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Abstract
Highly-exact structural characterization is the crucial step in the development and
manufacturing process of pharmaceutical materials. Their structural composition is, however,
often very complex and hardly identifiable. The eligible way for obtaining definite structural
interpretation of these systems appears the high-resolution solid-state nuclear magnetic
resonance (ssNMR) spectroscopy. For this purpose the reliable tool – the ssNMR toolbox for
comprehensive characterization of various pharmaceutical solids is described. The rigorous
optimization of ssNMR techniques is carried out on enormous number of measured samples
containing active pharmaceutical ingredients (APIs) with systems ranging from APIs
formulated in solid dispersions to pure forms revealing extensive molecular disorder. In this
study the influence of polymeric matrix on the creation of solid dispersion type susceptible for
finely tuned controlled drug release is likewise discussed. The distinction between variable
structural alignments of API molecules in 3D dimension of complicated pharmaceutical solids
is allowed via simple strategy – factor analysis applied to hardly describable ssNMR spectra
(13C CP/MAS NMR and 19F MAS NMR). The results of this ssNMR investigation contribute
to better understanding of solid dispersion systems based on the polymer matrices and of the
systems with very subtle and hardly describable spectra.
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Abstrakt
Klíčovým krokem ve vývoji a produkci farmaceutických materiálů je vysoce precisní
strukturní charakterizace. Strukturní složení farmaceutických substancí je nicméně velmi
často složité a těžko identifikovatelné. Jako vhodný způsob k získání jednoznačné strukturní
interpretace těchto systémů se jeví nukleární magnetická resonance v pevné fázi s vysokým
rozlišením (ssNMR). Z tohoto důvodu je zde popsán spolehlivý nástroj – soubor ssNMR
experimentů pro úplnou charakterizaci rozličných pevnolátkových farmaceutik. Důsledná
optimalizace ssNMR technik je uskutečněna na velkém množství měřených vzorků
obsahujících aktivní farmaceutické ingredience (APIs – active pharmaceutical ingredients) se
systémy zahrnujícími APIs formulované v pevných disperzích až po čisté formy vykazující
vysokou molekulární neuspořádanost. V této práci je též diskutován vliv polymerní matrice na
tvorbu typů pevných disperzí umožňujících i jemné vyladění kontrolovaného uvolňování
léčiva. Rozlišení mezi různými strukturními uspořádáními molekul APIs v trojrozměrné
dimenzi složitých pevnolátkových farmaceutických systémů je umožněno díky jednoduché
strategii – faktorové analýze (FA) aplikované na obtížně popsatelná ssNMR spektra (13C
CP/MAS NMR a

19

F MAS NMR). Výsledky těchto ssNMR zkoumání přispívají k lepšímu

pochopení tuhých disperzních systémů založených na polymerních matricích a systémů
s velmi záludnými a těžko popsatelnými spektry.
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Abbreviations
AIDS – Acquired Immune Deficiency Syndrome
API – Active pharmaceutical ingredient
ASA – acetylsalicylic acid
ATO – atorvastatin hemicalcium
BABA – back-to-back experiment
BCS – Biopharmaceutics Classification System
CD – cyclodextrin
CP – cross-polarization
CPPI – cross-polarization-polarization-inversion
CSA – chemical shift anisotropy
DQ – double-quantum
DSC – differential scanning calorimetry
DUMBO – decoupling using mind-boggling optimization decoupling
EtOH – ethanol
FA – factor analysis
FDA – Food and Drug Administration
FSLG – Frequency-Switched Lee-Goldburg decoupling
FT – Fourier transformation
FTIR – Fourier transformed infrared spectroscopy
GIT – gastrointestinal tract
GRAS – Generally Recognized as Safe
HETCOR – heteronuclear correlation spectroscopy
HH – Hartmann-Hahn condition
HIV – Human Immunodeficiency Virus
HPMC – hydroxypropylmethylcellulose
IR – infrared spectroscopy
LG – Lee-Goldburg decoupling
LGCP – Lee-Goldburg cross-polarization
MAS – magic angle spinning
NCE – new chemical entities
NOE – nuclear Overhauser effect
PBS – Phosphate Buffered Saline
5

PEO – polyethylene glycol
PEOx – poly(2-ethyl-2-oxazoline)
pHPMA – poly[N-(2-hydroxypropyl)metacrylamide]
PI – polarization-inversion
PVP – polyvinylpyrrolidon
PVDF – polyvinylidene fluoride
PXRD – powder X-ray diffraction
2D – two-dimensional
T1(1H) – 1H spin-lattice relaxation time
T1ρ(1H) – 1H spin-lattice relaxation time in the rotating frame
rf – radiofrequency
SAXS – small-angle X-ray scattering
SD – solid dispersion
SQ – single-quantum
ssNMR – solid-state Nuclear Magnetic Resonance
SÚKL – Státní ústav pro kontrolu léčiv (State Institute for Drug Control)
T-but – tert-butanol
TCl – trospium chloride
TEM – transmission electron microscopy
WAXS – wide-angle X-ray scattering
WISE – wide-line separation
% w/w – percentage weight/weight
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Aims
In the development and manufacturing process of pharmaceutical products the exact structural
analysis is a crucial step. The eligible way how to obtain unambiguously structural
characterization of these systems is the high-resolution solid-state nuclear magnetic resonance
(ssNMR) spectroscopy. Therefore the main goal of the research presented in this thesis is
finding and optimizing procedures of detailed structural and segmental dynamic
characterization of pharmaceutical formulations by solid-state NMR spectroscopy; the
technique of which is known as a powerful tool for assessment of structural divergences,
physicochemical properties, quality control and comprehensive inspection of pharmaceutical
solids for utilizing in basic investigation and pharmaceutical research.
The presented study is mainly focused on the analysis of pharmaceutical materials based on
solid dispersions of drugs in polymer biodegradable hydrophilic matrices, on the influence of
types of polymer matrices and their different polymer molecular weight (Mw) to structural,
dynamic and pharmacokinetic properties of solid dispersions. This work likewise involves
physicochemical and structural characterization of pharmaceutical solids exhibiting extensive
structural diversity such as polymorphism, pseudopolyamorphism and molecular disorder.
The partial aims are the following:
1.

Preparation of solid dispersions of active substances: the selected active
pharmaceutical ingredient (API) will be transformed from its basic
crystalline state to nanocrystalline, amorphous and/or molecularly dispersed
form into the formulations of solid dispersion with different biodegradable
hydrophilic polymer matrices by method of lyophilization or free
crystallization.

2.

Primary characterization of solid dispersions: basic ssNMR screening (13C
CP/MAS NMR,

13

C MAS NMR, 1H MAS NMR experiments) of prepared

API-polymer dispersions

and selection

of

the formulations

with

considerable differences in the molecular arrangement of API against pure
substance.
3.

Advanced ssNMR analysis of solid dispersions: detailed structural and
segmental dynamic analysis of chosen pharmaceutical solid dispersions
including assessment of molecular miscibility of individual components,
polymer-drug interactions, polymer matrix influence on solid dispersion
creation etc. will be performed using advanced ssNMR techniques such as
10

T1(1H) CP/MAS, T1ρ(1H) CP/MAS NMR relaxation experiments and 2D
13

C-1H HETCOR NMR, 1H-1H DQ/SQ MAS NMR etc. methods.

4.

Analysis of drug release from solid dispersions: study of pharmacokinetic
properties of API-polymer solid dispersion by the method of dissolution
profile.

5.

Cluster analysis of pharmaceutical solids: application of factor analysis on
the obtained ssNMR data with very subtle and hardly describable spectra to
achieve correct and rigorous interpretation of pharmaceutical formulations.
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1 Introduction
1.1 Current state of pharmaceutical development of oral formulations
The innovations in pharmaceutical development shift the boundaries of treatment and
bear new chances for patient recovery. New opportunities were discovered in treatment of up
to now incurable or hardly treatable illnesses, achieving enhancement of the life quality of
patients with serious diseases and/or avoiding adverse effects of therapy1.
Despite of enormous progress in drug delivery, oral route of administration of drugs is
the most usual and convenient way due to low cost of therapy, self-medication, non-invasivity
and ease of taking medication leading to high level of patient compliance. Therefore, most of
the pharmaceutical substances discovered in the past and new chemical entities (NCE) under
development are determined to be used orally in a solid dosage form2-7. Currently the solid
pharmaceutical products represent the high percent from the whole medicament production on
the market8.
There are a few limitations wherewith the scientists and pharmaceutical industry have
met in oral drug administration. The first and major ones are the unsatisfactory
pharmacokinetic properties of synthetized active substance resulting in poor or inconvenient
oral bioavailability. The sufficient oral bioavailability of drug, ultimately sufficient drug
dissolution, solubility in human fluids and permeability in gastrointestinal tract (GIT), is the
key factor to achieve desired drug effect and results in therapy. These three factors affiliate
the rate and the extent of oral drug absorption of drug and are closely related to the oral
bioavailability of drugs8-13. Based on these pharmacokinetic properties a classification system
(Biopharmaceutics Classification System – BCS) has been created to sort potentially active
pharmaceutical solids. The BCS formulated by Food and Drug Administration (FDA)
classifies active pharmaceutical ingredients (APIs) into four classes on the basis of solubility
and intestinal permeability (Figure 1). API is classified as highly soluble when the highest
dose strength is soluble in volume ≤ 250 ml aqueous media in the pH range of 1–7.5 (37°C).
The highly permeable API is when the extent of absorption from highly administrated dose in
human is ≥ 90% in GIT determined by mass balance or in comparison to an intravenous
reference dose14. As a matter of fact, unfortunately a lot of promising pharmaceutical
substances (especially those from Class II and IV) and currently discovered drugs (more than
40% of development13) are inconvenient or their strongly hydrophobic character exhibiting
thus low bioavailability and solubility in water and the APIs are attributed to drugs with poor
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or inadequate biopharmaceutical properties9,13-17. For these reasons, the development of
delivery systems for optimal administration is essential and challenging in current
pharmaceutical research of these substances.
P
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Figure 1. Schematic representation of Biopharmaceutics Classification System (BCS) of APIs based
on their pharmacokinetic properties. Examples of typical representatives are introduced for each
group9,13-17.

The other limitation in pharmaceutical solids could be due to potential for changes in the
active pharmaceutical ingredient including instability and inferential moving to other
polymorph or other more stable modification etc., leading to different chemical and physical
properties of API. These properties can have a direct effect on drug product stability,
dissolution, bioavailability and in resulting phase of formulation or patients processing API
can have a different effect or even be totally ineffective2,15,18. The abundance example of
pharmaceutical compound polymorphism is for instance paracetamol (antipyretic, analegetic,
three polymorphic forms19-20), famotidine (histamine H2 receptor antagonist, two polymorphic
forms22) and piroxam (nonsteroidal, anti-inflamatory drug, three polymorphic forms23),
however, the most notable is case of ritonavir18. In case of this antiretroviral drug, used for
Human Immunodeficiency Virus (HIV) and Acquired Immune Deficiency Syndrome (AIDS)
treatment, 18 month after first rollout, a new crystalline form – more stable polymorph, was
discovered in this marketed product. Nevertheless, this form failed in dissolution test and has
precipitated. The Abbott Company spent a lot of money on development, sales and on
recovering of the original form but unfortunately the AIDS sufferers have not been treated
eventually. Hence it is crucial to sufficiently control API production, not only during
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development and overall manufacture leading to terminal products, moreover in the process of
final disposal2,15,17,18.
Targeted structural polymorphism is, however, a big advantage and generation of the
most thermodynamically stable polymorphic form of drug is preferable to ensure reproducible
bioavailability of the formulation during its shelf life under real storage requirements.
Nevertheless, there are occasional situations in which the metastable crystalline or amorphous
form of active substance in final product brings a benefit into the therapy. These situations are
quite usual in oral drug delivery because many APIs orally administrated are problematic and
inefficient or at least less efficient due to their unsuitable pharmacokinetic properties resulting
in poor bioavailability. So, as it was mentioned above, this reformulation to less stable but
more soluble API polymorph can influence and possibly optimize the substance
pharmacokinetic properties. It allows obtaining the product with required quality – e.g.
product with enhanced dissolution rate, solubility in human fluid, bioavailability and
consequently efficiency of drugs. Favorable is a metastable form with adequate activation
barrier inhibiting moving from metastable state to stable state so the form lasts without a
change for several years15,18,24. There are a number of methods how to improve the
biopharmaceutical properties of drugs with poor or inconvenient bioavailability or dissolution
including chemical processes and/or physical conversions8. These methods will be described
in section “Approaches of influencing drug bioavailability”. Except for medical benefit of
polymorphic form, more pharmaceutical companies are introducing new polymorphic forms
of an existent drug candidate and patent them. If this, newly discovered polymorph, has better
properties than an actual formulation on the market, the new form can replace it15. In any
case, the developers, manufacturers or other responsible parties must assure that the product
involving polymorphic API will attain: required bioavailability, efficacy and product quality,
under recommended storage conditions spontaneous change of form will not occur, and
eventual complications will be solved before the dosage form gets to the market.
A lot of money and effort is invested to find an appropriate formulation, not only in the
process of NCE or polymorphic form development likewise in the next phases of studies to
market sales. Already even small changes in the structure are capable to influence the system
properties15,24. Therefore it is crucial to control and analyze the structural compositions and
changes of API that is many times very complicated, from its early stage to final stadium
formulation with precise, fast and high-resolution methods. These requirements meet the
solid-state nuclear magnetic resonance (ssNMR) spectroscopy.
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1.2 Approaches of influencing drug bioavailability
To observe the drug candidate with required oral bioavailability and maximal efficacy
with minimal side effect is the crucial priority of pharmaceutical pipeline13. As it was
mentioned above, many promising active pharmaceutical substances fall into the categories of
drugs with inconvenient or poor biopharmaceutical properties resulting in disappointing oral
bioavailability which immediately influences the terminal effect of drug9,13-18,24. Influencing
of these properties can be achieved by enhancement of bioavailability of poorly soluble or
water insoluble drugs or/and attained by controlled drug release of drug systems with
inconvenient bioavailability. From extensive pharmaceutical research of APIs properties, their
pharmacokinetic behavior in various cases – e.g. in complex API-excipients, behavior of
different API modification, and studies of subsequent impact of API particular form to drug
efficacy a lot of diverse formulation strategies how to influence the drug bioavailability have
been

developed8,13,25,26.

Improving

of

drug

bioavailability

of

APIs

with

poor

biopharmaceutical properties with preservation of its biological active character is achievable
by many possibilities of chemical, biological and physical modifications of active compound
to appropriate formulations or likewise by combination of these techniques. Therefore the
main and most widespread way how API transforms to usable form with desired quality will
be described in short brief.

1.2.1 Chemical modifications
The options of chemical modification include the transformation into the form of salt,
hydrates, glycosidic derivatives, prodrugs or/and co-crystals.

1.2.1.1 Salts
The major factor, mainly for drugs in Class II and IV, is increasing the amount of
dissolved drug influencing the solubility of API. As the solubility of ionized substance in
aqueous media is greater than in neutral state and most of the active substances have the
ionizable group, the simplest and most common way to increase solubility and consequently
dissolution profile of drugs could be the transformation into the more soluble form of salts.
This enhancing of solubility can be obtained by adjusting the pH of the drug solution using
acid, alkali or buffer (for example citrate, acetate, phosphate, carbonate buffer etc.) under
appropriate conditions13,27. This method of salt formation is effective for weak acids and weak
base compounds. The solubility of a slightly soluble acid can be enhanced at pH above its
16

acidic pKa, by addition of alkali, and the weak base can be more soluble at pH below its basic
pKb, by addition of acid8,13,26. The example of improved solubility can be the formation of
lactate

salts

of

antimalarial

agent,

α-(2-piperidyl)-3,6-bis(trifluoromethyl)-9-

phenanthrenemethanol, where the solubility was for more than 200 times enhanced in
comparison with free base28.

