 of	 carbamazepine	

from	 in	 vitro	 membrane-permeation	 dissolution	 samples	 was	 quantitated	 based	 upon	 a	

single	point.	

	

6.3.2.4.3 Bioanalytical	Method	

	

The	following	discussion	describes	the	bioanalytical	procedure	performed	by	Duarte	

et	al.	 to	assay	carbamazepine	 in	serum	samples	[46].	Carbamazepine	concentrations	were	

quantified	 using	 an	 IMMULITE	 2000®	 XPi	 Immunoassay	 System	 (Siemens	 Healthcare	

Diagnostics,	Erlangen,	Germany)	[46].	The	method	had	a	quantitation	 limit	of	1.25	μg/mL	

[46].	

	

6.3.2.4.4 Liquid-Liquid	Extraction	Method	

	

The	following	discussion	describes	the	liquid-liquid	extraction	procedure	performed	

by	Duarte	et	al.	to	extract	carbamazepine	from	serum	samples	for	analysis	by	HPLC	(section	

6.3.2.4.1)	 [46].	 The	 lower	 limit	 of	 the	 bioanalytical	method	 described	 in	 section	 6.3.2.4.3	

was	1.25	μg/mL,	which	was	determined	to	be	above	the	concentration	of	carbamazepine	in	

select	serum	samples.	To	analyze	select	serum	samples	below	the	quantitation	limit	of	the	

bioanalytical	 method,	 HPLC	 analysis	 was	 performed	 on	 extracted	 serum	 samples.	 The	

liquid-liquid	 extraction	 procedure	 performed	 by	 Duarte	 et	 al.	 is	 as	 follows:	 supernatants	

were	 extracted	 by	 adding	 a	 1:4	 v/v	 ratio	 of	 methanol	 to	 serum	 samples	 that	 were	 then	
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vortexed	and	centrifuged	at	2000	rpm	for	5	minutes	each	[46].	Supernatants	were	analyzed	

directly	by	HPLC	(section	6.3.2.4.1).	

	

6.4 Results	and	Discussion	

	

Dissolution	 testing	 has	 evolved	 as	 a	 tool	 to	 evaluate	 in	 vitro	 -	 in	 vivo	 correlations	

(IVIVC)	 [48].	 At	 a	 minimum,	 a	 dissolution	 methodology	 must	 sufficiently	 differentiate	

formulations	 with	 similar	 drug	 release	 characteristics.	 The	 current	 work	 illustrates	 the	

application	 of	 a	 membrane-permeation	 dissolution	 methodology	 to	 establish	 significant	

IVIVR/IVIVC	that	can	function	as	a	basis	to	estimate	in	vivo	bioavailability/performance	as	

well	 as	 eliminate/reduce	 animal	 PK	 studies	 [4,	 49].	 Selecting	 the	 appropriate	 dissolution	

methodology	 to	 establish	 IVIVC	 and	 decipher	 formulation	 performance	 is	 critical.	 The	

subsequent	 discussion	 portrays	 an	 assessment	 of	 various	 dissolution	 techniques	 and	

critical	performance	parameters	for	establishment	of	IVIVR/IVIVC.	

	

6.4.1 In	Vitro	Microcentrifuge	Dissolution		

	

Microcentrifuge	dissolution	 testing	 is	a	popular	 technique	used	 to	quickly	evaluate	

the	 dissolution	 performance	 of	 drug	 formulations.	 Compared	 to	 traditional	 dissolution	

techniques	 in	 which	 a	 filtration	 step	 is	 required	 for	 removal	 of	 particulate	 material,	

microcentrifuge	 dissolution	 utilizes	 centrifugal	 force	 to	 sediment	 particles	 into	 a	 solid	

residue.	 The	 amount	 of	 drug	 and/or	 polymer	 species	 remaining	 in	 the	 supernatant	 is	
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dependent	 upon	 the	 centrifugal	 force	 applied	 to	 the	 sample	 [50].	 A	 microcentrifuge	

dissolution	 test	 quantifies	 the	 total	 drug	 content	 (i.e.	 –	 free/dissolved	 drug	 +	 drug/salt	

micelles	 +	 drug/polymer	 colloids	 +	 nanoaggregates	 +	 nanoprecipitates,	 etc.).	 Due	 to	

centrifugal	 limitations,	 free	drug	analysis	 is	not	possible	with	microcentrifuge	dissolution	

techniques.	 To	 differentiate	 drug-containing	 species	 and	 free	 drug,	 ultracentrifugation	

would	 be	 required.	 Nevertheless,	microcentrifuge	 dissolution	 is	 a	 valuable	 tool	 for	 rapid	

assessment	 of	 the	 dissolution	 performance	 of	 developmental	 drug	 formulations.	 The	

microcentrifuge	 dissolution	 procedure	 is	 illustrated	 in	 Figure	 6.1.	 Acidic	 (gastric)	 and	

neutral	(intestinal)	pH	can	play	a	significant	role	in	drug	formulation	solubility.	Eudragit®	

L100	is	an	enteric	polymer	that	was	used	as	a	carrier	for	production	of	carbamazepine	solid	

dispersions.	Dissolution	 studies	were	 initiated	 in	 acidic	media	 (0.01N	HCl)	 at	 pH	2.0	 and	

transferred	 into	 fasted	 state	 simulated	 intestinal	 fluid	 (FaSSIF)	 at	 pH	 6.5	 as	 dissolution	

media	to	mimic	in	vivo	intestinal	conditions.		
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Figure	6.1:	Microcentrifuge	dissolution	procedure	

	

In	 a	 previous	 work,	 Duarte	 et	 al.	 evaluated	 the	 rank	 order	 performance	 of	

nanoamorphous,	 nanocrystalline,	 microamorphous	 and	 crystalline	 carbamazepine	

formulations	 using	 a	microcentrifuge	 dissolution	 test	 [46].	 The	work	 hypothesizes	 nano-

composite	 aggregates	 will	 exemplify	 improved	 dissolution	 performance	 as	 compared	 to	

micro-composites.	This	theory	is	supported	by	the	Noyes-Whitney	equation	which	suggests	
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that	particle	size	(surface	area)	is	directly	proportional	to	dissolution	rate;	and	therefore,	a	

smaller	particle	 size	 (larger	 surface	 area)	would	 correlate	with	 a	 greater	dissolution	 rate	

[51].	The	dissolution	profiles	for	carbamazepine	formulations	are	illustrated	in	Figure	6.2.	

Qualitative	 analysis	 of	 the	 dissolution	 profiles	 in	 Figure	 6.2	 depicts	 the	 rank	 order	 of	

performance	 to	be	 the	 following:	 nanoamorphous	>	microamorphous	>	nanocrystalline	>	

crystalline.	Quantitative	 interpretation	of	AUC	values	correlates	with	qualitative	 rankings.		

The	data	from	Figure	6.2	portrays	a	significant	dependence	on	particle	size	and	dissolution	

performance.	Of	the	formulations	evaluated,	the	nano-composite	formulations	exceeds	the	

predicted	 in	 vivo	 performance	 of	 all	 other	 formulations	 (Figure	 6.2).	 Crystalline	

carbamazepine	 exhibited	 the	 lowest	 percentage	 of	 drug	 released	 and	 the	 largest	 particle	

size	 of	 all	 solid	 material	 analyzed.	 The	 dissolution	 profile	 of	 crystalline	 carbamazepine	

demonstrated	a	maximum	percentage	dissolved	of	20%	at	35	minutes	(Figure	6.2).	Analysis	

of	the	area	under	the	dissolution	curve	(AUC)	values	for	the	formulations	studied	indicates	

that	 the	 nanoamorphous,	 nanocrystalline	 and	 microamorphous	 expressed	 an	

approximately	 two	 to	 three	 fold	 increase	 in	AUC	 values	 compared	 to	 crystalline	material	

(Table	 6.1).	 Duarte	 et	 al.	 proposes	 two	 conclusions	 for	 the	 increased	 dissolution	 rates	 of	

formulations:	 (1)	 the	materials	were	 solid	dispersions	 and	 (2)	 reduced	particle	 size	 [46].	

The	molecular	 dissolution	 of	 carbamazepine	 in	 Eudragit®	 L100	will	 lead	 to	 surface	 area	

enhancement	through	particle	size	reduction.	In	addition,	solid	dispersions	do	not	express	a	

crystalline	 lattice,	 which	 requires	 higher	 energy	 to	 break	 in	 the	 process	 of	 dissolution.	