1.2.1.2 Hydrates
The hydrates have more commonly lower dissolution rate than anhydrous form of drug.
Nevertheless, this state in most cases is only transient as for example in the case of
β-cyclodextrin dissolution, where over the first 10 minutes of release the anhydrate form is
much faster than hydrate while the excess form is converted to hydrate after ca. 30
minutes13,29. However, sometimes the hydrates are more soluble than anhydrous forms.
Moreover, if the drug crystallizes ordinarily as hydrate, this formulation of drug is selected
preferably. The limitation of this modification is its dehydration. Attention should be paid to
drugs with dehydration temperature close to the storage temperature. The typical example is
macrolide antibiotic azithromycin dihydrate8.

1.2.1.3 Glycosidic derivatives
To influence the pharmacokinetic properties of a drug is possible also by attaching of
the glycosidic residue into the active substance. The role of the glycosidic residue lies in its
capability to improve the hydrophilicity of the compound with inadequate aqueous solubility
resulting in inconvenient biopharmaceutical properties. In some cases also the transport
through various barriers as the haemato-encephalitic barrier, placental barrier, is influenced by
the formulation of glycosidic derivatives. Moreover, this kind of drug derivatives with
saccharide moieties can sometimes enhance the activity, efficiency and reduce side effect of
formulation in comparison with free substance8,30. The creation of glycosidic derivatives was
utilized in various cases of active candidate – e.g. in vancomycin31, podophyllotoxin32and
sylibin33.

1.2.1.4 Prodrugs
The term prodrug was first time used by Albert34 for compound consisting of an active
ingredient and inactive moiety which altogether is biologically ineffective. The inactive
moiety must be biocompatible, biodegradable, nontoxic and be capable of cleaving in proper
place. Accordingly, the effective prodrugs are biotransformed by enzymatic or chemical
reactions into active substances before desired pharmacological effect is evoked. To obtain
17

the above mentioned prodrugs formulation with required qualities is necessary to ensure that
the drug bears appropriate functional groups to generate labile derivatives, for example esters,
thioesters, amides; allowing prodrug to drug conversion in targeted place.
The potential of prodrugs is also inhered in adjustability of the properties of splittable inactive
moiety (e.g. hydrophilicity, lipophilicity) which allows the regulation of properties of overall
compound and release the parent drug in appropriate time13,35-37. The typical moieties are
often created from polymers (poly[N-(2-hydroxypropyl)metacrylamide (pHPMA)36 or other
suitable substances (e.g. benzoic acid). A lot of possibilities for different systems have been
brought by these options35. Therefore the prodrug modifications of API are widely used as a
strategy in oral bioavailability enhancement including change of the pharmacokinetic
properties resulted in improvement in human fluid solubility, dissolution rate, absorption,
chemical stability, brain penetration, reduction of side effects, enhancing of the tumor
selectivity etc.13,35-37. The example of prodrug with, for instance, enhanced water-solubility
and tumor-targeting properties could be the albumin-binding prodrug of paclitaxel (Taxol®)
with possibility of treatment of prostate cancer37.

1.2.1.5 Co-crystals
Formation of co-crystals is another approach how to impact the biopharmaceutical
properties of drugs. Pharmaceutical co-crystal could be defined as multicomponent crystal
consisting of at least two components, the active molecule (host) and co-crystalization partner
(guest), generally in simple stoichiometric ratio (host : guest, 1:1, 2:1 respectively) which in
their pure state at room temperature are presented as solid form. Host and guest are usually
bonded via weak non-covalent hydrogen bonds (H-bonds). Due to the weak non-covalent
bonds, the API retains its chemical identity. Created formations are further capable of
self-assembling into the long chain or designing the supramolecular structure.
Considering the fact that the boundary between co-crystals and salt formation is very thin, the
question about created product of these multicomponent systems is many times a subject of
discussion. The difference among them is estimated from the length of proton between acid
(host) and base (guest). If the proton is closer to acid, it is the co-crystal, if to base, it is the
salt. If the proton is in the middle of them, it is continuum called salt-co-crystal. In
comparison with salts, the advantage of co-crystals is obvious. It lies in their availability for
neutral molecules or drugs with weakly ionizable groups and in some cases better results in
comparison with salts of one chemical entity were obtained

38-40

. The huge variability of the

systems created from one active compound with diverse co-crystalization partners (e.g.
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benzoic acid, saccharine) according to FDA GRAS (Generally Recognized as Safe) criterion
is also a characteristic feature of co-crystals38. Although the co-crystal formulations have not
been offered yet to the market, many scientific studies have affirmed the enhancement of the
drug-like

properties

of

these

modifications

such

as

in

case

of

co-crystals

carbamazepine : saccharin (1:1), caffeine : acetic acid (1:1)38, acetaminophen : theophylline
(1:1)41 and itraconazol : malonic acid (2:1)40.

1.2.2 Physical modifications
The next option how to influence the drug bioavailability is to modify the physical
behavior of API. It is possible to reach this conversion by several physical methods such as
particle size reduction, controlled crystallization, polymorph/amorph modifications, spray
drying, lyophilization, complexation or solid dispersion creation. The detailed structural
research on solid dispersions probed by ssNMR spectroscopy is the major part of my doctoral
thesis and therefore I would like to describe them in more detail in individual chapter 1.3.

1.2.2.1 Particle size reduction
Applications of nanotechnology in pharmaceutical investigations help to solve problems
related to insufficient bioavailability of APIs. Particle size reduction of active compound and
consequential increasing of its specific surface area decidedly impact and moreover improve
the dissolution rate of drugs. In case of formulation in oral administration, this method is
mainly used for drugs with poorly water-soluble properties resulted in inconvenient biological
availability. By proper selection of particle size of drug, the different parameter of the system,
like absorption, stability, texture or color can be optimized.
The most available and routine technique which is used for particle size reduction is
micronization (or milling). Micronization can be divided into dry micronization, wet
micronization and cryomilling. These techniques are capable of size reduction in a range of
tens of micrometers or nanometres13,42. There are many examples with enhanced
biopharmaceutical properties occurring after implication of these methods – e.g. in case of
indomethacin43, glibenclamide44, naproxen45 etc.
Micronization in dry state is the simplest way to acquire the minimization of API
particle size. In milling of solid substance variable mills are employed – e.g. hammered,
oscillatory, ball or jet mills. The choice of a mill is based on the properties of milted substance
and required size reduction of particle. The best results, size in a range of 10 μm, have been
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obtained with air jet mill with the particle-to-particle collisions principle. This technique is
also suitable for thermosensitive compounds because there is no heat genesis created during
this process13,46. The dry milling has, however, one disadvantage - during the milling it
appears an increase in surface charge and small particles have tendency to agglomerate. It is
possible to prevent this situation via mixing the material with stabilization agents (e.g.
polymer polyvinylpyrrolidon (PVP)) or other adjuvants13.
Another version for some drugs is exploitation of wet micronization wherein the
sufficient liquid is used as medium for suspending the particle. The overall mixture is liable to
milling in a classical mill (ball, colloid, pearl) or using a Microfluidizer processor® by
utilizing high-pressure streams resulting in submicron particle47. The application of the whole
grinded substance/medium suspension in a process of final formulation depends on the used
liquid medium and on its special functions (lubrication, coating) in connection with the API.
If the liquid medium is not used for special purpose, the suspension containing the newly
formed particles can be dried8,13.
Cryomilling is a method evolved for drugs that have low melting points or other
properties unsuitable for wet or dry milling process. The principle of this technology is
immersing material or solvent into the liquid nitrogen (ca. -196 ⁰C) or other liquid gases. By
this rapid cooling, the materials with very fine and tender structure are obtained leading to
simple grinding process. Finally the cryomilling causes that the drugs will transform
themselves into the ultrafine nanostructured materials with enhanced biopharmaceutical
properties8,48 .

1.2.2.2 Controlled crystallization
As the minimization of particle size affects the dissolution and consecutively
bioavailability of APIs the influencing of the crystal design, size, 3D architecture is likewise
enabled via controlled crystalization techniques. Controlled crystalization of the material by
adjusting the crystalization conditions like temperature, pressure, type of solvent, degree of
supersaturation, and usage of relevant adjuvants, precipitants, type of crystalization technique
or device allows obtaining system with desired quality. Except for the traditional crystallizers
(tubular, tank crystallizers), the technologies as crystallization at supercritical medium,
sonocrystallization, and spray drying are also effective in prejudicing of the crystal growth,
morphology, and system properties8,13,26,49.
From these techniques the most wide-spread one is the crystallization at supercritical
medium and has already been used for many years for this purpose. This method introduces a
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process in which the drug is crystallized in supercritical medium, e.g. liquid nitrogen or
carbon dioxide, to obtain fine material with desired qualities. The drug is directly solvated in
supercritical fluid or can be dissolved in organic solvent (acetone, methanol) before injection
into the medium50. The sonocrystallization and spray drying technology are other strategies of
controlled crystallization techniques. Sonocrystallization including the recrystallization of an
active substance from liquid solvent by using ultrasound power at frequency range of 20-100
kHz or up to 5 MHz and a spray drying is a process in which the appropriate solution or
suspension of API is dried in spray drier, in streams of air or inert gas at high temperature.
The spray drying is also a technology with more reguladable parameters as size of jet, rate of
injection and others, and except of the particle reducing allowing likewise the creation of
specific amorphous/polymorph materials8,26.
These technologies were successfully applied in many cases of substances such as in
lecithin, naproxen, insulin, raloxifene hydrochloride and enabled to turn out even the system
with the 1-μm sized crystals50,51.

1.2.2.3 Polymorph and amorphous modifications
As it was mentioned above, each modification of structural arrangement of one
chemical entity represents a difference in biopharmaceutical properties. Different lattice
energies and entropies, associated with amorphous and polymorphic modifications are
responsible for these alternations in physicochemical properties. These results affect the
system properties – e.g. melting point, hygroscopicity, solubility, dissolution rate, physical
and chemical stability, and consequently change in biological activity of the usable form. The
amorphous or polymorphic modifications of a drug have many time very huge diversities in
solubility in comparison with the original thermodynamically most stable crystalline form,
sometimes up to several hundred times. Consequently, the dissolution rate is varying, and
generally the dissolution of less stable amorphous and polymorphic forms is more rapid when
compared to their crystalline thermodynamically most stable form24.
The different conformations of one compound altering in stabilization energies are
typical features of polymorphs. It is possible to create less stable, but more soluble polymorph
or more stable and less soluble polymorph. However, the best choice for pharmaceutical
substance with poor biopharmaceutical properties is the less stable form, with sufficient
activation barrier that precludes conversion into its stable polymorph for few years15,18,24.
There are many examples of polymorphism in drug discovery deviated from physicochemical
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properties of one chemical entity - e.g. paracetamol19-20, mefenamic acid52, acetazolamide53
and well-known case of ritonavir18.
Amorphous (noncrystalline) forms exhibit molecules with disorder state and without
long-range periodicity in comparison with crystalline solids, and actually even small disorders
in solids leading in change in their physicochemical properties. In general, they are
higher-energy solids with greater thermodynamic properties, and intermolecular distances,
resulting in enhanced solubility, dissolution rate, and finally oral bioavailability of API13,24.
Moreover, the amorphous formulations of drug have generally greater magnitude of solubility
increasing than a metastable polymorph as it is in case of methylprednisolone54, novobiocin55
etc. It is possible to acquire an amorphous state of substance via rapid precipitation and
cooling from the melt or solution when around the glass transition temperature (Tg) the system
undergoes transition into the glassy amorphous state36. Synthesis of these amorphous drugs
involves methods like spray drying, lyophilization, cooling from the melt or by combination
of techniques discussed in previous text8,13,26. In recent years several formulations have been
produced and marketed as drug product for patient recovery. Examples are Ceftin®
(cefuroxime axetil)56, Accolate® (zafirlukast)57, and Accupril® (quinapril hydrochloride)58.
As these materials have increased molecular mobility, they appear thermodynamically
unstable and therefore they tend to crystallize in a more stable crystalline form13,24. This
limitation is, however, a crucial factor for pharmaceutical industry hence the development,
processing, and storage conditions have to be controlled very carefully. This challenge also
employs the ssNMR spectroscopy as a method for precise structure evaluation of quality
control of these formulations. Therefore characterization of these hardly identifiable forms,
often with very tender diversities, is also partial subject of my doctoral studies.

1.2.2.4 Lyophilization
Another technique how to gain a more soluble drug product with size reduced
crystallites or amorphous phase is lyophilization. This method is a special kind of freeze
sublimation (freeze drying) under vacuum to separate solvent (e.g. water, tert-butanol (T-but))
from suspension or solution of frozen sample containing API. The lyophilizated active
substance retains its solid state and the obtained sample has a porous structure created by
canals of evaporated solvent. This porous structure is energetically convenient for water
molecules incorporation and lyophilizated sample is therefore dissolved more rapidly in this
medium. For this purpose the lyophilizator apparatuses are constructed. It is possible to obtain
the sample via commercial lyophilizers or by using freeze-drying process in a vacuum
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desiccator under pressure around 0.1 mbar8,9,59 . Although lyophilization is not very robust
technique, sometimes with variability of the end product, this technique have been developed
and used as a method for controlled crystallization (fenofibrate)60 and/or geneses of
amorphous modification (quinapril hydrochloride)58,61. This process is, however, used with
success for stabilization of the unstable substances as e.g. proteins62.

1.2.2.5 Complexation
Creation of drug-cyclodextrin complexes is another technique which is used for
enhancement of solubility, dissolution rate, and bioavailability enhancement of poorly
water-soluble drugs. The drug-cyclodextrin complexes are inclusion complexes formed by
incorporation of hydrophobic drugs or region of drugs (guest) into the excipient cavities
(host), in our cases into the cyclodextrin cavity, resulting in enhanced biopharmaceutical
properties of drug. The complexation is based on the supramolecular guest-host chemistry
where the host and guest are bound via weak intramolecular forces such as hydrogen bonds or
hydrophobic interactions. Cyclodextrins (CDs) are naturally occurring water-soluble cyclic
oligosaccharides consisting of variable number of glucopyranose units connected by α-(1,4)
linkages into the supramolecular structure63. CDs have a hydrophobic cavity and hydrophilic
external surface. In case of drug-CD inclusion complex, the cavity is appropriately sized for
active molecule, and hydrophilic external surface is responsible for increased aqueous
solubility of drug in created drug-CD complex. The most important cyclodextrins are α-, β-,
and γ-CDs consisting of six, seven and eight D-glucose units respectively. The D-glucose units
are arranged in a donut shape ring and the shape is stabilized by hydrogen bonds between
secondary hydroxyl groups of neighboring

D-glucose

units. Although most of the

cyclodextrins are preferred for pharmaceutical use, the more lipophilic (e.g. β-CDs) are
limited due to their possible parenteral toxicity and low aqueous solubility64-66. To avoid this
situation

and

enhance

the

CD’s

solubility,

more

soluble

derivatives

such

as

hydroxypropyl-β-cyclodextrines or sulfobutylether-β-cyclodextrines67 must be used. The
examples of complex formation resulting in improved solubility and oral bioavailability are
taxol68, rofecoxib69, and celecoxib70.

1.3 Solid dispersions
The formation of solid dispersion (SD) is due to their flexibility one of the most
successful methods to improve bioavailability of drugs with inconvenient biopharmaceutical
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properties. The first concept of SDs leading to drug release enhancement of poorly
water-soluble drugs was developed in 196171. Generally, formation of the solid dispersion is
based on dispersing of a hydrophobic API into a hydrophilic nontoxic matrix such as
polymers, glycerides, cellulose or urea71-73 with formation of API-matrix interaction mostly
attributed to hydrogen bonds74,75.
Principle of bioavailability enhancement and solid dispersion advantages. In
comparison with traditional formulations such as tablets/capsules, the solid dispersions should
consist of smaller solid particles and the API does not form typical thermodynamical stable
crystallites. The reasons for improving poorly water-soluble drug release thus inhere in
incorporation of API into appropriate matrix, with improved wettability, porosity and
dissolution characteristics with respect to the solid dispersion formation. Hence, the presence
of the drug in state with increased surface area, or formation of high-energy solids during
solid dispersion formation significantly contributes towards enhancement of drug
biopharmaceutical properties and finally resulting in its higher bioavailability. Moreover, SDs
can not only increase drug release but also decelerate the dissolution profile of highly soluble
drugs, generating controlled-release systems (e.g. metoprolol tartrate)7,9,13,73,76. The solid
dispersions, however, have even another advantage. As it was mentioned above, many
strategies for improving API bioavailability, such as salt formation, particle size reduction,
milling, have been discovered. Nontheless, there are constitutive limitations with each of
these methods - for instance, the creation of salts only for acidic or base compounds, particle
size reduction limit insufficient to achieve adequate bioavailability, agglomeration tendency
of micronized powder in milling procedure and so on. Nevertheless, the SD formations bring
more options due to their variability of processing, excipient options with tailor-made
properties and thus huge versatility to the API systems. Accordingly, formulation of drugs as
solid dispersion is very elegant choice to acquire desired effect of NCE or provide its highly
effective oral modification when the aforementioned approaches lose out13. Briefly, in
accordance with literature, it is demonstrated that from the suitably prepared solid dispersions
of drugs is possible to obtain systems with required biopharmaceutical properties of API9,13,73.
The next advantage of solid dispersions has also another use - not only in oral administration.
The very interesting example is the utilization of them in drug-eluting stents as a
polymer-drug coating composition of vascular stents with sustained release of drug77-79.
Classification of solid dispersion. Depending on physicochemical constitution several
main types and subtypes of solid dispersions can be distinguished: for instance i) eutectic
mixtures; ii) crystalline solid dispersions; iii) amorphous solid dispersions including glass
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solutions and glass suspensions; iv) solid solutions that can be divided into continuous solid
solutions and discontinuous solid solutions including substitutional crystalline solid solutions,
interstitial crystalline solid solutions and amorphous solid solutions; and finally v)
multicomponent solid dispersion (a special class of solid dispersions with surfactants). In the
matrix, the active substance can generally exist in phase-separated crystalline or amorphous
domains, and/or be molecularly dispersed7,13,73. As the classification of solid dispersion is a
bit complicated, the main groups are schematically depicted in Figure 2. The more extensive
description of each type of solid dispersion is enclosed in my first published paper - Article 1.
Preparation methods of solid dispersions. Various techniques of preparation of solid
dispersion systems appeared in the past. The most used are the melting and solvent
evaporation methods. These methods allow mixing and dispersing of drug into the matrix,
preferably on a molecular level. Choice of appropriate preparation method is done on the
basis of the physicochemical properties of drug and required solid dispersions. The melting
methods involve cooling and solidifying of melted mixture of API suspended in a melted
matrix by using for example ice bath agitation, solidification on petri dishes at room
temperature, and immersion in liquid nitrogen. However, the melting process has a limitation
because several active substances can be degraded by this process at high temperature. To
avoid this limitation, here are several alternatives: hot-stage extrusion, melt agglomeration,
and patented manufacturing process Meltrex®. The solvent evaporated methods include free
solvent evaporation, vacuum drying, heating of the mixture on a hot plate, usage of rotary
evaporator, supercritical fluids, spray drying, and lyophilization7,9,26,13,73,80.
Properties affected by diversity of solid dispersions. The creation of a particular
dispersion type depends on various factors such as miscibility of individual components in
their fluid state, the rate of solidification of the mixture, the rate of crystallization of
individual components, and on the preparation method (e.g., free solvent evaporation, hot
melt extrusion, lyophilization, vacuum drying, spray drying etc.)7,9,13,26,73. Similarly, a
significant step for creation of solid dispersions with desired quality is the selection of proper
matrix. There are a lot of different carriers eligible for solid dispersion application as a matrix
such as urea, polyvinylalcohol, copolymers, cellulose derivatives, sugar, organic acids etc73.
However, in my doctoral research, the most studied factor of SD origination is the selection of
polymer matrix and molecular weight (Mw) of the polymer. The chemical nature of polymer,
primarily chemical constitution, and Mw can modify not only the type of solid dispersion
(Figure 2) but also a variety of its properties including wettability, solubility, dissolution,
bioavailability or the stability process during the final storage13,81-83.
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For instance, in the case of polyvinylpyrrolidon (PVP) it has already been mentioned that
increasing Mw reduces dissolution rates. On the other hand, in comparison with other
polymers e.g. poly(ethylene oxide) (PEO), the release rate dependence on Mw is not so clear.
For example, the solid dispersion of glyburide in PEO6000 have better dissolution rate than in
PEO4000. Moreover, the dissolution study of phenylbutazone in PEO with Mw from 1500 to
20000 appeared this inverse release order. In many cases of the drug/polymer systems created
from PVP and PEO were proved that the dissolution rate of solid dispersions was likewise
affected by the percentage of used API or polymer. So, as it was mentioned above, every
formulation approach possesses its unique set of advantages and limitations13,73.
Stability. As the solid dispersion creation is mostly based on reformulation of API into
the more soluble, however, less stable amorphous or polymorphic form, the instability of
these formulations is the most common phenomenon (see the section “Polymorph and
amorphous modifications”).

Drug-Polymer
Miscible in fluid state
Immiscible in solid state

Miscible in solid state

Eutectic mixture

Solid Solution

crystal/crystal

mol.disp./crystal.

Crystalline s.d.

mol.disp./amorph.

crystal/crystal

Multicomponent s.d.

Amorphous s.d.

mol. disp. /crystal

Glass suspension

mol. disp./amorph.

crystal./amorph.
Dispersion type
amorph./amorph.
drug state /matrix state
Glass solution
mol.disp./amorph.

amorph.: amorphous state
crystal: crystalline state
mol.disp.: molecular dispersed state
s.d.: solid dispersion

Figure 2. Schematic illustration of the classification of solid dispersions based on the state of their
individual components7,13,73.

Although these systems below the glass transition temperature have a very high viscosity,
there is enough mobility for system recrystallization and conversion to more stable form of
API. Molecular mobility is thus a driving force leading to this instability of amorphous
26

phases84. To avoid recrystallization, several possibilities have been developed such as use of
an appropriate polymer to create stronger hydrogen bond or to increase the kinetic barrier of
nucleation of API (felodipine in PVP74, felodipine in hydroxypropylmethylcellulose
(HPMC)85), or using of surfactants

(poor water-soluble drug LAB687 in associated

PEO-polysorbate 80 matrix86). The strategies to stabilize the SD systems are strongly
depended on the drug properties. Therefore the combination of different approaches can be
the best strategy to prevail drug recrystalization9,13.
Limitations. Although the solid dispersions have great potential for bioavailability
enhancement, in spite of extensive research, the marketed products based on this strategy are
very few: Gris-PEG® (griseofulvin in PEO), Sporanox® (itraconazole in PEO and HPMC),
and

Cesamet®

(nabilone

in

PVP),

Prograf® (tacrolimus

in

HPMC),

Kaletra®

(lopinavir/ritonavir in PVP-vinylacetate), Nimotop® (nimidipine in PEO), Implanon®
(etonogestrel in ethylene vinylacetate), Intelence® (etravirine in HPMC), Rezulin® (torcetrapib
in HPMC acetate succinate)87. Even since the 90s the number of solid dispersion formulations
has increased, the adoption of the SD platform on the market is still small. Reason for this
situation related to solid dispersions is in laborious preparation methods, hardly reproducible
physicochemical characteristics, problems during scale-up manufacturing processes,
instability during storage and difficulties in structural characterization due to their
tremendous diversities in the created system. This is related to poor understanding of solid
dispersion nature and their material properties7,9,13. Therefore, studying the structural,
segmental, dynamic and pharmacokinetic properties of solid dispersion, polymer-drug
interactions, and SD behavior with variable diversities of the systems is a challenge for
pharmaceutical development of these solids and also the major aim of my investigation during
doctoral studies. To comprehend these dependencies, high-resolution ssNMR spectroscopy in
combination with SD dissolution profiles was used. The utilities and advantages of ssNMR
will be described below in the following text.

1.4 Characterization of solid dispersions
The concept of solid dispersions reveals the enormous variability of the created systems
(Figure 2.) from molecularly dispersed API in matrix to phase-separated nano- or
micro-domains with amorphous or crystalline character. Consequently, the structure and
morphology of solid dispersions can be only hardly predicted and reliable characterization
method is therefore required. Many efforts have been devoted to this characterization
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development, and unambiguous evaluation of these formulations is one of the fundamental
requirements of the institution responsible for protecting and promoting public health through
the regulation and supervision of pharmaceutical drugs on the market (FDA, Státní ústav pro
kontrolu léčiv (SÚKL), etc.). Therefore, for successful progress in development, manufacture,
and application of these versatile pharmaceutical formulations (solid dispersions) the precise
structural and physicochemical characterization is crucial because any structural deviation
from the expected architecture may induce undesired changes in physicochemical properties,
bioavailability and complicated patent litigation.
There are many analytical methods used for SD characterization in solid-state. One of
the traditional techniques is differential scanning calorimetry (DSC). This method is used for
obtaining primary morphological and phase compositional information about matrix-drug
formation through thermal events. Another method for SD characterization and qualitative
detection of crystalline pattern can be powder X-ray diffraction (PXRD). This method can
simply reveal the presence of any crystalline form of the drug substance7. Moreover, the
transmission electron microscopy (TEM) has been used for spatial distinguishing between
amorphous and crystalline phases88. For information about size, distribution and stability of
the system in a range from 1 up to 100 nm and assessment of periodically ordered crystalline
fractions in multicomponent polymeric solids, methods such as small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS) respectively89,90 are used. Another
fundamental measurement in characterizing of SDs is the homogeneity investigations of the
systems. For this purpose, confocal Raman spectroscopy is often used90. Also, other
spectroscopic methods like infrared (IR) and Fourier transformed infrared spectroscopy
(FTIR) are widely-used for SD elucidation. The information about amorphous or crystalline
phases through measurement of the matrix-drug interactions are provided by these methods 91.
While these techniques offer many characteristics of the SD formations, most notable
disadvantage is that many of the techniques cannot be easily used to characterize all of the
components in a formulated product. This leads to limited structural information about the
amorphous systems, particularly if the active substance is molecularly dispersed. As a
powerful tool for solid dispersions elucidation appears to be solid-state NMR spectroscopy
(ssNMR). ssNMR spectroscopy is not widely used due to its expense and lack of availability,
however, its utilization in explicit characterization of interactions on the molecular level, fully
understanding of relationship in these solids, and non-destructive and non-invasive analysis
exalt the ssNMR into the forefront of interest92.
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According to many formerly published papers, it has been demonstrated that ssNMR
techniques afford detailed and complex structure elucidation of multicomponent systems,
determination of domain sizes in heterogeneous polymeric materials, and complete segmental
dynamic analysis of pharmaceutical solids92-99. The fundamental information about the
structure, dynamics, and also ordering and mutual interactions of individual components of
the systems is provided by simple experiments at magic angle spinning (MAS) such as
standard cross-polarization (CP)

13

C,

15

N CP/MAS and one-pulse 1H,

13

C MAS NMR

experiments. More detailed structural data basically reflecting morphology of the system and
the extend of incorporation of API in the matrix are provided by measurement of the
carbon-detected proton spin-lattice (T1(1H)) and proton spin-lattice relaxation times in the
rotating frame (T1ρ(1H))94. More insight into the structure relationship on the molecular level
is allowed by advanced 2D homonuclear correlation (1H-1H DQ/SQ MAS NMR, 1H-1H
SQ/SQ MAS NMR)100,101 and 2D 1H-13C heteronuclear correlation experiments (1H-13C
WISE NMR, 13C-1H HETCOR NMR)102-105. Furthermore, the application of relatively poorly
resolved but extremely fast detectable
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F MAS NMR spectra in combination with factor

analysis (FA) offers a fast and reliable tool for distinguishing diversities in amorphous form
containing fluorinated compound in tablet formulations106. Hence the high-resolution ssNMR
spectroscopy is an effective tool to obtain unambiguous structural characterization in
relatively short time, to assess the divergences in physicochemical properties, segmental
mobility, and quality control, and finally ensures better understanding of these materials. The
fundamental and detailed information about ssNMR technique will be discussed in the next
chapter “ssNMR spectroscopy”.
Nontheless, another important part of SDs characterization is the drug release from solid
dispersion using in vitro, in vivo or in vitro-in vivo correlation dissolution study performances.
While the bioavailability of drug, except other factors, is assumed to be determined by its
dissolution process in human fluids (body fluids, gastric juice, intestinal fluid etc.) the drug
release from these systems is the most critical parameter of solid pharmaceutical dispersions.
The aim of solid dispersion preparation lies in improvement or control of drug dissolution;
therefore the results of drug dissolution profiles have definitely essential importance in
assessment of material creation success. Nevertheless, in connection with other
physicochemical data, the release rate experiments can be used to determine the evidence or
non-evidence of solid dispersion formation. The results of a well-designed release experiment
are capable to perform influence on the drug dissolution rate from the SD, illuminate the
mechanism of carrier’s operation on drug dissolution characteristics, and asses the stability of
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the formulated SD by comparison with dissolution results of pure drug and physical mixture
consisting of the drug and the carrier13,73.

2 Materials and methods
2.1 Materials (model pharmaceutical systems)
Based on the studied materials the following chapter is divided in two categories. The
first category is entitled “drugs and polymers for solid dispersion formations” and the second
“pharmaceutical solids exhibiting extensive polymorphism/molecular disorder”.

2.1.1 Drugs and polymers for solid dispersion formations
The pharmaceutical solid dispersion is consisted of an API incorporated into a polymer
matrix. Two different model systems (see Figure 3) and four polymer matrices with different
constitution (see Figure 4) were used for solid dispersions creation in this doctoral thesis.
The first and most studied model API was acetylsalicylic acid (ASA) (Sigma-Aldrich,
St. Louis, USA). As the second model system investigated in this study atorvastatin
hemicalcium (ATO), [(C33H35FN2O5−)2Ca2+ amorphous], obtained from Biocon Laboratories,
Bangalore, India, was used. The water-soluble biocompatible and nontoxic polymers - PVP,
PEO, poly(2-ethyl-2-oxazoline) (PEOx), and poly[N-(2-hydroxypropyl)-methacrylamide]
(pHPMA) were used as polymer matrices. Poly(ethylene oxide) (PEO2000,

6000, 10000)

and

polyvinylpyrrolidone (PVP7600, 40000, 360000) were obtained from Fluka/Sigma-Aldrich (Buchs,
Switzerland), while poly(2-ethyl-2-oxazoline (PEOx50000,

200000, 500000)

was obtained from

Sigma-Aldrich (St. Louis, USA). Poly[N-(2-hydroxypropyl)-methacrylamide] of different
molecular weights (pHPMA18000,

54000,

81000)

were synthesized at the Institute of

Macromolecular Chemistry ASCR, v.v.i., according to published procedure in Article 2..
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Figure 3. Chemical structures and atom numbering of acetylsalicylic acid (ASA) and atorvastatin
hemicalcium (ATO).
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2.1.1.1 Preparation of solid dispersions
The most suitable prepared SD systems with required quality with respect to aim of this
doctoral thesis are described in this section. Another prepared and investigated systems
consisting of API and polymer matrix in variable combination of API and polymer,
API/polymer ratio, method of preparation, or solvents, are summarized in chapter 2.5.
SDs of ASA with an ASA/polymer weight ratio of 30/70 were prepared by
lyophilization of the prepared solutions. Briefly, 5% weight/weight (w/w) solutions of ASA,
PVP7600,

40000,

and

360000,

solutions of pHPMA18000,

and PEO2000,
54000,

and

6000,

and

10000

in tert-butanol (T-but) and 5% w/w

and PEOx50000,

81000

200000,

and

500000

in water were

prepared. The prepared solutions were immediately mixed in a 30/70 weight ratio with ASA.
The resulting mixtures were kept refrigerated for 5 hours. The samples were freeze-dried in a
vacuum desiccator at 0.1 mbar overnight to create solid dispersions.
SDs of ATO with PVP360000 in API/polymer ratio of 15/85 were prepared by two
methods of preparation – free evaporation and lyophilization. These systems were prepared by
mixing of the solutions of ATO and PVP. The used solvents were water, ethanol (EtOH) and
T-but.
In all cases of the SD systems, the polymers were dried before preparation, and all
prepared solid dispersions were re-dried under high vacuum for 24 hours. Selected solvents,
water, ethanol and T-but (Sigma-Aldrich, St. Louis, USA), were biodegradable and nontoxic.