Duarte	et	al.	deduced	that	a	synergistic	effect	exists	with	dissolution	rate	and	a	combination	

of	factors	such	as	amorphous	character	and	reduced	particle	size	[46].	
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Figure	 6.2:	 Microcentrifuge	 dissolution	 profiles	 for	 carbamazepine	 formulations	 and	
crystalline	 carbamazepine.	 Reproduced	 with	 permission	 from	 the	 European	 Journal	 of	

Pharmaceutical	Sciences	and	Duarte	et	al.	2016	

	

Table	 6.1:	 AUC	 values	 from	 microcentrifuge	 dissolution	 profiles	 for	 carbamazepine	
formulations	and	crystalline	carbamazepine	

Material	 AUC	(mg·hr/L)	 Rank	Order	of	Performance	

Nanoamorphous	 1334	 1	

Nanocrystalline	 844	 3	

Microamorphous	 963	 2	

Crystalline	 433	 4	
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To	 mimic	 in	 vivo	 conditions	 and	 understand	 the	 capacity	 of	 each	 formulation	 to	

sustain	 supersaturation,	 a	pH	shift	was	 implemented	 into	 the	microcentrifuge	dissolution	

procedure	 (step	6,	 Figure	6.1).	 Analysis	 of	 the	 dissolution	profiles	 in	 Figure	6.2	 indicates	

that	compared	to	the	nanoamorphous	and	microamorphous	formulations,	the	percentage	of	

nanocrystalline	material	released	dropped	significantly	after	the	pH	shift.	This	observation	

implies	 the	 use	 of	 Eudragit®	 L100	 reduced	 the	 tendency	 of	 crystallization	 from	

supersaturated	solutions.	Gastrointestinal	 supersaturation	of	 carbamazepine	 formulations	

infers	 the	 concentration	 of	 carbamazepine	 is	 greater	 than	 that	 soluble	 in	 gastrointestinal	

media	 under	 normal	 conditions.	 Although	 desirable,	 drug	 supersaturation	 refers	 to	 a	

thermodynamically	unstable	state	that	has	the	tendency	to	recrystallize	if	the	solution	is	not	

stabilized.	 To	 that	 point,	 polymer	 stabilizers	 can	 prolong	 supersaturation	 and	 prevent	

recrystallization	 through	 hydrogen	 bonding	 with	 the	 drug	 or	 by	 stronger	 drug-polymer	

ionic	interactions	[46,	52].		In	solution	methacrylate	polymers,	such	as	Eudragit®	L100,	are	

known	 to	 generate	 drug-polymer	 complexes	 that	 sustain	 drug	 supersaturation	 [46,	 53].	

Eudragit®	 L100	 is	 an	 enteric	 polymer	 with	 pH	 dependent	 solubility.	 Its	 ability	 to	 form	

drug-polymer	 complexes	 that	 sustain	 supersaturation	 is	 apparent	 in	 Figure	 6.2.	 This	 is	

demonstrated	 by	 the	 greater	 decrease	 of	 crystalline	 carbamazepine	 and	 nanocrystalline	

carbamazepine	concentration	relative	to	the	solid	dispersions	following	the	pH	change.	
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Microcentrifuge	dissolution	 results	 from	carbamazepine	 formulations	 in	Figure	6.2	

and	 Table	 6.1	 predict	 the	 rank	 order	 of	 in	 vivo	 performance	 to	 be	 the	 following:	 (1)	

nanoamorphous,	(2)	microamorphous,	(3)	nanocrystalline	and	(4)	crystalline.	

	

6.4.2 In	Vivo	Pharmacokinetic	Mice	Studies		

	

During	 formulation	 development,	 PK	 studies	 are	 implemented	 to	 obtain	 a	

comprehensive	 understanding	 of	 the	 absorption,	 distribution,	 metabolism	 and	 excretion	

processes	 for	specific	drug	 formulations.	PK	studies	provide	 insight	 to	 the	movement	of	a	

drug	 following	administration.	For	an	orally	administered	drug	 to	 reach	 its	 site	of	 action,	

the	 dosage	 form	 must	 disintegrate,	 deaggregate	 and	 dissolve	 into	 solution.	 Following	

dissolution,	 drug	 absorption	 is	 dependent	 upon	permeation	 across	 a	membrane	before	 it	

reaches	systemic	circulation.	Although	 in	vitro	dissolution	 techniques	provide	 insight	 into	

fundamental	 mechanisms	 that	 define	 the	 bioavailability	 of	 a	 drug	 substance,	 in	 vivo	 PK	

studies	afford	the	opportunity	to	assess	adverse	health	consequences	and	confirm	the	top	

formulation	candidate.		

	

Duarte	et	al.	performed	extensive	in	vitro	dissolution	analysis	and	concluded	that	the	

level	 of	 aggregation	 asserted	 by	 a	 formulation	 correlated	 to	 increased	 surface	 area	 and	

dissolution	 rate,	 which	 impacted	 the	 overall	 bioavailability	 of	 carbamazepine	 [46].	 From	

microcentrifuge	 dissolution	 results	 established	 a	 correlation	 between	 the	 level	 of	

aggregation,	particle	size	and	dissolution	rate.	To	better	understand	the	influence	of	particle	
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size	on	dissolution	rate	and	bioavailability,	Duarte	et	al.	performed	in	vivo	pharmacokinetic	

mice	 studies	 [46].	 Figure	 6.3	 portrays	 the	 in	 vivo	 dissolution	 profiles	 for	 carbamazepine	

formulations	and	crystalline	carbamazepine	in	mice	PK	studies.	Analysis	of	carbamazepine	

blood	 levels	 ensuing	 from	 the	 dissolution	 of	 nanoamorphous	 and	 nanocrystalline	

formulations	signified	surface	area	significantly	influenced	dissolution	rate.	Qualitatively	it	

is	 apparent	 nanoamorphous	 and	 nanocrystalline	 formulations	 outperformed	

microamorphous	and	crystalline	material,	with	 the	 latter	 two	solids	marginally	exceeding	

the	 quantitation	 limits	 of	 the	 detection	 method.	 Duarte	 et	 al.	 concluded	 the	 ostensible	

difference	 between	 nano-formulations	 and	 micro-formulations/material	 in	 vivo	

performance	was	 linked	to	particle	size	[46].	Carbamazepine	is	a	BCS	Class	II	drug,	which	

indicates	absorption	limitations	are	associated	with	dissolution	challenges.	As	described	in	

section	 6.4.1,	 particle	 size	 is	 inversely	 proportional	 to	 surface	 area	 and	 dissolution	 rate;	

therefore,	 a	 decreased	 particle	 size	 implies	 an	 increased	 dissolution	 rate.	 Duarte	 et	 al.	

revealed	 the	 surface	 area	 of	 carbamazepine	 formulations	 (nanoamorphous	 =	 81.7	 m2/g,	

nanocrystalline	 =	 19.7	 m2/g,	 microamorphous	 =	 9.1	 m2/g	 and	 crystalline	 =	 not	

studied/reported)	 corresponded	 directly	 to	 in	 vivo	 performance	 [46].	 The	 total	 drug	

exposure	of	carbamazepine	formulations	 in	vivo	can	be	determined	by	evaluating	the	AUC	

values	 of	 the	 dissolution	 profiles.	 AUC	 values	 for	 dissolution	 profiles	 of	 carbamazepine	

formulations	 from	 in	 vivo	mice	 PK	 studies	 are	 approximated	 and	 presented	 in	 Table	 6.2.	

Results	 from	 in	 vivo	 dissolution	 profiles	 of	 mice	 PK	 studies	 in	 Figure	 6.3	 and	 Table	 6.2	

reveal	 the	 rank	 order	 of	 performance	 for	 carbamazepine	 formulations	 and	 crystalline	

carbamazepine	 to	 be	 the	 following:	 (1)	 nanocrystalline,	 (2)	 nanoamorphous,	 (3)	
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microamorphous	and	(4)	crystalline.	In	vivo	results	divulge	the	“true”	order	of	formulation	

performance	could	not	be	predicted	by	the	microcentrifuge	dissolution	technique.	Duarte	et	

al.	 reasons	 the	 disconnect	 between	 in	 vitro	 and	 in	 vivo	 performance	 rankings	 relates	 to	

complex	and	dynamic	processes	involved	in	drug	absorption	that	are	difficult	to	represent	

in	 vitro,	 suggesting	 the	 need	 for	 an	 alternative	 dissolution	 technique	 that	 accurately	

estimates	in	vivo	performance	[46].		

	

	

Figure	6.3:	Mice	pharmacokinetic	dissolution	profiles	for	carbamazepine	formulations	and	
crystalline	 carbamazepine.	 Reproduced	 with	 permission	 from	 the	 European	 Journal	 of	

Pharmaceutical	Sciences	and	Duarte	et	al.	2016	
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Table	6.2:	AUC	values	 from	mice	pharmacokinetic	dissolution	profiles	 for	carbamazepine	
formulations	and	crystalline	carbamazepine	

Material	 AUC	(mg·min/L)	 Rank	Order	of	Performance	

Nanoamorphous	 153	 2	

Nanocrystalline	 245	 1	

Microamorphous	 34	 3	

Crystalline	 2	 4	

	

	

6.4.3 In	Vitro	Ultrafiltration	Dissolution	

	

Traditional	 dissolution	 techniques	 often	 require	 a	 filtration	 step	 to	 remove	 large	

particulates	 and	 species	 that	 may	 interfere	 with	 analysis	 of	 a	 sample.	 In	 contrast,	

microcentrifuge	dissolution	uses	centrifugal	force	to	separate	species	based	on	size.	Wu	et	

al.	 demonstrated	 the	 effectiveness	 of	 a	 microcentrifuge	 dissolution	 filtration	 method	

depends	strongly	on	the	drug/polymer	system,	the	centrifuge	speed	and	the	type/pore	size	

of	 membrane	 filters	 [50].	 Microcentrifuge	 dissolution	 results	 of	 ketoconazole-PVP	 and	

ketoconazole-HPMCAS	spray	dried	dispersions	indicated	a	heterogeneous	supernatant	was	

present	 following	 centrifugation,	which	 inferred	 the	 presence	 of	 precipitate	 species	 [50].	

The	data	suggests	that	to	isolate	free/dissolved	drug	from	nanoprecipitates	and	aggregate	

species	 in	 a	 microcentrifuge	 dissolution	 method,	 a	 secondary	 filtration	 step	 may	 be	

required	to	better	represent	in	vivo	performance.			
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Rather	 than	 incorporating	 a	 secondary	 filtration	 step,	 integrating	 a	 filtration	 step	

into	 the	 microcentrifuge	 dissolution	 procedure	 may	 also	 permit	 resolution	 of	 dissolved	

drug	 and	 undissolved	 precipitates.	 Ultrafiltration	 dissolution	 is	 a	 rapid	 method	 that	 has	

been	used	to	determine	the	concentration	of	free	drug	in	plasma	samples	[54].	Analogous	to	

microcentrifuge	dissolution,	the	process	of	ultrafiltration	dissolution	functions	to	separate	

small	particulates	from	dissolved	matter	primarily	based	on	size.	Species	are	filtered	based	

on	 a	 membrane	 molecular	 weight	 cutoff.	 Ladner	 et	 al.	 and	 Logan	 et	 al.	 presented	 data	

insinuating	 that	 species	 with	 particle	 sizes	 less	 than	 2.9	 and	 0.3	 nm,	 respectively	 may	

permeate	ultrafiltration	membranes	with	a	molecular	weight	cutoff	of	3	kilodaltons	(kDa)	

[55,	56].	Thus,	ultrafiltration	dissolution	 is	 capable	of	 removing	species	or	 complexes	>	3	

nm	and	analyzing	a	solution	closely	representative	of	free/dissolved	drug.		

	

Ultrafiltration	 dissolution	 studies	 were	 performed	 in	 an	 equivalent	 manner	 as	

microcentrifuge	 dissolution	 studies.	 Membranes	 were	 passivated	 prior	 to	 analysis	 to	

prevent	 absorption	 of	 carbamazepine.	 Analysis	 of	 the	 dissolution	 profiles	 in	 Figure	 6.4	

illustrates	 that	 relative	 to	 the	 nanoamorphous	 and	 microamorphous	 formulations,	 the	

percentage	of	nanocrystalline	material	released	reduced	following	the	pH	shift.	This	result	

is	 exactly	 in-line	with	 the	 results	observed	using	 the	microcentrifuge	dissolution	method,	

supporting	 the	 hypothesis	 that	 the	 use	 of	 Eudragit®	 L100	 reduced	 the	 tendency	 of	

crystallization	 from	 supersaturated	 solutions.	 Enriched	 concentrations	detected	 following	

the	pH	shift	in	the	ultrafiltration	dissolution	method	indicate	(1)	the	solubility	of	Eudragit®	

L100	 is	 significantly	 influenced	 by	 pH	 and	 (2)	 the	 microcentrifuge	 supernatant	 was	
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heterogeneous.	A	heterogeneous	supernatant	could	misleadingly	 inflate	 the	concentration	

of	 carbamazepine	 at	 early	 time	 points	 in	 microcentrifuge	 studies.	 If	 a	 heterogeneous	

supernatant	 was	 present,	 the	 effect	 of	 a	 pH	 transition	 on	 the	 concentration	 of	

carbamazepine	 may	 not	 be	 as	 obvious	 as	 when	 the	 free	 drug	 concentration	 of	

carbamazepine	 is	 determined	 due	 to	 analysis	 of	 the	 total	 species	 present.	 Ultrafiltration	

studies	 support	 the	 hypothesis	 that	 ability	 to	 form	 drug-polymer	 complexes	 aide	 in	

supersaturation	 sustainment	 in	 Figure	 6.4,	 as	 the	 concentration	 of	 carbamazepine	 in	 all	

formulations	is	constant	following	the	addition	of	simulated	intestinal	media.	Lastly,	similar	

to	 microcentrifuge	 dissolution	 results	 the	 concentrations	 of	 the	 microamorphous	

formulation	and	crystalline	carbamazepine	continuously	increased	after	the	50-minute	time	

point.	 This	 phenomenon	 can	 be	 explained	 by	 the	 particle	 size	 and	 surface	 area	 of	 the	

formulation.	 As	 mentioned	 previously,	 the	 surface	 area	 of	 nanoamorphous	 and	

nanocrystalline	 material	 is	 appreciably	 higher	 than	 microamorphous	 and	 crystalline	

material.	This	implies	that	the	wettability	of	nanoamorphous	and	nanocrystalline	materials	

will	be	improved	over	microamorphous	and	crystalline	material.	Furthermore,	the	diffusion	

layer	 of	 microamorphous	 and	 crystalline	 solids	 would	 be	 larger	 than	 that	 of	

nanoamorphous	and	nanocrystalline	material;	 thereby,	explaining	 the	delayed	dissolution	

rate	or	increased	concentration	of	both	profiles	at	the	120	minute	time	point.		

	

Ultrafiltration	 dissolution	 results	 from	 carbamazepine	 formulations	 in	 Figure	 6.4	

and	 Table	 6.3	 predict	 the	 rank	 order	 of	 in	 vivo	 performance	 to	 be	 the	 following:	 (1)	

nanoamorphous,	 (2)	 microamorphous,	 (3)	 nanocrystalline	 and	 (4)	 crystalline.	
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Ultrafiltration	results	correlated	with	the	microcentrifuge	dissolution	results,	suggesting	for	

this	particular	solid	dispersion	system	ultrafiltration	is	not	sufficient	technique	to	predict	in	

vivo	 performance	 and	 future	 studies	 should	 be	 performed	 to	 better	 associate	 in	 vitro	

approximations	with	in	vivo	results.		

	

	

Figure	 6.4:	 Ultrafiltration	 dissolution	 profiles	 for	 carbamazepine	 formulations	 and	
crystalline	carbamazepine	
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Table	 6.3:	 AUC	 values	 from	 ultrafiltration	 dissolution	 profiles	 for	 carbamazepine	
formulations	and	crystalline	carbamazepine	

Material	 AUC	(mg·hr/L)	 Rank	Order	of	Performance	

Nanoamorphous	 625	 1	

Nanocrystalline	 548	 3	

Microamorphous	 603	 2	

Crystalline	 257	 4	

	

	

6.4.4 In	Vitro	Membrane-Permeation	Dissolution	

	

For	 BCS	 class	 II	 drug	 substances,	 processes	 occurring	 in	 the	 gastrointestinal	 tract	

significantly	 influence	 oral	 drug	 absorption	 [57].	 Systemic	 circulation	 of	 an	 orally	

administered	 drug	 is	 preceded	 by	 a	 complex	 interplay	 of	 numerous	 processes	

encompassing	dissolution	and	absorption.	The	rate	of	oral	drug	absorption	can	be	 limited	

based	on	dissolution	or	solubility,	which	are	functions	of	the	physicochemical	properties	of	

the	 solid	 dosage	 form	 [58].	 Furthermore,	 Sugano	 et	 al.	 states	 the	 fundamental	 step	 to	

reaching	a	biological	target	is	permeation	through	the	intestinal	epithelial	membrane	[59].	