2.1.2 Pharmaceutical solids exhibiting extensive polymorphism/molecular disorder
Based on the structural study of polymorphism and/or disorder in pharmaceutical solids
allowed by cooperation with pharmaceutical companies the trospium chloride (TCl)
(Interpharma, Prague, Czech Republic, C25H30ClNO3, Figure 5) was chosen as the material
suitable for precise structural ssNMR evaluation.
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Figure 5. Chemical structure of trospium (TCl).
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2.1.2.1 Crystallization conditions (trospium chloride)
TCl samples were prepared by recrystallization of powdered TCl. As a mixed solvent
system the different mixtures of water and ethanol [φ(EtOH) = 0.50, 0.95, 0.99, 1.00] were
used. The selected mixed solvent systems of TCl were used to imitate its industrial-scale
production. Additionally, two different conditions under which the samples differed were
used: 1) crystallization temperature (0°C, 20°C) and 2) initial concentration of solution
(saturated solution, 30%, and 50% excess of solvent). Purity, >99.9%, was declared in all of
the prepared samples by solution state 1H NMR spectroscopy. The grain size of the prepared
powdered products, less than 1 μm, was determined microscopically.

2.2 ssNMR spectroscopy
As it was mentioned above, to characterize and study properties of the pharmaceutical
solids, polymer-drug interactions in solid dispersions and related 3D architecture, dynamics,
physicochemical properties and many other characteristics of the systems also with different
disorders the ssNMR spectroscopy is the best choice for pharmaceutical development in
acquiring data with unambiguous information. ssNMR can be applied to characterize many
different solid systems with nuclei eligible to be measured in magnetic field by application of
radiofrequency (rf) pulses such as nuclei with nonzero spin e.g. - 1H, 2H,

13

C,

15

N, 19F, and
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P. 107-110
Experimentally, the sample containing nuclei with nonzero spin is inserted inside an

ssNMR probe placed in a highly homogeneous magnetic field with magnetic induction B0 of
known strength (strength of used magnets differs from 1.4 T up to 23.5 T111). The nuclei with
nonzero nuclear spin in the magnetic field have nonzero nuclear magnetic momentum,
characterized by nucleus specific gyromagnetic ratio (γ), oriented in some degree in this field.
At thermal equilibrium, the part of permitted orientations of the nuclear magnetic moment can
point in the same (lower energy state, N-) or opposite (higher energy state, N+) direction as the
field. The ratio of these permitted parallel (N-) and anti-parallel (N+) populations of two
energy level is determined by Boltzmann distribution (Eq.(1)):

⁄

(1)
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where ΔE define the energy difference between these populations on the energy level, kB is the
Boltzmann universal constant, and T is the absolute temperature. Hence, by the operating of
this magnetic field (B0) the energy gap, ΔE, is created between the energy level of N- or N+
orientations of the nuclear magnetic moment to static magnetic field B0. The energy gap is
characterized by equation 2:
⁄

(2)

where h is Planck universal constant and B0 is the applied magnetic field. The energy
difference between populations is directly dependent on the strength of magnetic field B0 and
gyromagnetic ratio of the nucleus. The net absorption energy and intensity of the
spectroscopic transition is also dependent on the energy gap of the populations. The energy
gap is as well as influenced by the local behavior of the nuclei which is influenced by the
local magnetic fields provided from the neighboring electrons and usually oriented in opposite
direction to B0. This local magnetic field is differing and it is specific for each unique position
of the nucleus in the molecule. The allowance of local magnetic field is proportional to the B0
and the shielding constant affiliated with the chemical environment of the nucleus, σ. The
nucleus placed in the magnetic field have vector of magnetic momentum which precesses
around the magnetic field direction with characteristic frequencies (Figure 6).

Figure 6. Vector of magnetic momentum precessing around the magnetic field B0 with Larmor
frequency ω0.
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This frequency is called the Larmor frequency (ω0) and is characterized by equation 3:
(

)

(3)

To observe nuclear magnetic resonance is possible by applying monochromatic
electromagnetic radiation, radiofrequency field, of the same frequency ω as the ω0 which
causes that nuclei flip from the lower energy level to level with high energy state. The rf pulse
thus provoke that the magnetic moments of the nuclei precess in coherent phase around the
static magnetic field at their unique resonance frequencies. This is generated by passing a
tuned coil around the sample which is inside the magnet. The precessing magnetization after
disconnection of the rf pulse, the relaxation, induces an alternating current in the surrounding
tuned coil by the process of electromagnetic induction. Hence, the NMR signal is obtained
from the sum of this alternating current induced during relaxation of spins in various nuclei
into their thermal equilibrium. This signal is known as the free induction decay and by using
Fourier transformation (FT) is presented as a function of frequency known as NMR spectrum.
The basic structure assignment of the measured sample is possible via specific chemical shifts
(δ) of the nuclei surrounded in the molecule. The chemical shift is the difference between
different shielding constants, however, rather is defined as the difference in resonance
frequency between the measured nucleus and the reference nucleus divided by frequency of
the reference nucleus. The δ values are quoted in parts per million (ppm).
The most sensitive to NMR signal and thus most commonly investigated nucleus is 1H.
The advantage of 1H is due to its high gyromagnetic ratio and approximately 99.9 % natural
abundance leading to high NMR sensitivity. These nuclei have a potential to be used for
increasing of NMR sensitivity of nuclei with low gyromagnetic ratio and low natural
abundance like

13

C,

15

N,

29

Si. This phenomenon will be described below in the text, in the

section about used experiments.
However, in case of ssNMR spectroscopy to obtain spectra with high-resolution is
important to properly avoid anisotropic interactions of the solid material which caused
dramatic broadening of the signal and decrease in resolution. Nevertheless, the anisotropic
interactions (dipol-dipol (dipolar), quadrupolar interactions, anisotropic chemical shielding)
include likewise very rich structural information of the measured solids such as assessment of
internuclear distances, size of domain, recognition of the molecular dynamic and many others.
Hence, by using a ssNMR probe allowing rotation of the sample under the magic angle (54.7°
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with respect to B0, Figure 7), namely magic angle spinning (MAS), the anisotropic
interactions, in particular chemical shift anisotropy (CSA), are eliminated.

B0

54.7°

r

Figure 7. Rotation of the sample in a rotor under the magic angle 54.7° (diagonal of a cube) with
respect to B0.

To eliminate or zero the anisotropic interaction the spinning rate of sample at MAS must be
equal or greater than its magnitude. To allow this spinning in ssNMR probe the sample is
packed into a rotor which is size-adjusted to rate of sample spinning (Figure 8). Nowadays
there are probes with possibility of spinning up to 70 kHz (1.2 mm probes). For the
withdrawal of heteronuclear dipol-dipol interactions high-power 1H dipolar decoupling is
applied. The development of the above mentioned techniques have exquisitely reduced the
problem with line-broadening in ssNMR107-110.

Figure 8. Examples of the ZrO2 sample rotors used in ssNMR spectroscopy.

As it was already mentioned, one of the main drawbacks of the ssNMR, mainly for
pharmaceutical industry, is its long analysis time due to the relative low sensitivity of NMR
experiments (low Boltzmann distribution) and long relaxation times for compounds in the
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crystalline solid state. It is apparent that magnets with higher magnetic field strength allow
greater resolution and consequently shorten the time for sample analysis by decreasing a
number of scans. An interesting procedure how to utilize the time after data acquisition,
mainly for the systems with long relaxation times, has been recently developed. It has been
demonstrated that it is possible to analyze a set of samples using a multiple-sample
probe-head developed by Nelson et al.112. Currently, the ssNMR probes insert only one
sample into the homogeneous field of the magnet. The multiple-sample probes, however, hold
the multiple samples, which are individually moved in, for obtaining data, and out of the
homogeneous field after data acquisitions of the sample are performed. While previous
sample is relaxing to its overall thermal equilibrium outwith of the homogeneous magnetic
field another sample is moved in to obtain spectral data. Moreover, this system of
measurement with the multiple-sample probe has the capability to be automated. Hence
potential usage of ssNMR for industrial utilization can be thereby markedly increased92,112.

2.2.1 Characterization of pharmaceutical solids by ssNMR – the toolbox of used
experiments
The solid-state NMR spectrometer Bruker Avance 500 WB/US with strength of
magnetic field 11.7 T (Karlsruhe, Germany, 2003) was used for acquiring ssNMR
spectroscopic data of each analyzed material. The frictional heating of the spinning samples
was mitigated by active cooling, and temperature calibrations113,114 were performed with
Pb(NO3)2. For comprehensive structural study of pharmaceutical formulations, set of
experimental techniques were used. These following techniques were applied: i) 1H, 13C, and
19

F MAS and

13

C,

15

N CP/MAS NMR; ii) measurements of 13C-detected T1(1H) and T1ρ(1H)

spin-lattice relaxation times94,106; iii) ss-NMR correlation experiments such as

1

H-1H

DQ/SQ100, 1H-1H SQ/SQ NOESY101, and 1H-1H SQ/SQ DUMBO115, , iv) 1H-13C wideline
separation (WISE)102, v) 1H-13C FSLG HETCOR103,104, and vi) the measurements of 1H-15N
dipolar profiles105. Their schematic characteristics are described in the text below. As an
external standard to calibrate 13C and 15N NMR chemical shift scales (176.03 and 35.45 ppm,
respectively) glycine was used.
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2.2.1.1 Basic single-pulse and cross-polarization ssNMR spectroscopy at magic angle
spinning (MAS)
For screening of the prepared samples allowing basic structural and dynamical
elucidation and also assessment of mutual interactions of individual components of the
systems, the simple single-pulse and cross-polarization experiments at magic angle spinning
(MAS) are employed at this fundamental ssNMR analysis. This basic analysis involves the
ssNMR experiments like standard cross-polarization (CP) 13C,
1

13

H, C or

19

15

N CP/MAS and one-pulse

F MAS NMR experiments obviously as in the measured sample the fluorine or

nitrogen atom is contained.
The single-pulse MAS experiment of required nucleus, time-consuming but sensitive
(receptive) mostly for mobile components, include one 90°’s pulse followed by data
acquisition with optional 1H dipolar decoupling. The typical pulse sequences are depicted in
Figure 9. The spectra of nuclei with high natural abundance as 1H and 19F were measured in a
2.5 mm rotor at 25–32 kHz (Figure 9a). The spectra of

13

C nucleus with low natural

abundance were measured in a 4 mm rotor at 10–12 kHz with using the high-power 1H
decoupling (Figure 9b).
a)

1

H MAS NMR
90º Acquisition

1

b)

13

H:

C MAS NMR
Decoupling

1

H:
90º Acquisition

13

C:

Figure 9. Schematic representation of the applied single-pulse MAS NMR pulse sequences. The pulse
sequence used for 1H or 19 F nuclei a), and 13C or 15N nuclei b).

Much time-saving experiment – cross-polarization (CP) MAS experiment (Figure 10)
allowing recording the spectra in the range of several minutes up to several hours was also
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used. This experiment utilized the technique of cross-polarization transfer from the more
abundant nucleus (1H) to less abundant nucleus by irradiating both nuclei at their correct
Larmor frequency in fulfillment of the Hartmann-Hahn (HH) condition (i.e. by using a
spin-locking pulse the Larmor frequency of 1H and 13C is equal and thus the magentisation
from the more abundant nucleus can be transferred). This experiment using also 1H
high-power decoupling was used for ssNMR sensitivity increasing of nucleus with low
natural abundance –

13

C, and

15

N. Likewise it allows shortening the time analysis due to

utilization of high magnetisation level determined by 1H protons. The

13

C and

15

N CP/MAS

NMR spectra were measured in a 4 mm rotor at 11 kHz with nutation frequency of B1(13C)
field of 62.5 kHz108,116.
13

C CP/MAS NMR
90º

1

CP

Decoupling

H:
Acquisition

13

C:

Figure 10. Cross-polarization MAS NMR pulse sequences of measured nucleus with low natural
abundance used for 13C, and 15N nuclei.

2.2.1.2

13

C-detected T1(1H) and T1(1H) spin-lattice relaxation experiments

To probe the sample morphology, homogeneity and to get a deeper insight into API
distribution in the systems, such as polymeric matrices, the measurement of the
carbon-detected 1H spin-lattice (T1(1H)) and 1H spin-lattice relaxation times in the rotating
frame (T1ρ(1H)) was carried out (Figure 11). This analysis is based on the probing of 1H-1H
spin diffusion magnetization transfer over large distances running between 1H spins in the
sample during the relaxation periods until the magnetization behavior equilibration between
different spins has been achieved. The rate of this equilibration reflects the extent of mutual
mixing. The T1(1H) experiments utilize the variable time delay (0.1–180 s) and T1ρ(1H) the
variable spin-locking pulse (0.1–25 ms) to map the whole process during measurement. The
intensity of

1

H spin-locking field in frequency units was 80 kHz. In general, the

multicomponent systems exhibiting uniform T1(1H) and T1ρ(1H) relaxation behavior are
homogenous with the size of domains less than ca. 10 nanometers. If the behavior is
39

characterized by a uniform T1(1H), while the T1ρ(1H) relaxation times clearly differ for each
component (polymer and API), the system is partially phase-separated with the size of
domains ranging from ca. 10 to 100 nanometers. This results from the fact that in this type of
two-component systems the proton magnetization easily reaches complete equilibration
1

H T1 CP/MAS NMR
90º
1

H:

90º
variable
delay

CP

Decoupling

Acquisition
13

1

C:

H T1ρ CP/MAS NMR
90º
variable
1
spin-lock
H:

CP

Decoupling

Acquisition
13

C:

Figure 11. Schematic representation of

13

C-detected 1H spin-lattice (T1(1H)) and 1H spin-lattice

relaxation times in the rotating frame (T1ρ(1H)) MAS NMR pulse sequences.

within relatively long variable delays of T1(1H) relaxation experiment (hundreds of
milliseconds or seconds), while the variable spin-locking pulse of T1ρ(1H) relaxation
experiments ranging from microseconds to several milliseconds is too short to allow efficient
magnetization transfer over the domains larger than 10 nm. Finally, if T1(1H) relaxation times
determined for the API and the other component exhibit clear differences the system must be
considered as the strictly heterogeneous system with the size of domains larger than ca. 200
nanometers. As the T1(1H) relaxation times of both components are different and hardly
assessable (very long relaxation time) the domain size larger than 500 nm heterogeneous
system is contained. Hence these relaxation techniques are allowed approximately estimating
the size range of the sample domains in the scale from 10 to 500 nm.
For the purposes of approximately quantifying the extent of mixing of APIs with the
polymer matrix, an approach based on estimating a maximum diffusive path length from
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relaxation times was applied. The maximum diffusive path length L by spin diffusion in three
dimensions for a time Ti is approximately given as94,117

(

)

(4)

where D is spin diffusion coefficient and Ti is either T1(1H) or T1ρ(1H). The typical value of
the spin diffusion coefficient for organic solids is expected to be 0.3–0.8 nm2·ms-1 118. For the
T1ρ(1H) relaxation experiment a scaling factor 1/3 should appear in the parenthesis due to the
reduced efficacy of spin diffusion in spin-locking119. The assessment of the domain sizes
using this equation is only in the approximate range due to the Ti component obtained from
averaged T1(1H) or T1ρ(1H) values of extracted several signals of API and polymer matrix.