Simultaneously	modeling	dissolution	and	absorption	of	a	dosage	form	can	be	accomplished	

using	 dissolution/permeation	 devices	 to	 mimic	 in	 vivo	 absorption.	 The	 usefulness	 of	

dissolution/permeation	systems	has	been	demonstrated	by	establishing	 IVIVC	 in	multiple	

studies	[18,	60,	61].		
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Results	 obtained	 in	 microcentrifuge	 and	 ultrafiltration	 dissolution	 experiments	

revealed	 that	 predicting	 the	 in	 vivo	 performance	 of	 carbamazepine	 is	 not	 plausible	 by	

simply	studying	free	drug	concentration.	To	improve	the	in	vivo	performance	predictability,	

carbamazepine	 formulations	 were	 evaluated	 on	 a	 membrane-permeation	

dissolution/absorption	 system	 illustrated	 in	 Figure	 6.5.	 The	 importance	 of	 a	 two-cell	

system	for	predicting	absorption	is	demonstrated	in	the	donor	cell	schematic	(Figure	6.5).	

Upon	dissolution,	 the	 formation	of	high-energy	 species	 in	addition	 to	 free/dissolved	drug	

occurs	in	the	presence	of	biorelevant	intestinal	media.	Although	these	species	are	pivotal	to	

sustaining	supersaturation,	they	also	complicate	the	analysis	of	free	drug	concentration	 in	

vitro.	 The	 membrane-permeation	 system	 designed	 and	 utilized	 in	 the	 current	 work	

incorporates	 the	 effect	 of	 these	 species	 on	 dissolution,	 without	 including	 them	 during	

analysis	of	permeated	drug.		
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Figure	6.5:	Schematic	of	membrane-permeation	dissolution/absorption	system	
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cell.	The	concentration	–	time	profiles	of	carbamazepine	formulations	from	the	acceptor	cell	

are	 illustrated	 in	 Figure	 6.6.	 Qualitative	 and	 quantitative	 analysis	 of	 the	 concentration	 –	

time	 profiles	 exhibited	 the	 correct	 order	 of	 performance	 among	 the	 three	 evaluated	

formulations	(nanoamorphous	>	microamorphous	>	crystalline)	(Figure	6.6	and	Table	6.4).	

The	 true	 in	 vivo	 rank	 order	 could	 not	 be	 extricated	 from	 previous	 in	 vitro	 dissolution	

techniques	 as	 the	 performance	 of	 the	 microamorphous	 formulation	 exceeded	 the	

nanoamorphous	 formulation	 in	ultrafiltration	dissolution	studies.	This	could	be	explained	

by	the	application	of	a	membrane	inside	the	dissolution	apparatus,	which	allowed	complex	

species	 to	 be	 filtered	 in	 situ.	 In	 addition,	 carbamazepine	 has	 the	 highest	 solubility	 in	 the	

organic	 (decanol)	 phase	 of	 the	 biphasic	 system	 that	 was	 employed.	 Therefore,	 complex	

species	 such	 as	 nanoaggregates,	micelles,	 colloids,	 etc.	 containing	 Eudragit®	 L100	would	

not	 permeate	 into	 the	 organic	 phase.	 This	 denotes	 that	 the	 concentration	 –	 time	 profiles	

observed	from	the	membrane-permeation	dissolution/absorption	system	were	completely	

representative	 of	molecularly	 dissolved	 carbamazepine.	 To	 determine	 the	 IVIVC	 between	

PK	 mice	 studies	 and	 membrane-permeation	 dissolution/absorption	 experiments	 on	

carbamazepine	 formulations,	 a	 correlation	 between	 the	 total	 area	 under	 the	 dissolution	

curve	 in	 vitro	 and	 maximum	 carbamazepine	 concentration	 in	 vivo	 was	 established.	 A	

correlation	 coefficient	 (R2)	 value	 of	 0.87	was	 determined;	 depicting	 a	 level	 C	 correlation	

exists	between	the	data	sets.	An	additional	correlation	was	investigated	between	the	total	

area	 under	 the	 dissolution	 curve	 for	 both	 in	 vitro	 and	 in	 vivo	 results.	 A	 coefficient	 of	

determination	(R2)	value	of	0.51	indicated	a	comparison	of	the	pharmacokinetic	parameter,	

AUC,	 was	 not	 appropriate	 to	 establish	 a	 significant	 correlation	 for	 the	 studied	 data.	
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Although	 the	 rank	 order	 of	 performance	 was	 accurately	 estimated	 for	 the	 three	

formulations	 studied	 and	 a	 level	 C	 IVIVC	 was	 established,	 nanoamorphous	 and	

microamorphous	formulations	exhibited	similar	concentration	–	time	profiles.	This	was	not	

observed	 in	 vivo	 and	 therefore,	 the	 membrane-permeation	 dissolution/absorption	

methodology	could	be	improved	to	provide	higher	quality	correlations	with	in	vivo	results.		

	

	

Figure	 6.6:	 Membrane-permeation	 profiles	 for	 nanoamorphous	 formulations,	

microamorphous	formulations	and	crystalline	carbamazepine	
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Table	 6.4:	 AUC	 values	 from	 membrane-permeation	 profiles	 for	 carbamazepine	
formulations	and	crystalline	carbamazepine	

Material	 AUC	(mg·hr/L)	 Rank	Order	of	Performance	

Nanoamorphous	 1358	 1	

Microamorphous	 1292	 2	

Crystalline	 475	 3	

	

	

To	 replicate	 the	 pH	 transition	 from	 gastric	 to	 intestinal	 segments,	 a	 pH	 shift	 was	

implemented.	However,	 incorporating	a	pH	shift	 into	a	membrane-permeation	dissolution	

apparatus	can	present	several	challenges.	While	the	membrane	is	fundamental	to	the	device	

as	 it	divides	the	donor	and	acceptor	cell	compartments,	 it	also	presents	an	obstacle	 in	pH	

shift	 experiments.	 Initially,	 experiments	 were	 performed	 in	 a	 manner	 such	 that	 gastric	

media	 embodied	 one	 half	 the	 total	 volume	 of	 dissolution	media	 and	 the	 intestinal	media	

completed	 the	 remaining	 volume.	 Employing	 half	 of	 the	 total	 volume	 in	 the	 donor	 cell	

compartment	 of	 the	 membrane-permeation	 apparatus	 did	 not	 completely	 submerge	 the	

membrane.	 Multiple	 problems	 would	 arise	 from	 a	 partially	 immersed	 membrane:	 (1)	

reduced	flux	across	the	membrane,	(2)	wetting	of	the	membrane	surface	on	the	side	of	the	

donor	 cell	 compartment	 with	 acceptor	 cell	 compartment	 media,	 (3)	 generation	 of	 a	

pressure	gradient	in	the	opposite	direction	of	the	flow	of	dissolved	drug,	(4)	poor	mixing	of	

the	donor	cell	compartment	media,	(5)	 insufficient	heating	of	the	donor	cell	compartment	

media	 to	 internal	 conditions	and	 (6)	diminished	ability	 to	 generate	 an	unstirred	aqueous	

layer	 across	 the	entire	 surface	of	 the	membrane.	To	overcome	volume	hindrances	due	 to	

position	of	the	membrane	in	the	apparatus,	a	concentrated	solution	of	FaSSIF	was	prepared.	
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During	 dissolution	 studies,	 a	 pH	 shift	 from	 gastric	 conditions	 (0.01N	 HCl,	 pH	 =	 2)	 to	

intestinal	 conditions	 (FaSSIF,	 pH	 =	 6.5)	 was	 performed	 with	 a	 10X	 concentrated	 FaSSIF	

solution	at	pH	6.8.	Following	the	transition,	the	ensuing	pH	and	concentration	of	FaSSIF	in	

the	donor	cell	compartment	were	representative	of	intestinal	conditions.		

	

	Carbamazepine/Eudragit®	 L100	 formulations	 and	 crystalline	 materials	 were	

assessed	 on	 the	 membrane-permeation	 dissolution/absorption	 methodology	 with	 a	 pH	

shift	to	replicate	gastrointestinal	conditions.	Qualitative	analysis	of	the	concentration	–	time	

profiles	in	Figure	6.7	depicted	the	rank	order	of	performance	to	be:	(1)	nanocrystalline,	(2)	

nanoamorphous,	 (3)	 microamorphous	 and	 (4)	 crystalline.	 The	 established	 rank	 order	 of	

formulation	 performance	 aligned	 with	 that	 determined	 in	 mice	 PK	 studies.	 While	 the	

concentration	 –	 time	 profile	 of	 the	 nanocrystalline	 formulation	 represented	 the	 highest	

bioavailability,	 the	 nanoamorphous	 formulation,	 microamorphous	 formulation	 and	

crystalline	 material	 all	 displayed	 similar	 profiles	 (Figure	 6.7).	 The	 AUC	 values	 of	 the	

concentration	–	time	profiles	 in	the	pH	shift	experiments	revealed	the	performance	of	the	

formulations	 to	 be:	 (1)	 nanocrystalline,	 (2)	 nanoamorphous,	 (3)	 crystalline	 and	 (4)	

microamorphous	 (Table	 6.5).	 To	 determine	 the	 IVIVC	 between	 PK	 mice	 studies	 and	

membrane-permeation	 dissolution/absorption	 pH	 shift	 experiments	 on	 carbamazepine	

formulations,	a	correlation	between	the	total	area	under	the	dissolution	curve	in	vitro	and	

maximum	 carbamazepine	 concentration	 in	 vivo	 was	 established.	 A	 correlation	 coefficient	

(R2)	 value	 of	 0.55	was	 determined;	 depicting	 a	 poor	 correlation	 exists	 between	 the	 data	

sets.	A	correlation	between	the	total	area	under	the	dissolution	curve	for	both	in	vitro	and	in	
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vivo	 results	 was	 (R2	 =	 0.72),	 which	 indicated	 a	 correlation	 exists	 for	 the	 studied	 data.	

Although	 an	 initial	 qualitative	 interpretation	 of	 the	 formulations	 and	 crystalline	material	

suggested	results	similar	to	that	of	mice	studies,	a	quantitative	comparison	of	in	vitro	and	in	

vivo	results	remained	disconnected.		

	

	

Figure	 6.7:	Membrane-permeation	 pH	 shift	 profiles	 for	 carbamazepine	 formulations	 and	
crystalline	carbamazepine	
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Table	 6.5:	 AUC	 values	 from	 membrane-permeation	 pH	 shift	 profiles	 for	 carbamazepine	
formulations	and	crystalline	carbamazepine	

Material	 AUC	(μg·hr/mL)	 Rank	Order	of	Performance	

Nanoamorphous	 2447	 2	

Nanocrystalline	 3175	 1	

Microamorphous	 2374	 4	

Crystalline	 2398	 3	

	

	

The	 utilization	 of	 biorelevant	 media	 in	 bioequivalent	 dissolution	 studies	 should	

represent	the	physiological	conditions	of	the	organism	dissolution	results	are	compared	to.	

Thus	far,	human	fasted	state	simulated	intestinal	fluid	at	pH	6.5	has	been	implemented	for	

all	in	vitro	dissolution	experiments.	For	typical	screening	studies	the	application	of	FaSSIF	is	

commonly	used	to	simulate	human	intestinal	conditions.	However,	to	establish	an	in	vitro	–	

in	 vivo	 correlation	 with	 mice	 in	 vivo	 data,	 dissolution	 media	 representative	 of	 mice	

gastrointestinal	 conditions	 should	 be	 expended.	 McConnell	 et	 al.	 measured	 the	

gastrointestinal	 pH	 and	 fluid	 content	 of	 mice	 to	 understand	 the	 implications	 for	 in	 vivo	

studies	 [62].	 Studies	 investigated	multiple	 sections	 of	 the	 small	 intestine	 of	 a	mouse	 and	

reported	the	mean	intestinal	pH	to	be	approximately	5.2	[62].	The	intestinal	pH	of	mice	is	

significantly	lower	than	that	observed	in	humans,	which	could	have	a	substantial	impact	on	

dissolution	studies	evaluating	 formulations	containing	an	enteric	polymer.	Although	there	

are	no	literature	reports	suggesting	a	correlation	between	mice	and	canine	intestinal	fluid	

composition,	 the	 components	 of	 canine	 FaSSIF	may	 relate	 closer	 to	 that	 of	 a	mouse	 than	

human	FaSSIF.	
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In	 an	 effort	 to	 improve	 the	 predictability	 of	 the	 membrane-permeation	

dissolution/absorption	methodology,	a	10X	concentrated	canine	FaSSIF	solution	at	pH	5.2	

was	 utilized	 to	 alter	 the	 pH	 of	 the	 donor	 cell	 compartment	 dissolution	 media	 after	 30	

minutes.	The	concentration	–	time	profiles	exhibited	in	Figure	6.8	represent	the	percentage	

of	carbamazepine	permeated.	Figure	6.8	exhibits	a	decrease	in	maximum	concentration	for	

all	 formulations,	which	 is	 likely	 a	 result	 of	 reduced	pH.	The	 solubility	 of	Eudragit®	L100	

increases	above	pH	6.0,	 indicating	that	previous	dissolution	studies	 induced	an	artificially	

high	 concentration	 of	 carbamazepine.	 The	 pairing	 of	 concentration	 –	 time	 profiles	

presented	in	Figure	6.8	resembles	that	displayed	in	mice	studies.	Table	6.6	represents	the	

total	AUC	values	for	carbamazepine	formulations	and	crystalline	carbamazepine.	Review	of	

the	 AUC	 values	 in	 Table	 6.6	 inferred	 the	 concentration	 –	 time	 profile	 of	 crystalline	

carbamazepine	 is	 higher	 than	 that	 of	 the	 microamorphous	 carbamazepine	 formulation.	

Analogous	 to	 in	 vivo	 data,	 the	 performance	 of	 nanocrystalline	 and	 nanoamorphous	

formulations	were	 similar	 and	 considerably	 superior	 to	 crystalline	 and	microamorphous	

formulations.	In	contrast	to	in	vivo	data,	the	performance	of	crystalline	carbamazepine	was	

greater	than	the	microamorphous	formulation.	It	should	be	noted	the	in	vivo	data	available	

from	 crystalline	 carbamazepine	 is	 limited	 to	 first	 15	 minutes,	 making	 it	 challenging	 to	

establish	 the	 rank	 order	 of	 crystalline	 carbamazepine	 performance	 in	 mice.	 Qualitative	

analysis	of	 in	vitro	carbamazepine	permeation	profiles	considering	only	the	0	–	15	minute	

time	period	indicates	the	rank	order	of	formulation	performance	matches	exactly	with	that	

of	in	vivo	studies	(Figure	6.9).		
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Figure	 6.8:	 Membrane-permeation	 pH	 shift	 profiles	 for	 nanocrystalline	 formulations,	
microamorphous	formulations	and	crystalline	carbamazepine	using	canine	FaSSIF	at	pH	5.2	
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Figure	6.9:	Membrane-permeation	 pH	 shift	 profiles	 (0	 –	 15	minutes)	 for	 nanocrystalline	
formulations,	 microamorphous	 formulations	 and	 crystalline	 carbamazepine	 using	 canine	

FaSSIF	at	pH	5.2	

	

Table	 6.6:	 AUC	 values	 from	 membrane-permeation	 pH	 shift	 profiles	 for	 carbamazepine	
formulations	and	crystalline	carbamazepine	using	canine	FaSSIF	at	pH	5.2	

Material	 AUC	(μg·hr/mL)	 Rank	Order	of	Performance	

Nanoamorphous	 1089	 2	

Nanocrystalline	 1123	 1	

Microamorphous	 819	 4	

Crystalline	 834	 3	
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Supplemental	 to	 drug	 release	 from	 a	 formulation,	 in	 vivo	 behavior	 of	 enteric	

formulations	can	be	influenced	by	physiological	factors	such	as	gastric	emptying	or	the	first	

pass	effect/metabolism	 [13,	63].	Deconvolution	or	 convolution	of	 in	vivo	or	 in	vitro	data,	

respectively,	 is	 typically	 performed	 to	 estimate	 a	 drug	 absorption	 profile	 from	 the	

concentration	of	drug	in	the	plasma.	In	the	current	study	elimination	data	was	not	available;	

therefore,	deconvolution	of	the	in	vivo	data	was	not	performed	to	estimate	the	percentage	of	

drug	absorbed.	For	that	reason,	established	correlations	considered	the	following	in	vivo	PK	

parameters:	AUC	and	Cmax.	In	addition	to	the	qualitative	comparison	of	 in	vitro	and	 in	vivo	

dissolution	 profiles,	 the	 established	 correlation	 values	 infer	 IVIVR/IVIVC	 can	 be	

accomplished	 without	 deconvolution	 of	 mice	 PK	 data	 for	 studied	 carbamazepine	

formulations	(Table	6.7).	Correlations	established	between	 in	vitro	AUC	values	and	 in	vivo	

AUC	as	well	as	 in	vitro	AUC	values	and	 in	vivo	Cmax	represent	 level	C	correlations	 that	are	

accepted	by	the	FDA	[4].	Multiple	level	C	correlations	can	function	as	a	level	A	correlation	

for	 bioequivalency	 studies	 [4].	 The	 total	 AUC	 of	 a	 dissolution	 profile	 can	 be	 used	 as	 an	

indicator	 of	 formulation	 performance.	 A	 coefficient	 of	 determination	 (R2)	 value	 of	 0.91	

indicates	a	linear	dependence	between	the	in	vitro	and	in	vivo	dissolution	profiles	in	terms	

of	 total	 AUC.	 The	 data	 output	 from	 membrane-permeation	 studies	 is	 indicative	 of	 the	

amount	 of	 drug	 permeated	 across	 the	 intestinal	 membrane.	 A	 meaningful	 statistical	

relationship	between	 the	 in	vitro	percentage	of	 carbamazepine	permeated	and	 the	 in	vivo	

total	AUC	was	also	achieved.	Although	the	coefficient	of	determination	value	(R2	=	0.89)	is	

representative	of	a	linear	dependence	between	two	variables,	the	percentage	permeated	is	

not	a	PK	parameter	listed	in	the	FDA	for	bioequivalence	studies	[4].	Because	multiple	level	C	
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correlations	are	considered	equivalent	to	a	level	A	correlation,	a	comparison	of	the	in	vitro	

total	AUC	values	with	the	in	vivo	maximum	concentration	of	carbamazepine	was	performed.	