2.2.1.3 Two-dimensional correlation spectroscopy
Two-dimensional (2D) correlation spectroscopy is a powerful tool to probe the homo
and hetero internuclear contact, interatomic distances and overall molecular structures of the
investigated samples. These kinds of experiments utilize second detection period (t2) to obtain
2D spectral resolution and allow separation or correlation of isotropic and anisotropic
interactions which bear, in general, valuable structural information.
In a typical 2D experiment a series of 1D spectra is measured as a function of an
evolution (detection) t1 period (see Figure 12).
1

2D H-1H SQ/SQ MAS NMR
90º
1

H:

t1

tm

Acquisition
t2

Figure 12. The pulse program sequence of simple 2D experiment - NOESY-type 1H-1H SQ/SQ MAS
NMR experiment.

Subsequent FT over this t1 period leads to the formation of a 2D spectrum that is
schematically depicted in Figure 13. If a mixing period (tm) allowing internuclear
magnetization

transfer

is

inserted

between

t1

and

t2

period

then

off-diagonal correlation signals can evolve indicating internuclear proximity (Figure 13). It is
possible to study correlations between equal nuclei by using homonuclear correlation
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spectroscopy and between different nuclei as heteronuclear correlation spectroscopy107,108. In
our particular case for obtaining exact structural characterization of the samples both of the
techniques were applied.
A

B

a+b
a+a

B

b+b
b+a

A

diagonal

Figure 13. Simple example of 2D NMR spectrum with correlation signals (a, and b) between two
different nuclei A and B with molecular proximity. Off-diagonal correlation signals : a+b, and b+a.
Diagonal correlation signals: a+a, and b+b.

2.2.1.3.1 2D 1H-1H homonuclear correlation spectroscopy
2D 1H-1H correlation techniques combine detailed site-specific structural information
with fine control over 1H polarization transfer. For these types of analyses the 1H spin
diffusion or evolution of 1H double-quantum (DQ) coherences are usually preferred. In this
study the homonuclear 1H-1H DQ/SQ MAS NMR, NOESY-type 1H-1H SQ/SQ MAS NMR
and 1H-1H SQ/SQ DUMBO experiments were performed.
To receive the information on the spatial proximity of nuclei on the basis of the
homonuclear dipolar interaction the experiment 1H-1H DQ/SQ MAS NMR29 using a DQ
coherence achieved by back-to-back recoupling sequence was used. This experiment can
provide a direct evidence of the intimate intermolecular contacts with spatial proton-proton
proximity under 3.5 Å for characterizing the miscibility of pharmaceutical SDs at the
molecular level 51. At first, during t1, the DQ coherence is evolved. The following step is back
conversion of this DQ coherence into detectable single-quantum (SQ) coherence observed
during t2 (Figure 14). The spectra with adequate resolution were obtained using fast MAS
spinning at 30 kHz, due to very strong dipolar coupling, and the excitation time, t1, was
synchronized with four rotor period120.
Another experiment providing information on through-space connectivity of protons
was the NOESY-type 1H-1H SQ/SQ MAS NMR. The potential of this experiment inheres
from the fact that SQ coherences are excited, and polarization transfer between the
neighboring spins is driven by 1H-1H spin diffusion (static dipolar couplings evolving during
tm) and relaxation processes are induced by nuclear Overhauser effect (NOE). The NOE effect
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1
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H- H DQ/SQ MAS NMR
Excitation

DQ

Reconversion

t1
90º
1

Acquisition
t2

H:
n=1-4

n

Figure 14. 1H-1H DQ/SQ MAS NMR pulse program with used back-to-back recoupling sequence.

describes the transitions in population of one proton (or other nucleus) when another magnetic
nucleus close in space is saturated by decoupling or by a selective pulse by process of cross
relaxation101,110. A simple NOESY-type three-pulse sequence with a tm varied from 0.01 to
100 ms and 128 increments was applied for the 2D 1H-1H SQ/SQ MAS NMR correlation
experiments (Figure 12). The off-diagonal correlation signal (for example like in Figure 13)
between two protons is observed if their distance is smaller than 5 Å.
For significantly increased sensitivity in spectral resolution of more complex material
like SDs the 2D 1H-1H SQ/SQ DUMBO experiment is provided. This experiment uses the 1H
homodecoupling techniques, including modern decoupling using mind-boggling optimization
(DUMBO) sequences31, to obtain good resolved and narrowed 1H NMR signals and thereby
allow to acquire the site-specific information of the measured sample. The removal of 1H
signal broadening is thus enabled via phase modulated pulse shape optimization and
simulating of the coupled homonuclear response of a two-spin system for a range in
dipole–dipole interactions and rf field strengths. Using the 2D 1H-1H SQ/SQ DUMBO
experiment optimized for moderate spinning frequencies (10 kHz) by passing the problem
caused by the slow magnetization transfer during the fast MAS115,121.

2.2.1.3.2 2D 1H-13C heteronuclear correlation spectroscopy
Two-dimensional 1H-13C heteronuclear correlation (HETCOR) techniques are known as
a useful tool for the structure elucidation of very complex materials such as solid dispersions.
The required information about the structural arrangement and/or segmental dynamics of the
samples is acquired via correlations of 1H and
1

13

C chemical shifts in their 2D spectra. To

13

measure the H- C connectivity in a 2D spectrum the magnetisation must be transferred
between heteronuclei e.g. by cross-polarization. In case of this doctoral thesis, two
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heteronuclear correlation NMR methods – 2D 1H-13C WISE and 2D 1H-13C FSLG HETCOR
were applied.
At first, an experiment belonging to the family of local-field-separation techniques
suitable for obtaining of site-specific information about segmental mobility was performed.
The applied 2D 1H-13C wide-line separation (WISE) NMR technique is based on separating
the 1H line-shapes by 13C NMR chemical shift in the second dimension (Figure 15).
1

2D H-13C WISE NMR
CP

90º
1

H:

13

C:

t1

Decoupling

tm
Acquisition
t2

Figure 15. 1H-13C WISE NMR experiment pulse program sequence.

In this case due to strong proton-proton dipolar interactions that are active during the first
evolution period t1 comes to loss of coherence of precessed proton spins leading to decrease in
1

H magnetization subsequently involved in CP transfer to

13

C spin system. Consequently the

resulting proton line width is broad. Because the strength of 1H-1H homonuclear dipolar
interactions is decreasing with increasing of molecular motion, the changes in proton
line-shapes reflect changes in the segmental dynamics. Highly flexible segments generate
narrow 1H lines, while rigid units produce broad proton signals. A 2D 1H-13C WISE
experiment was used with 32 increments and 100 kHz spectral width in 1H dimension at
rotation 8 kHz. This experiment also optionally utilizes the process of spin diffusion by using
of adequate mixing period (tm) which is capable of magnetization transfer from flexible into
the rigid units and vice versa. For our purpose of separating 1H spectra by WISE, the 1H-1H
spin diffusion during mixing time and cross-polarization is undesirable, therefore the mixing
period was not included and a short magic-angle spin-lock pulse (0.5 ms) for CP was used.
The next option for this technique is participation of the above mentioned spin diffusion
process during tm period. Then the WISE can be utilized for assessment of domain sizes and
morphology of the complex systems. In this case of analysis the mixing period is included. By
using a longer tm the spin diffusion magnetization transfer is evolved into the further region
and the primary broad 1H peak of the rigid component is consisted of superposition of broad
and narrow signal. The 1H line width is narrowing with increasing mixing time until the
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system achieves the spin diffusion equilibrium. This gradual 1H line narrowing contains the
required information about proximity of different segments in measured material102,108,120.
To probe the direct assessment of molecular structure through measurement of strong
1

H-13C heteronuclear interactions in solids the second heteronuclear correlation NMR

experiment – the 1H-13C FSLG HETCOR (Figure 16) was applied. This type of experiment
utilizing a homonuclear decoupling (Frequency-Switched Lee-Goldburg decoupling (FSLG))
combines high spectral resolution with a Hartman-Hahn (HH) cross-polarization (CP) step.
1

H-13C FSLG HETCOR NMR
90º±y
CP
FSLG
1

H:

+x -x +x -x

t1
13

Decoupling

C:

Acquisition
t2

Figure 16. 1H-13C FSLG HETCOR NMR pulse program sequence.

At first the SQ coherence of the 1H spins during t1 evolves under the scaled 1H chemical shift.
In case of using FSLG decoupling (ca. 100 kHz) the 1H magnetization is aligned along the
effective field tilted toward to static magnetic field of about 54 degrees. Consequently, for
delegation of the 1H magnetization into the xy plain after FSLG period the magic angle pulse
followed by an additional 90 degree pulse is used. In our particular case the second

13

C

dimension was detected after CP of ca. 80–500μs during the t2 period. The fine control over
the distance of transferred 1H magnetization is likewise enabled. The correlations observed at
HH-CP contact times < 110-150 µs is used to determine 1H-13C proximities < 2.5 Å, while a
mixing of ca. 300 µs allows to probe medium-range interatomic 1H-13C contacts of ca. 3.0 Å.
The performance of one 1H-13C FSLG HETCOR NMR experiment consisted of 64 increments
each made of 440 scans108,120.

2.2.1.4 Measurements of 1H-15N dipolar profiles
For gaining of findings about the protons distribution in vicinity of nitrogen sites and
thereby obtaining the information about supposable formation of hydrogen and -N-(C=O)sites between API and polymer in the prepared systems the measurements of 1H-15N dipolar
profiles were performed74. The investigation of 1H-15N dipolar profiles was provided by
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cross-polarization-polarization-inversion (CPPI) experiment with a variable Lee-Goldburg
(LG) cross-polarization (LGCP) period (Figure 17).
1

15

H- N CPPI MAS NMR
90º PI LGCP

1

-x

H:

+x

t1
15

+y

N:

Decoupling

+y

Acquisition
t2

Figure 17. 1H-15N CPPI MAS NMR pulse sequence with polarization-inversion (PI) period and
variable LG cross-polarization.

During LGCP after the inversion period it comes to phase change of the spin-locking field
leading to inversion of the

15

N magnetization into the opposite direction. The 1H-1H

homonuclear proton interactions during this period are effectively reduced using LG
irradiation of the proton spins. Under these conditions it was possible to reveal differences in
proton-nitrogen distances even they are relatively small (e.g. 1.05 and 1.08 Å in 2 and 1 -NH
sites in L-His.HCl.H2O)122. The CP period was set to 500 μs and the PI period was
incrementally increased from 0 to 250 μs. The characteristic and clearly distinguishable
LGCP profiles of the nitrogen moieties (N, NH, = N-… H+, NH2, NH…H+ , and NH3+) were
obtained for a range of model compounds with defined structures (L-Histidine,
L-Histidine·HCl·H2O, L-Glutamine, L-Proline, dopamine·HCl, etc.). These LGCP profiles
were exploited to enable subsumption of measured sample into the group with appropriate
nitrogen moiety105,122 (Figure 18).
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Figure 18. An example of LGCP profiles of the nitrogen moieties (N, NH, = N-… H+, NH2, NH…H+,
and NH3+) obtained for model compounds with defined structures – L-Histidine (His),
L-Histidine·HCl·H2O (His.HCl), L-Glutamine (Gln), L-Proline (Pro), dopamine·HCl (Dop).

2.3 Study of pharmacokinetic properties of solid dispersions – In vitro
drug release
For obtaining the dissolution characteristics of polymer-ASA systems with 4 different
polymer matrices, altering in Mw and structure, the simple in vitro dissolution studies were
carried out. The tablets for dissolution testing were prepared from SDs containing 0.67 g of a
sample using an ultra-micro die with a diameter of 13 mm. Tablets with the same weights and
sizes were prepared as controls from a physical mixture of ASA in its original polymorphic
form and lactose (30/70 w/w). The tablets were dissolved in two types of dissolution media: i)
phosphate buffer pH 7.4, to simulate body fluid and intestinal conditions; and ii) a buffer at
pH 3 (adjusted by HCl acid) to simulate gastric fluid in full stomach. The dissolution profiles
of the prepared SDs and control systems in phosphate buffer were measured. The second type
of dissolution media (buffer at pH 3) was used only for the polymer-API systems exhibiting
mid-point dissolution results relative to the different Mw for each polymer during the first
dissolution testing. In all cases, a single tablet was placed in the dissolution vessel containing
500 ml of buffer at 37 °C ± 0.5 °C with stirring at 228 rpm using a heated shaker (Unimax
1010, Heidolph, Figure 19). The resulting solutions were collected at 5, 10, 20, 40, 60, 120,
and 240 min and immediately filtered through 0.20-μm polyvinylidene fluoride (PVDF)
filters (Merck Millipore, Germany). The collected samples were analyzed by UV/VIS
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spectroscopy at 225 nm. The dissolution test was repeated three times to construct dissolution
curves with error bars for each system.

Figure 19. Dissolution apparatus - heated shaker Unimax 1010, Heidolph123.

2.3.1 UV/VIS spectroscopy
This analytical method, the UV-VIS spectroscopy, was used for the quantitative
determination of ASA in prepared solutions time-collected in a process of ASA dissolution
from SD formulations.
The principle of analysis is based on the molecules containing certain functional groups
with valence electrons of low excitation energy, chromophores, which can absorb the energy
in the form of ultraviolet or visible light to excite these electrons to higher anti-bonding
molecular orbitals. According to Beer-Lambert Law, the light absorption rate is quantified by
absorbance (A) that is directly proportional to the concentration and material properties of the
absorbing analyte in the solution, and the optical length. This relation is characterized by
equation 5:

(5)
where ε is molar absorptivity, l optical length (usually cuvette diameter) and c molar
concentration of the analyzed sample124.

2.4 Factor analysis
To explore complex changes in sizeable sets of ss-NMR spectra of amorphous and
disordered pharmaceutical solids factor analysis (FA) was used. FA employs the Singular
Value Decomposition (SVD) algorithm to extract information from the ssNMR experimental
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data obtained by e.g. -

13

C CP/MAS NMR or

19

F MAS NMR experiments, and to visualize

and distinguish diversities between various forms of API. Specifically, the experimental
spectra Yi using SVD algorithm are converted and reduced into the several essential
factors - set of subspectra Sj (Eq. (6)).

∑
(6)

The calculated subspectra Sj are linear combinations of the experimental data and vice versa
the experimental data can be given as the linear combination of the subspectra. Each
subspectrum Sj represents a specific spectral feature that is typical for a given type of prepared
systems. The statistical importance and hence the order of each subspectrum Sj is expressed
by the corresponding singular value, wj. Significantly, the capability of a particular
subspectrum Sj to describe the experimental spectrum Yi is then expressed by the normalized
coefficient Vij. Consequently, the coefficients Vij (i.e. scores) mirror the quantitative
parameters reflecting spectral differences between the analyzed samples. In this way any
modification of a particular API can be explicitly identified via the set of Vij coefficients.
Processing of spectral data was performed using MATLAB® program package
(MathWorks, Inc., Natick, Massachusetts, USA). The spectral range of experimental data
subjected to the FA was chosen on the basis of appropriate ssNMR experiment and resulted
spectra of measured samples. All analyzed spectra were base-line corrected and normalized.
Preparation and processing of a moderately sized data set often containing several spectra
took approximately 10 minutes106.

2.5 Prepared and measured samples resume
Many systems consisted of pharmaceutical product formulations and API-polymer SDs
were prepared and measured for the purpose of this doctoral thesis. Every tested formulation
was produced on the basis of some kind of variability of used components. For example the
SDs were studied on the systems of API originated by polymer matrix in various combination
of API with different polymers, API/polymer ratio, method of preparation, or solvents. For
fundamental characterization and allocation of created formulations the all samples were
probed by basic ssNMR experiments and the selected ones were subsequently analyzed by
advanced techniques. The in vitro testing was likewise used for some kind of these systems.
49

Not only used preparation procedures but even more applied analyses were extremely
time-consuming. Approximately 200 samples were produced for SD ssNMR analysis which
overall took ca. 3 months per year altogether 9 months within 3 years of permanent
measuring. It was almost more than one-third from the measurement time determined per year
for our ssNMR laboratory (which is 8 months). The drug release testing took approximately 2
months of consecutive work. The whole resume of prepared and measured samples is
summarized in Table 1. Approximate time range of each analyses used is described in
explanatory notes below the Table 1.
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Table 1. The resume of prepared and measured samples with used substances.

Mixed solutions of API/polymer
API Polymer

Mw

H2O/ EtOH EtOH/ T-but/ T-but/
H2O / H2O EtOH T-but H2O

ASA

SDs creation
Pharmaceutical formulation study

ATO

Recrystallized samples

PEO

i0
i
ii
iii
iv
v
vi
vii

20/80

30/70

50/50

70/30

x

1 b,d ,2 b,d,f,g 1 b,d ,2 b-n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

1 b,d ,2 b-o

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

1 b,d ,2 b-n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

1 b,d ,2 b,d,f,g 1 b,d ,2 b-n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

x

1 b,d ,2 b-o

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

x

1 b,d ,2 b-n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

7600 x
PVP 40000 x
360000 x
50000
PEOx 200000
500000
18500
pHPMA 54000
81000

API/polymer weight ratio

x

x

x

x

x

x

1 b,d ,2 b-n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

x

x

1 b,d ,2 b,d,f,g 1 b,d ,2 b-o

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

1 b,d ,2 b-n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

2000 x
6000 x
10000 x
x

x

x

x

x

x

1 b,d ,2 b,d,f,g 1 b,d ,2 b-d,f-l,n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

1 b,d ,2 b-d,f-l,n

1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

1 b,d ,2 b-d,f-l,n,o 1 b,d ,2 b,d,f,g

1 b,d ,2 b,d,f,g

x

1

b,d

,2

b,d,f,g

1

b,d

,2

b,d,f,g

1

b,d

,2

b,d,f,g

1

b,d

,2

b,d,f,g

15/85

1,2

a,d,f,g

a,d,f,g

1
a,d,f,g
1
1 a,d,f,g

PVP 360000

1 a,d,f,g
1 a,d,f,g
1 a,d,f,g
1 a,d,f,g

Crystalization

TCl

Initial concentration of TCl solution
Mixed
temperature
φ (EtOH)
solvent
0%
30%
50%
0°C
20°C
system
c,d,f
x
x
x
1
1 c,d,f
of H2O 0.5 x
x
x
x
and 0.95 x
1 c,d,f
1 c,d,f
EtOH 0.99 x
x
x
x
1 c,d,f
1 c,d,f
1 x
x
x
x
1 c,d,f
1 c,d,f
The active pharmaceutical ingredients (API) used for solid dispersion (SD) study: acetylsalicylic acid
(ASA), atorvastatin hemicalcium (ATO – i0) obtained from supplier and recrystallized from solvents:
i) aceton, ii) acetonitrile, iii) dimethylforamide , iv) ethanol, v) methanol, vi) n-heptane, vi) water
(H2O), vii) mixtures of i –vi solvent according to defined conditions described in primary article about
ATO125; for disorder study of the pharmaceutical formulation: trospium chloride (TCl) prepared in
three initial concentration of solution – saturated solution (0%), 30% excess of solvent (30%), 50%
excess of solvent (30%).
For SD genesis the polymer matrices altering in Mw were used – polyvinylpyrrolidone (PVP7600, 40000,
360000), poly(2-ethyl-2-oxazoline) (PEOx50000, 200000, 500000), poly[N-(2-hydroxypropyl)-methacrylamide]
(pHPMA18000, 54000, 81000), and poly(ethylene oxide) (PEO2000, 6000, 10000); solvents – ethanol (EtOH),
tert-butanol (T-but), water (H2O).

51

Two procedures – 1) free evaporation and 2) lyophilization were applied to these systems.
The used fundamental ssNMR techniques include the experiments like: a) 19F (measurement of one
experiment take ca. 1.5 hour (h)), b) 13C (ca. 12 h), and c) 1H MAS (ca. 1 h), d) 13C CP/MAS NMR
(ca. 4 h), e) 15N CP/MAS NMR (ca. 48 h). The used advanced ssNMR experiments comprise:
13
C-detected relaxation experiments f) 1H T1 CP/MAS (ca. 24 h) and g) 1H T1ρ CP/MAS (ca. 12 h); 2D
homonuclear correlation experiments h) 1H-1H DQ/SQ (ca. 12 h), i) 1H-1H SQ/SQ NOESY (ca. 8 h),
j) 1H-1H SQ/SQ DUMBO (ca. 7 h); 2D heteronuclear correlation experiments k) 1H-13C WISE NMR
(ca. 12 h), l) 1H-13C FSLG HETCOR (ca. 12 h); and m) the measurements of 1H-15N dipolar profiles
(ca. 96 h).
The systems were in vitro tested in two types of dissolution media: n) phosphate buffer pH 7.4 (The
whole one testing take ca. 12 h); and o) a buffer at pH 3 (ca. 12 h).
Each marked mixed solutions of API/polymer were used to create every denoted API/polymer weight
ratio. All initial concentrations of TCl solution were used to create system under two crystalization
temperatures. The superscripts over the 1, and 2 procedures denote the used experiments. The same
experiments used in both procedures are indexed over procedure 2.
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3 Results and Discussion
This section summarizes and discusses the results involved in publications Article 1.–5.
with respect to the goals of this doctoral thesis. This chapter is divided into the three
subsections in relation to the observational topics. Within the scope of this research, the
additional results obtained by other methods (e.g. DSC, WAXS analysis etc.) were acquired
severally and on the basis of cooperation with other departments, so they are not described in
detail in this work.

3.1 Study and review of solid dispersions and characterization methods
– Article 1.
In this first article an introduction to the problems of pharmaceutical formulations with
inconvenient bioavailability, and the review and classification of solid dispersions allowing
resolution of these problems were presented. The next and important part of this publication
revealed, in short brief, also the vast capabilities of solid-state NMR spectroscopy as a
suitable method for structural and segmental dynamic elucidation, and classification of the
prepared solid dispersions. The fundamental (13C MAS NMR,

13

C CP/MAS NMR) and

advanced (T1(1H) CP/MAS, T1ρ(1H) CP/MAS NMR, 1H-13C FSLG HETCOR NMR, 1H-1H
DQ/SQ MAS NMR) experiments performed on examples how the ssNMR spectroscopy can
distinguish the materials with amorphous and crystalline phase; provide clear information
about the morphology and the extend of API incorporation in polymer matrix, and finally by
using of 2D correlation techniques enable finding of the structural motifs that are responsible
for mutual interactions between API and polymer chains. This knowledge was utilized and
expanded for further particular structural and distinct ssNMR investigation about solid
dispersions (SDs) and pharmaceutical solids with molecular disorder.
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3.2 Solid-state NMR study of structure-property relationships in
polymeric solid dispersions of acetylsalicylic acid: Influence of the
polymer matrix on controlled drug release. The ssNMR toolbox for
solid dispersion assessment – Article 2., 3.
As it was discussed previously in the section about solid dispersion, chapter 1.3, the
diversity and biopharmaceutical properties of drugs solid dispersion are affected, except for
other factors, by selection of matrix intended for API incorporation. In case of my doctoral
research, the most crucial material for API solid dispersions is the choice of polymer matrix.
In terms of possible system intricacies, for probing of the structure-property divergences
caused by different polymer matrices was chosen the simple, crystalline and nontoxic model
system of API that could relatively less tortuously reflect the structural and dynamic variances
visible in ssNMR spectroscopy. For this reason acetylsalicylic acid (ASA) was selected as a
model system with limited polymorphism and long T1(1H) and T1ρ(1H) relaxation time in the
rotating frame. Due to the low Tg (-30 °C) ASA cannot exist in amorphous state at room
temperature without external stabilization by excipients. Consequently ASA allows
unaffected study of extent of interactions with excipients. ASA is an inhibitor of
cyclooxygenases and in accordance with literature and experimental data126 was recently
reclassified into Class I of the BCS as an API with high solubility and high permeability.
ASA is known analgetic, antipyretic, and antirheumatic agent and displays many other
positive effects, including the prevention of strokes, transient ischemic attack, preeclampsia,
intra-uterine growth restriction in women with abnormal uterine artery, and colorectal cancer.
On the other hand, high concentrations of ASA have undesirable side effects on the gastric
system, precluding its use in individuals with ulcers or other stomach problems. As the
formations of solid dispersions are also able to control the drug release by suitable polymeric
matrix, it was supposed that this problem with ASA could be solved through achievement of
controlled drug release, especially, via zero-order dissolution kinetics. Also these facts make
ASA one of the most suitable model compounds for structural and dynamic studies of
polymer-drug interactions in solid dispersions of various polymer matrices differing in their
chemical constitution and Mw with a uniform drug/polymer ratio.
Accordingly with the research aims, ASA was dispersed in various biocompatible,
nontoxic, water-soluble polymers with different physicochemical properties altering in
molecular weights like PVP, PEO, pHPMA, and PEOx by method of lyophilization and free
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solvent evaporation. However, the formulations of ASA as solid dispersions were acquired
only by the lyophilization process.

The ssNMR toolbox for solid dispersion assessment
The knowledge obtained from the first article was used in this investigation and
enhanced about the other ssNMR techniques allowing exact structure evaluation of the SD
systems. Generally, API dispersed in solid dispersions can exist in separated amorphous and
crystalline forms or can be molecularly dispersed into the polymer matrix. Hence, the intimate
mixture of API with the polymer may vary in the degree of contact from fully miscible glass
solutions to partly separated nanodomains. As it was discussed above the SDs are the
formulations with huge complexity of the system, hence the precise structural characterization
is very complicated; in some cases, individual experimental methods such as DSC, WAXS or
13

C CP/MAS NMR may provide seemingly inconsistent results. However, with their

contribution the ssNMR experiments were found and optimized for purpose of this definite
SD determination. Accordingly the ssNMR toolbox for solid dispersion assessment was
formulated. The ssNMR experiments – 1H and

13

C MAS,

13

C CP/MAS NMR, T1(1H) and

T1ρ(1H) CP/MAS NMR combined with DSC and WAXS were due to simple performance the
primary choice for basic SD classification and roughly estimation of the domain sizes on the
order of hundreds and/or tens of nanometers. For more detailed insight into the SDs systems
up to intimate intermolecular contact less than 1 nm, the second choice of ssNMR techniques
including the 2D correlation experiments and completive measurements were used. The
completive techniques were chosen on the basis of the chemical constitution of used
components like the analysis of the 15N NMR signals and 1H-15N dipolar profiles. The ssNMR
toolbox overview is sketched in Table 2. This toolbox is likewise conforming way for
unambiguous structural and segmental dynamic characterization of each pharmaceutical
formulation.
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Table 2. The ssNMR toolbox overview of proper experiments for exact pharmaceutical solids

assessment.
Characterization insight
The primary insight
Basic
techniques
Relaxation
techniques
The detailed insight
2D 1H-1H correlation
techniques
2D 1H-13C correlation
techniques
Completive
techniques

Description

ssNMR experiment
13

basic structural and dynamical
elucidation, assessment of mutual
interactions of individual components
sample morphology, homogeneity, roughly
domain size in the scale from 10 to 500 nm

C CP/MAS
13
C MAS
1
H MAS
T1(1H) CP/MAS
T1ρ(1H) CP/MAS

detailed homonuclear site-specific
structural information up to 3.5–4.5 Å

H-1H DQ/SQ
H- H SQ/SQ NOESY
1
H-1H SQ/SQ DUMBO
1
H-13C WISE
1
H-13C FSLG HETCOR

detailed heteronuclear structural
information up to 2.5–3.5 Å, segmental
dynamics
protons distribution in vicinity of nitrogen
sites revealing up to 0.03 Å differences

1

1

1

15

1

N CP/MAS
H- N dipolar profiles
15

The description of the used techniques is general.

By application of ssNMR toolbox in combination with another used analytical method like
DSC and WAXS the divergent types of solid dispersions of ASA were identified: i)
crystalline solid dispersions containing ASA nanocrystallites (ca. 300 nm) in a crystalline
PEO matrix (Figure 20a); ii) amorphous solid dispersions (glass suspensions) with ASA
crystallites (>450 nm) embedded in an amorphous pHPMA matrix (Figure 20b); iii) solid
solutions with molecularly dispersed ASA in a rigid amorphous PVP matrix (Figure 20c); and
iv) nanoheterogeneous solid solutions/suspensions containing nanosized ASA clusters (ca. 1-2
nm) dispersed in a semiflexible PEOx matrix (Figure 20d). In all the cases, the structural
diversity of the SDs was possessed by the chemical constitution of the polymers – in other
words by 1) steric effects and affinity of suitable molecular sites for forming hydrogen-bond
interactions between the API and the polymer matrix; 2) the segmental dynamics and Tg of the
polymeric co-formers. The varying Mw of the polymers to structure of ASA SDs had no
effect.
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a)

c)

PEO-ASA

ASA

PVP-ASA
ASA

PVP

PEO

pHPMA-ASA

b)

PEOx-ASA

d)

ASA
pHPMA

PEOx

ASA

Figure 20. Different types of polymer-API solid dispersions created in four different polymer
matrices: PEO-ASA crystalline solid dispersions (a); pHPMA-ASA amorphous solid dispersions/glass
suspensions

(b);

PVP-ASA

solid

solutions

(c);

PEOx-ASA

nanoheterogeneous

solid

solutions/suspensions (d).