A	coefficient	of	determination	value	of	0.84	 for	 the	correlation	between	 in	vitro	 total	AUC	

and	in	vivo	Cmax	quantifies	a	strong	dependence	between	in	vitro	and	in	vivo	data.	The	best	

fit	 among	 the	 studied	 in	 vitro	 and	 in	 vivo	 variables	was	 established	 between	 the	 in	 vitro	

percentage	 carbamazepine	 permeated	 and	 in	 vivo	 Cmax.	 A	 comparison	 of	 the	 total	

percentage	 of	 carbamazepine	 permeated	 in	 vitro	 and	 the	 maximum	 concentration	 of	

carbamazepine	 in	 vivo	 established	 a	 correlation	 that	 was	 adequate	 to	 confirm	 the	

membrane-permeation	 dissolution/absorption	 method	 provides	 an	 indication	 of	 in	 vivo	

formulation	performance.		

	

Table	6.7:	In	vitro	–	in	vivo	relationships	and	correlations	

IVIVR/IVIVC	 Correlation	(R2)	

In	vitro	AUCtotal	vs	in	vivo	Cmax	 0.84	
In	vitro	AUCtotal	vs	in	vivo	AUCtotal	 0.91	

In	vitro	%Permeated	vs	in	vivo	AUCtotal	 0.89	
In	vitro	%Permeated	vs	in	vivo	Cmax	 0.92	

	

	

The	 correlations	 established	 in	 Table	 6.7	 confirm	 the	 efficacy	 of	 the	 in	 vitro	

dissolution	methodology	 in	predicting	 in	vivo	performance.	The	correlation	demonstrated	

between	 in	vitro	and	 in	vivo	 total	AUC	is	representative	of	entire	dissolution	profile,	while	

that	 exhibited	 between	 in	 vitro	 percentage	 carbamazepine	 permeated	 and	 in	 vivo	Cmax	 is	
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characteristic	 of	 a	 single	 point	 correlation.	 Though	 the	 current	work	 investigated	 level	 C	

correlations,	 the	 most	 ideal	 situation	 is	 to	 establish	 a	 point-to-point	 level	 A	 correlation.	

Further	 modeling	 should	 be	 executed	 to	 deconvolute	 in	 vivo	 data	 and	 provide	 a	 more	

accurate	 IVIVC.	 Additional	 studies	 should	 be	 performed	 to	 determine	whether	 the	 IVIVC	

model	is	product	specific	or	if	it	can	be	applied	to	numerous	classes	of	drugs.	
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6.5 Conclusions	

	

Due	 to	 limitations	 of	 compendial	 dissolution	 methods	 to	 consideration	 dynamic	

changes	 that	 occur	 during	 transit	 through	 the	 gastrointestinal	 tract,	 the	 purpose	 of	 the	

current	work	was	to	develop	a	biomimetic	dissolution	methodology	capable	of	predicting	in	

vivo	performance.	 In	 vivo	mice	PK	 studies	were	performed	by	Duarte	 et	 al.	 [46].	Mice	PK	

studies	 revealed	 the	 rank	 order	 of	 performance	 was	 (1)	 nanocrystalline,	 (2)	

nanoamorphous,	 (3)	 microamorphous	 and	 (4)	 crystalline.	 Initial	 in	 vitro	 analysis	 of	

carbamazepine	 formulations	 and	 crystalline	 carbamazepine	 was	 performed	 with	

microcentrifuge	 and	 ultrafiltration	 techniques.	 Both	 techniques	 displayed	 similar	 results,	

suggesting	the	rank	order	performance	was	(1)	nanoamorphous,	(2)	microamorphous,	(3)	

nanocrystalline	 and	 (4)	 crystalline.	 To	 improve	 the	 in	 vivo	 performance	 predictability,	 a	

membrane-permeation	dissolution/absorption	methodology	was	developed	and	optimized	

for	 the	 current	 drug/polymer	 system.	 Qualitative	 and	 quantitative	 analysis	 of	 in	 vitro	

dissolution	profiles	with	 the	membrane-permeation	 system	demonstrated	 the	application	

of	canine	FaSSIF	at	pH	5.2	and	incorporation	of	a	pH	shift	established	the	most	successful	

IVIVC.	This	novel	dissolution	methodology	demonstrated	multiple	level	C	correlations	with	

in	 vivo	mice	 PK	 studies,	 which	 inferred	 the	 ability	 of	 the	 in	 vitro	 dissolution	 method	 in	

predicting	 in	 vivo	 performance.	 Application	 of	 the	 membrane-permeation	

dissolution/absorption	 methodology	 presents	 the	 opportunity	 to	 reduce	 in	 vivo	 studies;	

thereby,	eliminating	cost	and	time	in	drug	formulation	development.		
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CHAPTER	7:	CONCLUDING	REMARKS	

	

7.1 Summary	and	Concluding	Remarks	

	

Due	 to	 the	 increase	 in	 the	 utilization	 of	 solubility	 enhancement	 platforms,	 a	

preliminary	study	was	implemented	to	manufacture	and	analyze	spray	dried	and	extruded	

formulations	 of	 Felodipine	 and	HPMCAS	 for	 total	 drug	 content	 and	 in	 vitro	 performance.	

Results	 illustrated	 amorphous	 systems	 that	 offered	 rapid	 and	 prolonged	 periods	 of	

supersaturation	 relative	 to	 the	 crystalline	 form	 of	 the	 drug.	 Through	 all	 stages	 of	

development,	 evaluating	 dissolution	 performance	 can	 provide	 an	 indication	 of	 in	 vivo	

behavior	 and	 bioavailability.	 As	 demonstrated	 in	 this	 dissertation,	 proper	 in	 vitro	

dissolution	testing	can	convey	the	influence	of	key	in	vivo	performance	parameters	and	be	

implemented	 for	 assessment	 and	 comparison	 of	 various	 amorphous	 solid	 dispersions.	

Studies	 in	this	work	addressed	the	 intricacies	associated	with	the	supersaturated	state	by	

designing	 a	 dissolution	methodology	 that	 reflected	 the	 physiochemical,	 physiological	 and	

hydrodynamic	conditions	that	transpire	throughout	transit	in	the	gastrointestinal	tract.	To	

develop	a	dissolution	methodology	that	portrayed	biorelevance,	a	novel	plasma	membrane	

treatment	was	established	to	fabricate	biomimetic	membranes	that	possessed	a	hydrophilic	

and	hydrophobic	surface	and	mimicked	the	 intestinal	membrane.	The	treated	membranes	

were	created	to	emulated	the	unstirred	aqueous	layer	of	the	intestinal	epithelial	membrane.	

Correlation	 studies	 confirmed	 the	 biorelevance	 of	 CF4	 plasma	 treated	 membranes	 by	

comparison	with	a	porcine	intestine.	The	dissolution	methodology	was	applied	as	a	tool	for	
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selection	 of	 candidates	 to	 move	 forward	 to	 pharmacokinetic	 studies	 by	 ranking	 in	 vitro	

performance.	 In	 a	 culminating	 study,	 the	 universal	 membrane-permeation	 non-sink	

dissolution	 methodology	 was	 used	 to	 illustrate	 in	 vitro	 –	 in	 vivo	 correlations	 for	

formulations	 of	 Carbamazepine.	 Multiple	 level	 C	 correlations	 were	 established	 to	

demonstrate	the	utility	of	the	methodology.	The	membrane-permeation	model	presents	the	

capability	 to	 predict	 the	 relative	 in	 vivo	performance	 of	 amorphous	 solid	 dispersions	 for	

BCS	class	II	drug	substances,	which	offers	the	potential	to	improve	drug	development	in	a	

commercial	setting.	