In vitro release
The study of in vitro release of polymer-API solid dispersions altering in used
polymeric matrices and Mw’s in combination with the problem of the ASA negative effects
was also revealed.
The drug release kinetics is dependent on rate-limiting (slowest) step of oral bioavailability of
the drug, in the case of ASA on the polymer matrix’s dissolution rate. This claim was
confirmed by the drug release from physical mixture of lactose-ASA and ASA SDs dispersed
in various polymer matrices – PVP, PEO, pHPMA, and PEOx (see the Figure 3. in Article 3.).
The polymer-ASA systems have shown significantly reduced drug dissolution rates. Only the
ASA solid dispersion incorporated into the PEO10000 matrix exhibited a faster dissolution
profile than ASA alone. However, the zero-order dissolution kinetics was obtained for all of
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the dispersions. The control of the dissolution rates of SDs was driven by a) the structure and
physicochemical properties of the polymer matrices (kinetic solubility and the strengths of the
hydrogen bonds and Tg), b) the molecular weight of the applied polymers (the drug release
rate decreased with increased Mw in the polymer matrix due to increasing number of junctions
among the polymer chains with increasing chains length of the polymer, and the increased
number of hydrogen bonds between the polymer chains). The influence on the linear
dissolution of the systems is increased with increased mixing of the API and polymer in SDs.
The dissolution profiles confirmed that the release of ASA from polymeric SDs can be
finely tuned by eligible selection of polymer matrix and its appropriate Mw (Figure 21), with
dissolution rates ranging from 0.7 up to 5.9%.min-1 (see the Table 1. in Article 3.). Hence, by
careful selection of the polymer matrix and its Mw, a tailor-made solid dispersion may be
created by lyophilization process. Consequently, the unwanted side effects of ASA on the
gastric system may be effectively modified by sustained release systems. So by this
investigation of the model system of ASA in formation of solid dispersion involve also
another positive feature of this research which could be used in the next study of the aspirin’s
effects.
It is worth mentioning that the in vitro release and incorporation of ASA into the
polymeric SDs possesses the unique set of its SD formulations and dissolution profiles that
are specific for each drug incorporated into the polymer matrix and it cannot be identical for
different drugs. Therefore the obtained ASA results express only potential, but, possible
manual or chance for obtaining the controlled drugs release of other drug with inconvenient
bioavailability.
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6
SD PVP-ASA
10000
5

SD PEOx-ASA

7600

SD pHPMA-ASA

Dissolution rate n,%.min-1

SD PEO-ASA
4

40000
18500
50000

3
54000

2

81000

200000
360000

1
500000
0
0

100000

200000

300000

400000

500000

600000

Mw of polymers

Figure 21. The dissolution rate relative to the polymer and its Mw over 10 min of ASA release from
the PVP, PEOx, PEO, and pHPMA matrices.

3.3 Systems with extensive structural variability: Atorvastatin as solid
dispersion formulation vs. Trospium chloride as pure active
substance formulation – Article 4., 5.
As it was previously mentioned, the main aim of this study is focused on ssNMR
analysis and method optimization for definite structural and segmental dynamic
characterization of pharmaceutical solids. Nevertheless, during my doctoral research I have
had an opportunity to insight into the structure of APIs systems with not only polymer solid
dispersion formations but also with complicated molecular disorder of their pure forms. The
structural study of aforementioned drugs is closely associated with study of SD formations.
This arises from the fact that API incorporated in polymer matrix as well as products of pure
API prepared under different conditions can perform abundance of disparities in structural
arrangement. These diversifications are, however, much more confusing if the SD materials
containing API with very spacious polymorphism.
Nonetheless, the region of the structural variability can disclose enormous diversity in
degree of molecular disorder, including a separated amorphous phase, molecular site disorder,
and one-phase disorder; and the distinctions between different formulations can be hardly
recognized and identifiable for conventional physical and spectroscopic techniques.
Additionally, in many pharmaceutical products the amount of active compound is often very
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low, usually less than 5%, which also contributes to limit their high-precision
characterization.
Except for these possible complications in structural analysis, the development and
processing of pharmaceutical formulations demand for very quick and precise quality control
and diversities detection in the final products. Therefore, the application potentiality of
relatively fast and simple ssNMR techniques using factor analysis (FA) was tested on
manifold ranges of pharmaceutical materials exhibiting extensive polymorphism with the aim
to resolve subtle structural differences in the molecular arrangement of APIs in relation to
their cluster analysis.
Systems, such as poorly water-soluble atorvastatin (ATO) in various modifications and
trospium chloride (TCl), a pharmaceutical product with anticholinergic properties, revealing
extensive disorder under different recrystallization conditions were subsumed into this
investigation for this purpose. Subsequently the ATO’s modifications including prepared
polymer SDs (Table 1.), and many amorphous forms and three crystal modifications (I, V,
and X; identified previously according to XRPD and patent literature125) were probed by 19F
MAS NMR spectroscopy in extremely short time. In the recorded

19

F MAS NMR spectra

there have been demonstrated clear differences from each other in highly ordered crystalline
forms, amorphous forms as well as in polymer solid dispersions. From the obtained
experimental data of ATO SDs were also revealed two kinds of changes in 19F MAS spectra
induced by polymer matrix. First, the

19

F high-frequency shift (2–3ppm) independent on

molecular structure of the API and influenced by the global changes in magnetic susceptibility
and/or electrostatic fields of the polymer matrix. Second, broadening of the signals and
formation of shoulders reflect changes in molecular arrangement of the API. Considering that
both the contributions continue simultaneously the resulting analysis of these spectra could
lead to misinterpretation. Also in case of TCl’s products, the applied

13

C CP/MAS NMR

experiments combined with others used methods (DSC, FTIR) confirmed differences in
structural non-uniformity in all recrystallized samples under various conditions (Table 1.).
Notwithstanding in all probed samples the results from XRPD has identified only one TCl
polymorphic form, the above mentioned comprehensive analysis indicated the complicated
disorder of one polymorphic form with variable degree or the nanocrystals presence of the
dominant polymorph or of another crystal form.
To explain and understand these discrepancies in subtle spectral and structural
differences, and problems with total distinguishing between variable polymorphic and/or
polyamorphic forms were allowed by FA of acquired 19F MAS NMR and 13C CP/MAS NMR
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spectra. After FA of the recorded spectra, the observed corresponding 3D correlation plots of
coefficients Vij (Figure 22) graphically describe and sort the diversities between the systems
with extensive structural variability (see also the Figure 7 in Article 4. and Figure 3 in Article
5.) Moreover, by application of FA to relatively poorly resolved

19

F MAS NMR spectra, the

contributions relating to frequency shifts in the spectral pattern induced by sensitivity of

19

F

nucleus to its global changes in susceptibility and /or charging of measured samples were
eliminated. The investigation of TCl products has also shown that the used analytical process
of FA was efficient for the samples separation into groups mirroring their preparation
conditions.
Finally, it was demonstrated that the proposed strategy provides a reliable tool for the
fast cluster analysis and quality control of complex pharmaceutical solids also with separation
capability of the material into groups reflecting preparation conditions.

Vertically

sorted

different amorphous

Horizontally

forms

different crystalline

sorted

forms

Figure 22. Example of 3D correlation plot of Vi1, Vi3 and Vi5 coefficients created after factor analysis
of corresponding ssNMR data. Black dots present a pure API forms, red dots reflect solid dispersions.
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4 Conclusions


Preparation of solid dispersions of active substances
The SDs of API in different biodegradable polymer matrices with required qualities was
successfully prepared.



Primary characterization of solid dispersions & Advanced ssNMR analysis of solid
dispersions
In this thesis the ability of solid-state NMR spectroscopy to obtain highly-precise
structural characterization of pharmaceutical solids was demonstrated. On the basis of the
rigorous method optimizations the ssNMR toolbox for reliable structural and dynamic
evaluation of various pharmaceutical solids was composed. The created toolbox enables
primary and detailed insight into the structure behavior of these systems. The first choice
comprises the basic – 1H and 13C MAS, 13C CP/MAS NMR, T1(1H) and T1ρ(1H) CP/MAS
NMR; whereas the second includes advanced – 2D homonuclear and heteronuclear
correlation NMR experiments, and completive measurements of

15

N CP/MAS, 1H-15N

dipolar profiles.
The above ssNMR toolbox in the combination with WAXS and DSC measurements
revealed the structure and segmental dynamics of pharmaceutical materials based on the
solid dispersions of drugs in polymer matrices.


Analysis of drug release from solid dispersions
By this study it was as well disclosed that the changes in the physicochemical state of the
API, the component miscibility on the molecular level, and the length and type of
polymeric matrix affect the dissolution rate of the ASA incorporated in a polymer matrix
and the formation of a SD.



Cluster analysis of pharmaceutical solids
Investigations comprised in this work have also demonstrated that the basic ssNMR
spectroscopy of complex pharmaceutical solids, however, many times with hardly
describable spectra; combined with factor analysis provides a powerful tool for their
cluster analysis.

Briefly, by application of the above mentioned methods a number of pharmaceutical
solids were structurally described. The outline of the used procedures is graphically
depicted in Figure 23.
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a)
> 300 nm

WAXS
13C

DSC

PEO

> 500 nm

PEO
PEO

PEO

CP/MAS NMR
< 5 nm

b)

< 3 nm

PEOx-ASA

PVP-ASA

T1(1H) & T1ρ(1H)
relaxations

PVP-ASA
1H-1H

15N

correlations
NMR

1H-13C

PEOx-ASA

HETCOR
PEO-ASA

1H-13C

WISE

c)
19F

MAS NMR
Factor Analysis

13C

CP/MAS NMR

𝑛
𝑖

= ∑

𝑗

𝑖𝑗 𝑗

𝑗 =1

Figure 23. The outline of the procedures used for characterization of solid pharmaceutical
materials. a) fast characterization of solid dispersions (SDs); b) detailed characterization of
SDs; c) cluster analysis suitable for complex pharmaceutical solids.

Eventually, the obtained results described in this doctoral research afforded by the
high-resolution solid-state NMR spectroscopy could definitively help to improve the
quality control or precise comprehensive inspection of pharmaceutical solids for
utilizing in fundamental investigation and pharmaceutical research.
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Referát

CHARAKTERIZÁCIA TUHÝCH DISPERZIÍ LIEČIV V POLYMÉRNYCH MATRICIACH
POMOCOU ssNMR SPEKTROSKOPIE

OLÍVIA POLICIANOVÁ, MARTINA URBANOVÁ,
LIBOR KOBERA a JIŘÍ BRUS

orálnom spôsobe podania liekovej formy. Na základe týchto farmakokinetických vlastností API vypracoval americký
úrad pre kontrolu liečiv (FDA) biofarmaceutický klasifikačný systém (BCS), ktorý klasifikuje APIe do štyroch
tried (obr. 1a). Základom rozdelenia liečiv podľa BCS je
rozpustnosť a črevná permeabilita aktívnych substancií
v ľudskom tele. API je vysoko rozpustná, ak najvyššia
orálna dávka je rozpustná v ≤ 250 ml vodného média
v rozmedzí pH 1,2–6,8 a vysoko permeabilná, ak najvyššia
orálna dávka sa vstrebe z > 90 % v GIT. Ak sa spoja vlastnosti API s disolúciou farmaceutického produktu,
BCS berie v úvahu tri hlavné faktory: disolúciu, rozpustnosť v telových tekutinách a permeabilitu v GIT. Tieto tri
faktory určujú rýchlosť a objem absorpcie liečiva z priamo
uvoľnenej orálnej pevnej dávky. Keďže mnoho farmaceutických substancií (hlavne triedy 2. a 4., 40–60 % svetovej
produkcie liekov) prejavuje nízku biodostupnosť a rozpustnosť vo vode, súčasným cieľom farmaceutického výskumu je zvýšiť tieto nedostatočné vlastnosti liečiva3–5.
Chemická a fyzikálna premena API patrí k jedným
z mnoho metód ako zvýšiť biodostupnosť málo rozpustných liečiv. Možnosti chemickej úpravy liečiva zahrňujú
transformáciu na soľ, hydrát, glykosilovaný derivát, proliečivo, kokryštal. Možnosti fyzikálnej úpravy sú zamerané
na tvorbu kryštalických viac rozpustných polymorfov,
amorfov, či tuhých disperzií, taktiež na lyofilizáciu, riadenú kryštalizáciu pomocou polymérov, miešanie v tavenine,
sprejové sušenie. Je teda zrejmé, že existuje množstvo
postupov ako modifikovať aktívnu farmaceutickú substanciu a pripraviť produkt s požadovanými vlastnosťami.
Mnoho úsilia sa taktiež venovalo metodickému rozvoju
charakterizácie týchto farmaceutických produktov. Samozrejme v prípade komplikovaných viaczložkových formulácií, medzi ktorými zvláštne miesto zaujímajú polymérne
disperzie, vývoj charakterizačných metód a techník stále
prebieha. Jednoznačná charakterizácia týchto produktov je
však jedna z fundamentálnych požiadaviek inštitúcií, ktoré
sú zodpovedné za kontrolu a reguláciu trhu s liečivami
(FDA, SÚKL atď.). Štandardné postupy, aké sú prášková
röntgenová difrakcia (XRPD), infračervená spektroskopia
(FTIR) alebo Ramanova spektroskopia môžu v týchto prípadoch multikomponentných systémov sklamať, a to napríklad vďaka veľkému prekrytiu signálov aktívnej substancie s polymérnym nosičom alebo vďaka nízkej koncentrácii API. Vzhľadom k rastúcemu záujmu farmaceutických spoločností o komerčnú produkciu disperzných produktov, ktorý potvrdzuje aj nedávny článok v časopise
Molecular Pharmaceutics6, sa úsilie o rozvoj postupov
spoľahlivej charakterizácie týchto produktov podstatne
zvýšil. Ako veľmi nádejná sa javí NMR spektroskopia
pevného stavu, pričom jej základným aplikáciám je venovaný tento referátový príspevok7–9.
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1. Úvod
V súčasnej dobe predstavujú pevné farmaceutické
produkty (tablety, tobolky) približne 80–85 % z produkcie
liečivých prípravkov na trhu1. Z tohto dôvodu je dôležité,
aby aktívna farmaceutická ingrediencia (API) bola vo farmaceutickom priemysle dostatočne kontrolovaná nielen
počas kryštalizácie, ale v celom procese výroby substancie, formulácie do tabletovej podoby, skladovania
a distribúcie. Čiže, aby nevznikali iné kryštalické
modifikácie – polymorfy, ktoré by mohli byť menej účinné
alebo v horšom prípade neúčinné vôbec. Typickým príkladom tohto chovania je prípad Ritonaviru, čo je liečivo
s antivirálnymi účinkami, používané pri nákaze vírusom
HIV. Pri tomto liečive, 18 mesiacov po uvedení na trh, sa
zistilo, že v liekových formách vzniká nový, termodynamicky stálejší polymorf, ktorý bol menej rozpustný ako
originálna modifikácia tejto API2.
Je zrejmé, že liečivo musí mať dobrú biodostupnosť.
Okrem iných aspektov to znamená predovšetkým dobrú
disolučnú rýchlosť, rozpustnosť v telových tekutinách
a dobrú permeabilitu v gastrointestinálnom trakte (GIT) pri
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a

b

Liečivo a polymér

Typ disperzie
stav liečiva

stav matrice

Miešateľné v tekutom
stave

Amorfný stav = amorf.
Kryštalický stav = krystal.
Molekulárne dispergovaný stav = mol. disp.
Tuhá disperzia = t.d

Nemiešateľné v pevnom
stave

Miešateľné v pevnom
stave
Tuhý roztok

Eutektická zmes
krystal.

krystal.

Kryštalická t. d.
krystal.

krystal.

Amorfná t. d.
Sklovitá suspenzia
krystal.

amorf.

amorf.

amorf.

mol. disp.

krystal.

mol. disp.

amorf.

Multikomponentná t. d.
krystal.
mol. disp.
mol. disp.

amorf.

Sklovitý roztok
amorf.
mol. disp.