	 	

	 In	 addition	 to	 the	 main	 framework	 of	 this	 dissertation,	 numerous	 supplemental	

studies	were	performed.	One	such	study	was	utilized	to	improve	polymer	selection	during	

formulation	 development.	 The	 most	 thermodynamically	 stable	 formulation	 was	 selected	

during	feasibility	studies	due	to	the	plethora	of	information	regarding	solubility,	miscibility	

and	stability	of	drug/polymer	systems.	Complementary	to	dissolution	method	development,	

particle	 size,	 zeta	 potential	 and	 polarized	 light	 microscopy	 studies	 revealed	 information	

pertaining	 to	 the	 supersaturation	 and	 precipitation	 of	 Felodipine	 solid	 dispersions.	 Data	

from	these	studies	correlated	directly	to	the	AUDC	profiles	that	were	observed.		

	

The	 research	 conducted	 in	 this	 dissertation	 was	 intended	 to	 demonstrate	 the	

applicability	 of	 a	 membrane-permeation	 dissolution	 method	 for	 analysis	 of	 free	 drug	

content	 and	 prediction	 of	 in	 vivo	performance.	 By	 presenting	 successful	 in	 vitro	 –	 in	 vivo	

correlations	with	Carbamazepine	formulations	it	was	hoped	that	this	work	would	represent	
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the	foundation	for	future	studies.	Future	research	will	focus	on	in	vitro	–	in	vivo	correlations	

of	numerous	drugs	that	differ	in	BCS	classification.	This	will	demonstrate	the	versatility	of	

the	 membrane-permeation	 dissolution	 technique.	 To	 enhance	 the	 efficiency	 of	 analysis	

during	 dissolution	 testing,	 process	 analytical	 tools	 should	 be	 implemented	 to	 allow	 real	

time	 analysis	 of	 drug	 content	 without	 sampling.	 To	 improve	 the	 biorelevance	 of	 treated	

polymer	membranes,	depth	characterization	studies	should	be	performed	 to	optimize	 the	

treatment	 process	 and	 define	 the	 depth	 of	 treatment.	 Lastly,	 computational	 modeling	

should	be	 investigated	 to	 determine	 if	 in	 vitro	 –	 in	 vivo	 correlations	 could	be	 established	

based	on	historical	data,	drug	properties,	membrane	type	and	dissolution	media.	

	

The	author	would	like	to	note	that	the	work	described	in	Chapters	3,	4,	5	and	6	has	

resulted	in	the	submission	of	3	papers	to	peer	reviewed	journals	that	are	currently	pending	

acceptance.	



	

	

343	

APPENDIX:	 DEVELOPMENT	 AND	 VALIDATION	 OF	 A	 HIGH	 PRESSURE	
LIQUID	CHROMATOGRAPHY	–	ULTRAVIOLET	(HPLC-UV)	METHOD	

	

A.1 Purpose	

	

The	 purpose	 of	 this	 study	 was	 to	 perform	 method	 validation	 experiments	 to	

demonstrate	 the	 analytical	 high	 pressure	 liquid	 chromatography	 –	 ultraviolet	 detection	

(HPLC-UV)	method	 for	 Felodipine	 is	 suitable	 for	 its	 intended	 purpose.	 This	was	 done	 by	

executing	 typical	 characteristic	 tests	 as	 specified	 by	 the	 Food	 and	 Drug	 Administration	

(FDA)	guidance	[1].	

	

A.2 Introduction	

	

The	goal	of	analytical	measurement	is	to	obtain	accurate,	reliable	and	reproducible	

data.	A	common	approach	to	achieve	high	quality	data	 is	to	perform	an	analytical	method	

validation.	 Analytical	 method	 validations	 are	 an	 essential	 aspect	 required	 to	 meet	

regulatory	 standards	 and	 abide	 to	 good	 manufacturing	 practices	 (GMP).	 Aside	 from	

regulatory	concerns,	analytical	method	validations	are	necessary	for	methods	employed	in	

routine	daily	testing.	Validation	procedures	entail	characterization	tests	such	as	specificity,	

linearity,	accuracy,	precision,	range,	detection	limit	and	quantitation	limit.		
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To	assay	the	concentration	of	drug	substance	during	a	dissolution	study,	a	rapid	and	

simple	 method	 is	 often	 desired.	 Evaluating	 the	 concentration	 of	 drug	 in	 a	 membrane-

permeation	dissolution	study	is	challenging	depending	upon	the	compartment	of	analysis.	

The	donor	cell	compartment	will	exude	elevated	concentrations	relative	to	the	acceptor	cell	

compartment.	 Membrane-permeation	 dissolution	 studies	 offer	 a	 variety	 of	 information	

surrounding	 drug/polymer	 formulations.	 Consequently,	 a	 supporting	 analytical	 method	

must	 be	 sufficient	 to	 determine	 the	 concentration	 of	 drug	 substance	 in	 both	 cell	

compartments.	To	maximize	efficiency,	an	analytical	HPLC-UV	was	developed	 for	assay	of	

Felodipine	in	decanol	as	well	as	water/acetonitrile	mixtures.	The	method	was	validated	for	

its	intended	use,	rapid	analysis	of	dissolution	media.	

	

A.3 Materials	and	Methods	

	

A.3.1	 Materials	

	

Felodipine	 (±	 ethyl	 methyl	 4-(2,3-dichlorophenyl)-1,4-dihydro-2,6-dimethyl-3,5-

pyridinedicarboxylate)	 was	 purchased	 from	 Vega	 Pharma	 Limited	 (Zhejiang,	 China).	

HPMCAS-MG	 and	 HPMCAS-MMG	 (hydroxypropyl	methylcellulose	 acetate	 succinate)	 were	

kindly	donated	by	Shin-Etsu	Chemical	Co.,	Ltd.	(Tokyo,	Japan).	Solvents	and	chemicals	used	

for	 high	 pressure	 liquid	 chromatography	 (HPLC)	 analysis	 were	 analytical	 or	 ACS	 grade.	

Analytical	 grade	 solvents	 and	 chemicals	 –	 acetonitrile,	 methanol	 and	 ammonium	 acetate	

were	 purchased	 from	 VWR	 (New	 Jersey,	 USA).	 ACS	 grade	 or	 equivalent	 solvents	 and	
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chemicals	–	decanol	was	purchased	from	VWR	(New,	Jersey,	USA).		

	

A.3.2	 Methods	

	

A.3.2.1	 High	Pressure	Liquid	Chromatography	–	Ultraviolet	Detection	

	

A	Waters	Alliance	HPLC	(Waters	Corporation,	Massachusetts,	USA)	equipped	with	a	

photodiode	array	detector	(PDA)	was	used	to	determine	the	purity	and	assay	of	Felodipine.	

Analysis	 was	 performed	 using	 a	 Sunfire	 C18	 column	 (4.6	 x	 150	 mm,	 3.5	 μm)	 (Waters	

Corporation,	 Massachusetts,	 USA).	 The	 method	 employed	 an	 isocratic	 elution	 of	 20	 mM	

ammonium	acetate	(NH4OAc)	buffer	(Mobile	Phase	A)	and	methanol	(Mobile	Phase	B)	at	a	

ratio	of	25:75	with	a	 flow	rate	of	1.0	mL/min.	Separation	was	performed	maintaining	 the	

column	 thermostat	 at	 60°C	 with	 an	 injection	 volume	 of	 10	 μL.	 The	 concentration	 of	

Felodipine	was	determined	at	a	detection	wavelength	of	238	and	360	nm.	The	run	time	of	

the	 HPLC	 method	 was	 10	 minutes.	 Data	 collection,	 analysis	 and	 calculations	 were	

performed	using	Waters	Empower	3	software	(Waters	Corporation,	Massachusetts,	USA).	

		

A.3.2.2	 Method	Validation	

	

Given	below	are	 the	validation	 criteria	 suggested	by	 the	FDA	guidance	 for	method	

validation	 of	 drugs	 and	 biologics.	 The	 validation	 characteristics	 are	 defined	 in	 the	

international	conference	on	harmonisation	(ICH)	Q2(R1)	[2].	
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1.	Specificity.	The	method	should	be	selective	to	assess	the	analyte	in	the	presence	of	other	

components	 (impurities,	 degradants	 and	 matrix)	 expected	 to	 be	 present.	 To	 determine	

specificity	samples	of	donor	(FaSSIF)	and	acceptor	(decanol)	cell	compartment	media	were	

analyzed.	 In	 addition,	 solvent	 blanks	 and	 polymer	 additives	were	measured	 for	 potential	

interferences.		

	

2.	Accuracy.	The	analytical	procedure	must	express	 the	closeness	of	agreement	 to	a	value	

that	is	either	accepted	or	conventional.	Three	preparations	of	Felodipine	were	analyzed	at	

three	 levels	 (n=9)	 to	evaluate	accuracy.	The	accuracy	was	established	by	determining	 the	

recovery	of	Felodipine	by	comparing	the	calculated	concentration	to	theoretical	values.	

	

3.	 Precision.	 For	 a	 series	 of	 measurements	 the	 closeness	 of	 agreement	 must	 be	

demonstrated	 from	 a	 homogenous	 sample.	 Precision	 was	 determined	 by	 calculating	 the	

relative	standard	deviations	(RSD)	for	all	injections	at	each	concentration	analyzed.	

	

4.	 Linearity.	 Within	 a	 defined	 range	 the	 analytical	 procedure	 must	 display	 its	 ability	 to	

obtain	 the	 concentration	of	 analyte	 from	a	 test	 sample.	 The	 linearity	 of	 Felodipine	 in	 the	

HPLC	method	was	established	by	injecting	standard	solutions	from	the	limit	of	quantitation	

to	the	maximum	concentration	of	detection.	

	

5.	 Range.	 The	 analytical	 procedure	 must	 exhibit	 an	 interval	 within	 upper	 and	 lower	
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concentrations	of	the	analyte	that	has	a	suitable	 level	or	precision,	accuracy	and	linearity.	

The	range	was	established	in	conjunction	with	linearity	experiments.	

	

6.	Detection	Limit	(LOD).	The	lowest	amount	at	which	analyte	can	be	detected	in	a	sample.	

To	 define	 the	 detection	 limit	 of	 the	 method,	 single	 injections	 of	 two	 preparations	 of	

Felodipine	were	made	at	a	concentration	that	exhibited	a	signal	to	noise	value	of	three.	

	

7.	Quantitation	 Limit	 (LOQ).	 The	 lowest	 amount	 at	which	 analyte	 can	 be	 quantitated	 in	 a	

sample.	 To	 define	 the	 quantitation	 limit	 of	 the	 method,	 duplicate	 injections	 of	 three	

preparations	 of	 Felodipine	 were	 made	 at	 a	 concentration	 that	 fulfilled	 a	 signal	 to	 noise	

value	of	ten.	

	

A.4	 Results	and	Discussion	

	

A.4.1	 Method	Validation	

	

A.4.1.1	 Specificity	

	

There	 are	 no	 interfering	 components	 present	 in	 the	 dissolution	 media	 at	 the	

retention	time	of	Felodipine.	A	representative	blank	chromatogram	and	working	standard	

of	Felodipine	are	illustrated	in	Figure	A.1.	
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Figure	 A.1:	 Representative	 chromatograms	 of	 blank	 and	 working	 standard	 sample	
solutions.	

	

A.4.1.2	 Accuracy/Repeatability	

	

Accuracy	was	assessed	at	4	levels	within	the	linear	range	of	the	method.	At	all	levels	

the	percentage	of	recovery	was	between	99	–	120%	(Table	A.1).	Samples	analyzed	at	levels	

above	 the	 LOQ	 exhibited	 excellent	 recovery	 with	 calculated	 percentages	 between	 99	 –	

101%.	At	the	LOQ	level,	the	recovery	range	was	107	–	120%.	At	lower	levels,	a	higher	error	

in	analysis	is	accepted	due	to	difficulties	in	detection	and	reproducibility.	Furthermore,	the	

method	 meets	 criteria	 for	 repeatability	 by	 demonstrating	 percent	 relative	 standard	

deviations	(%RSD)	within	10%.	At	levels	above	the	LOQ,	the	method	demonstrated	%RSD	
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values	for	peak	area	and	retention	time	between	0	–	1%	and	0%,	respectively	(Table	A.1).	

At	 the	LOQ	level,	 the	method	 illustrated	%RSD	values	 for	peak	area	and	retention	time	of	

6%	and	0%,	respectively	(Table	A.1).	

	

Table	A.1:	Accuracy	and	repeatability	method	validation	results	
Solution	 Area	(μV*sec)	 Retention	Time	(Minutes)	 Recovery	(%)	

0.0001	mg/mL	Prep	1	 3186	 4.442	 107	

0.0001	mg/mL	Prep	2	 3513	 4.440	 118	

0.0001	mg/mL	Prep	3	 3564	 4.442	 120	

%RSD	 6	 0	 6	

0.001	mg/mL	Prep	1	 29936	 4.441	 100	

0.001	mg/mL	Prep	2	 29925	 4.438	 100	

0.001	mg/mL	Prep	3	 29718	 4.442	 100	

%RSD	 0	 0	 0	

0.01	mg/mL	Prep	1	 290787	 4.439	 100	

0.01	mg/mL	Prep	2	 289109	 4.439	 100	

0.01	mg/mL	Prep	3	 285989	 4.440	 99	

%RSD	 1	 0	 1	

0.1	mg/mL	Prep	1	 2848331	 4.440	 100	

0.1	mg/mL	Prep	2	 2846017	 4.440	 100	

0.1	mg/mL	Prep	3	 2860911	 4.440	 101	

%RSD	 0	 0	 0	
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A.4.1.3	 Precision	

	

The	method	exhibits	precision	at	three	levels	within	the	linear	range	of	the	method.	

At	all	 levels	studied,	the	%RSD	values	for	peak	area	and	retention	time	are	less	than	10%	

(Table	A.2).	Percent	RSD	values	for	peak	area	and	retention	time	were	between	0.1	–	1.1%	

and	0%,	respectively.	
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Table	A.2:	Precision	method	validation	results	

Solution	 Area	(μV*sec)	 Retention	Time	(Minutes)	

0.001	mg/mL	Inj	1	 30013	 4.440	

0.001	mg/mL	Inj	2	 30073	 4.439	

0.001	mg/mL	Inj	3	 29231	 4.440	

0.001	mg/mL	Inj	4	 29528	 4.441	

0.001	mg/mL	Inj	5	 29993	 4.444	

0.001	mg/mL	Inj	6	 29908	 4.440	

%RSD	 1.1	 0.0	

0.01	mg/mL	Inj	1	 290413	 4.438	

0.01	mg/mL	Inj	2	 289921	 4.442	

0.01	mg/mL	Inj	3	 291067	 4.440	

0.01	mg/mL	Inj	4	 290254	 4.442	

0.01	mg/mL	Inj	5	 290254	 4.443	

0.01	mg/mL	Inj	6	 290407	 4.441	

%RSD	 0.1	 0.0	

0.1	mg/mL	Inj	1	 2840418	 4.441	

0.1	mg/mL	Inj	2	 2841308	 4.441	

0.1	mg/mL	Inj	3	 2835064	 4.442	

0.1	mg/mL	Inj	4	 2842247	 4.439	

0.1	mg/mL	Inj	5	 2837746	 4.441	

0.1	mg/mL	Inj	6	 2838778	 4.439	

%RSD	 0.1	 0.0	

	

A.4.1.4	 Linearity	

	

The	linear	response	of	Felodipine	illustrated	a	regression	coefficient	(r)	=	1.00	for	a	

concentration	range	of	0.00005	mg/mL	–	0.1	mg/mL	(Figure	A.2).	Testing	was	performed	
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to	establish	 the	apex	of	 the	 linear	 range.	At	 concentrations	above	0.5	mg/mL	 the	method	

depicted	a	regression	coefficient	of	r	=	0.992,	which	is	outside	the	recommended	r	=	0.999	

value.		

		

	

Figure	A.2:	Linearity	method	validation	results	

	

A.4.1.5	 Sensitivity	

	

The	sensitivity	of	the	method	was	assessed	to	determine	the	practical	detection	and	

quantitation	 limit.	 Values	 for	 the	 LOD	 and	 LOQ	 are	 expressed	 in	 (mg/mL)	 (Table	 A.3).	

Duplicate	 preparations	 of	 LOD	 solutions	 were	 evaluated	 to	 ensure	 accurate	 results.	

Triplicate	preparations	of	LOQ	solutions	were	measured	to	demonstrate	repeatability.		
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Table	A.3:	Sensitivity	method	validation	results	
Solution	 Area	(μV*sec)	 Retention	Time	(Minutes)	 Signal/Noise	

0.00005	mg/mL	LOD	1	 1904	 4.443	 9	

0.00005	mg/mL	LOD	2	 1990	 4.44	 8	

0.0001	mg/mL	LOQ	1	 3189	 4.44	 17	

0.0001	mg/mL	LOQ	2	 3386	 4.447	 16	

0.0001	mg/mL	LOQ	3	 3351	 4.439	 16	

%RSD	(LOQ)	 3	 0	 4	

%Difference	(LOQ)	 6	 0	 6	

	

A.5	 Conclusions	

	

A	HPLC	method	for	Felodipine	was	developed	and	validated.	Felodipine	is	detected	

using	an	 isocratic	assay	method	with	a	run	time	of	10	minutes.	The	method	was	 found	to	

have	sufficient	sensitivity	capabilities.	The	accuracy/repeatability	and	precision	are	within	

suggested	method	validation	limits	as	per	the	FDA.	Furthermore,	the	method	is	considered	

linear	over	multiple	orders	of	magnitude.	 	
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