Obr. 1. a) Schematické znázornenie biofarmaceutického klasifikačného systému BCS. Základom je rozdelenie liečiv podľa rozpustnosti a črevnej permeability aktívnych substancií v ľudskom tele. b) Schematické znázornenie klasifikácie tuhých disperzií podľa
stavu jednotlivých komponent12–16

2. Klasifikácia tuhých disperzií aktívnych
substancií

platí, že aktívna substancia môže v matrici existovať
v kryštalických či amorfných doménach alebo v molekulárne dispergovanom stave12–16.
Eutektické zmesi vznikajú, ak API a matrica (napr.
polymér) sú miešateľné v ich roztavenom stave a pri tuhnutí kryštalizujú ako dve odlišné komponenty
so zanedbateľnou miešateľnosťou. Ich eutektická zmes má
nižší bod topenia ako v ich oddelenom stave. Toto zistenie
stále vyvoláva isté kontroverzie, pretože niektorí autori
tvrdia, že tieto eutektiká sú intímne premiešané, ale stále
inertné fyzikálne zmesi. Iní však tvrdia, že pozorované
zníženie teploty topenia odráža molekulárne interakcie

Už v roku 1961 bol pojem tuhé disperzie spájaný so
zvýšením absorpcie málo rozpustných liečiv10,11. Počas
nasledujúcich rokov sa tento predpoklad v mnohých prípadoch potvrdil a teda platí, že vhodne pripravené disperzie
preukázateľne zvyšujú biodostupnosť liečiva. Dnes sú už
tieto systémy detailnejšie preskúmané a pojem tuhá disperzia je popísaný princípom dispergovania hydrofóbnych
molekúl API do hydrofilnej matrice, napr. polyméru. Ich
základné rozdelenie je znázornené na obr. 1b. Všeobecne
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c

d

mäkne bez utajeného bodu topenia13, 16.
Tuhé roztoky sú také tuhé disperzie, ktoré ukazujú
miešateľnosť nielen v tekutom stave (tavenine, roztoku),
ale i v pevnom stave. Rozdeľujú sa na základe miešateľnosti (I. podtrieda) a na základe možnosti distribúcie dispergovanej častice do matrice (II. podtrieda). V podtriede I. sa rozlišujú kontinuálne tuhé roztoky, kedy obe zložky ukazujú neobmedzenú miešateľnosť. Druhú skupinu
potom predstavujú diskontinuálne tuhé roztoky, ktorých
vzájomná miešateľnosť je limitovaná. V podtriede II. sa
rozlišujú substitučné kryštalické tuhé roztoky, čo je klasický tuhý roztok s kryštalickou štruktúrou, kde rozpustené
molekuly liečiva nahradzujú molekuly rozpúšťadla
(matrice) (obr. 2c). Substitúcia je možná na základe podobnej veľkosti molekúl (tolerancia 15 %). Ďalej sú to
intersticiálne kryštalické tuhé roztoky, v ktorých sa zabudujú molekulové častice do medzipriestoru nachádzajúcom
sa medzi molekulami rozpúšťadla (matrice) (obr. 2d). Rozhodujúcim faktorom pri tvorbe tohto roztoku je veľkosť
častíc dispergujúcej zložky a matrice. A nakoniec amorfné
tuhé roztoky, kde rozpustené molekuly sú dispergované do
amorfného rozpúšťadla (napr. polymérnej matrice) na molekulárnej úrovni (obr. 2e)16,18. U liečiva griseofulvinu,
dispergovaného v kyseline citrónovej, bol prvý krát demonštrovaný súvis so zvýšením disolučnej rýchlosti málo
rozpustných liečiv12.
Ako poslednú skupinu týchto systémov je možné
uviesť multikomponentné tuhé disperzie, čo sú tuhé disperzie, do ktorých sa pridáva tretia zložka a tou je surfaktant. Surfaktanty sú pridávané na zvýšenie disolučnej rýchlosti a zvýšenie miešateľnosti medzi liečivom a polymérom, aby nedochádzalo ku kryštalizácii liečiva pri
uskladnení16. Z uvedeného prehľadu je zrejmé, že je možné pripraviť veľké množstvo rôznych typov tuhých disperzií v polymérnych matriciach s rozličnými vlastnosťami.
Preto, jedným z dôležitých krokov, vo farmaceutickom
priemysle je tieto produkty správne charakterizovať
a identifikovať. Ako nádejná metóda k sledovaní štruktúry
a dynamiky farmaceutických disperzných systémov sa javí
NMR spektroskopia pevnej fáze (ssNMR). V nasledujúcej
kapitole budú stručne zhrnuté súčasné možnosti jej využitia v tejto oblasti farmaceutického a materiálového výskumu.

e

Obr. 2. Schematické znázornenie štruktúry rozličných tuhých
disperzií: a) kryštalická tuhá disperzia, b) amorfná tuhá disperzia, c) substitučný kryštalický tuhý roztok, d) intersticiálny kryštalický tuhý roztok, e) amorfný tuhý roztok

medzi molekulami liečiva a nosičom. Nie so všetkými
matricami môžu tvoriť málo rozpustné liečivá eutektickú
zmes so zvýšenou disolučnou rýchlosťou. Vhodnými kandidátmi na tvorbu eutektických zmesí sú polyetylenglykol
(PEG),
močovina,
polyoxyetylen-polyoxypropylen
(Pluronic®)16,17.
Kryštalická tuhá disperzia vzniká vtedy, ak rýchlosť
kryštalizácie liečiva z miešateľnej zmesi liečivo-polymér
je väčšia, než rýchlosť solidifikácie (tuhnutia) tejto zmesi
(obr. 2a).
Amorfná tuhá disperzia potom vzniká v prípadoch,
kedy miešateľná zmes liečivo-polymér (tavenina) je ochladzovaná takou rýchlosťou, pri ktorej nedochádza ku kryštalizácii molekúl liečiva a tieto molekuly sú potom kineticky zachytené v amorfnom stave. Aj keď tento typ systémov ponúka vďaka zvýšenej termodynamickej aktivite
zlepšenie disolučných vlastností liečiva, je možné, že tieto
disperzie môžu konverzovať spať k viac stabilnému systému alebo k menej rozpustnej kryštalickej forme (obr. 2b).
K tomuto typu amorfných disperzií sa zaraďujú formy
sklovitých roztokov a suspenzií. Sklovitý roztok je homogénny systém, v ktorom sa liečivo rozpúšťa v sklovitom
rozpúšťadle. Táto forma disperzií sa získava väčšinou
náhlym ochladením zmesi. Pod teplotou sklovitého prechodu Tg vzniká krehký materiál. Pri zahrievaní postupne

3. Charakterizácia tuhých disperzií pomocou
ssNMR
Tuhé disperzie sú často charakterizované termickými
metódami, ako sú DSC, TGA a iné. DSC poskytuje informáciu o miešateľnosti API a polyméru, Tg, či iných termických hodnotách a stabilitách. Táto metóda avšak poskytuje
iba základné informácie o vlastnostiach disperzného systému a pokiaľ ide o informácie štruktúrne je dosť limitovaná.
Ďalej je často využívaná metóda XRPD, ktorá poskytuje už väčšie množstvo štruktúrnych informácií, sleduje
kryštalické materiály a poukazuje na chýbajúcu kryštalickú časť systému. Množstvo informácií môžeme tiež získať
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aj s iných metód, ako sú IČ, Ramanova mikrospektroskopia, či TEM. Pre podrobnejší až detailný štruktúrny popis
týchto disperzných systémov je však najvhodnejšia metóda
ssNMR. Táto metóda detailne charakterizuje štruktúru,
dynamiku, morfológiu systému, veľkosť domén dispergovanej API (0,5–500 nm) a mnoho iných dôležitých vlastností farmaceutických API-polymér disperzií6,19,20 .

odpovedajúce signály značne rozšírené a nerozlíšené. Toto
rozšírenie indikuje neuniformný štruktúrny charakter molekúl API, ktoré sa môžu vyskytovať buď vo forme amorfných, viac či menej separovaných domén (amorfná tuhá
disperzia) alebo v úplne molekulárne dispergovanom stave
(amorfný tuhý roztok). Je teda zrejmé, že 13C CP/MAS
NMR experimentom sa môžu predbežne rozdeliť disperzné systémy do jednotlivých typov tuhých disperzií. Určuje
sa to pomocou pološírky a veľkosti signálov systému APIpolymér v porovnaní s primárnymi spektrami API
a polyméru. Na presnejšie rozlíšenie tuhých disperzií
a predovšetkým na určenie veľkosti dispergovaných domén sa používajú zložitejšie typy experimentov. Na tomto
mieste je tiež nutné upozorniť, že 13C CP/MAS NMR experiment slúži k získaniu spektrálnych dát hlavne rigidných zložiek systému. Ak by sa v systéme nachádzala výrazne pohyblivejšia zložka (napr. amorfný nízkomolekulárny polymér PEG s molekulovou hmotnosťou do
2000), potom 13C CP/MAS NMR experiment nie je schopný túto zložku vôbec zaznamenať. Preto je nutné použiť
alternatívny jednopulzný experiment 13C MAS NMR21,
ktorý je však veľmi málo citlivý a jeho prevedenie vyžaduje enormné množstvo experimentálneho času. Obvykle je
teda nutné použiť obe experimenty. Značný prínos k tejto
problematike priniesla práca, publikovaná v roku 2011,
v ktorej je demonštrované použitie veľmi jednoduchej
pulznej sekvencie, ktorá kombinuje obe vyššie uvedené
experimenty. Vďaka tomu je možné získať nielen kvalitatívne, ale aj kvantitatívne informácie o veľmi heterogénnych systémoch v relatívne krátkom čase22.

3.1. Základné techniky ssNMR
K základným technikám ssNMR vhodným k meraniu
farmaceutických tuhých disperzií patrí experiment využívajúci techniku prenosu polarizácie (13C CP/MAS NMR,
cross-polarization, CP) a jednoduchý jednopulzný 13C
MAS NMR experiment. Experiment 13C CP/MAS NMR je
veľmi rýchly, trvá obvykle niekoľko desiatok minút až
niekoľko hodín a používa sa k prvotnej charakterizácii
systémov. Dokáže rozlíšiť amorfnú a kryštalickú zložku
a to vďaka úzkym signálom, ktoré sú charakteristické pre
kryštalickú zložku, a rozšíreným signálom, ktoré sú typické pre zložku amorfnú. To, či je signál úzky alebo široký
závisí na usporiadaní danej zlúčeniny. Pre amorfné formy
je typická neusporiadanosť systému, čo sa prejaví ako
široký signál, ktorý zobrazuje rozdielne odozvy lokálneho
magnetického poľa rôznych molekulárnych orientácií.
Zatiaľ čo kryštalická fáza zobrazí odozvy jednotného lokálneho magnetické poľa vďaka usporiadanej kryštalickej
štruktúre19. Tieto typické znaky sú dobre vidieť na príklade
API-polymér systémoch tvorených kyselinou acetylsalicylovou s polyetylenglykolom (PEG) alebo polyvinylpyrolidonom (PVP) (obr. 3). V prvom prípade sú 13C CP/MAS
NMR signály kyseliny acetylsalicylovej veľmi úzke, úplne
rozlíšené a jasne indukujúce kryštalický charakter API
(kryštalická tuhá disperzia). Zatiaľ čo v druhom prípade sú

3.2. Posúdenie rozsahu interakcií API-polymér –
relaxačné experimenty
Relaxačné experimenty patria k pomerne časovo náročným experimentom, ktorých stredná dĺžka trvania sa
pohybuje v rade desiatok hodín. Všeobecne pod pojmom
relaxácia rozumieme návrat jadrových spinov do termálnej
rovnováhy, z ktorej bol spinový systém vychýlený aplikáciou rf pulzov. Pri tomto procese dochádza k poklese celkovej magnetizácie, ktorá sa sleduje v podobe exponenciálnej funkcie. Všeobecne je proces relaxácie vyvolaný
a urýchlený segmentovým pohybom. V kontexte štúdia
štruktúry disperzií liečiv v polymérnych matriciach sa
rozlišujú dva typy týchto meraní. Po prvé, sú to experimenty, ktoré merajú relaxáciu jadier 1H. Konkrétne sa
jedná o T1(1H) a T1ρ(1H) relaxačné experimenty. V širšom
rozsahu, bolo už na viacerých dvojzložkových, či multizložkových polymérnych systémoch demonštrované, že
rozdiely v 1H relaxačných časoch medzi jednotlivými
komponentmi indikujú heterogénny charakter týchto systémov. Toto pravidlo vychádza z faktu, že 1H-1H spinová
difúzia, ktorá je všeobecne veľmi rýchla v organických
pevných látkach, nie je schopná ustáliť magnetické vlastnosti vo všetkých 1H atómoch. Typicky je 1H magnetizácia
prenášaná cez priestor približne do vzdialenosti 1,1 až
1,2 nm počas 1 ms. V prípade meraní T1(1H) spin-

Obr. 3. Spektrá systémov s AcSalAc (i), polymérmi PVP7600 (ii)
a PEG2000 : a) disperzia kryštalickej formy AcSalAc/PEG2000,
b) disperzia amorfnej formy AcSalAc/PVP7600
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mriežkových relaxačných konštánt relevantné časové periódy počas 1H šírenia magnetizácie sú v rozsahu niekoľko
sekúnd. Následkom toho môže byť 1H magnetizácia efektívne prenášaná cez 100–200 nm. Preto ak T1(1H) spinmriežkové relaxačné časy oboch komponent sú rôzne,
napríklad ak T1(1H) API je podstatne dlhšia ako T1(1H)
polymérnej matrice, potom analyzované dvojkomponentné
systémy sú heterogénne s veľkosťou domén približne viac
ako 100–200 nm. Podobná koncepcia aplikácie je tiež pri
meraní vodíkových T1ρ(1H) spin-mriežkových relaxačných časov v rotujúcej sústave súradnej (T1ρ). V tomto
type experimentov sú však časové periódy, počas ktorých
je 1H-1H spinová difúzia aktívna, v podstatne kratších rozsahoch a to od mikrosekúnd do 10 milisekúnd. Z tohto
dôsledku môže byť 1H magnetizácia efektívne prenášaná
cez niekoľko desiatok nanometrov. Vtedy, ak má multikomponentný systém uniformný T1ρ(1H) relaxačný čas,
môže byť považovaný za homogénny s veľkosťou domén
menšou než niekoľko nanometrov23.
Po druhé, sú to experimenty sledujúce relaxáciu 13C
jadier, ktoré skúmajú hlavne dynamiku systému. Sú to
uhlíkové relaxačné experimenty T1(13C) a T1ρ(13C). T1(13C)
experimenty sú citlivé na pohyby molekúl v korelačnej
frekvencii blízkej rezonančnej frekvencii, čo je približne
v rámci stoviek MHz. T1ρ(13C) relaxační experimenty potom sledujú pomalšie molekulárne pohyby s frekvenciou
niekoľko desiatok kHz.
Ako už bolo uvedené vyššie, pomocou vodíkových
relaxačných ssNMR experimentov dokážeme potvrdiť
homogenitu, či nehomogenitu vzorky, teda premiešanie

zložiek na molekulárnej úrovni. Tieto experimenty dokážu
tiež sledovať ovplyvnenie pohyblivosti API a príslušnej
ďalšej zložky systému a taktiež predpokladať typ tuhej
disperzie. Na obr. 4 je potom rôzny rozsah interakcií
a premiešania jednotlivých zložiek v systéme polymér-API
zreteľný zo získaných T1(1H) a T1ρ(1H) relaxačných dát.
V prípade polymérnej matrice tvorenej napr. PVP došlo
k výraznému skráteniu jak T1(1H), tak T1ρ(1H) relaxačných
časov API, ktoré sú porovnateľné s relaxačnými časmi
polymérnej zložky. To jednoznačne potvrdzuje intímne
premiešanie oboch zložiek. API je skôr molekulárne dispergovaná v polymérnej matrici, pričom veľkosť prípadných domén je podstatne menšia ako 5 nm. Oproti tomu
v prípade polymérnej matrice tvorenej PEG je situácia
trochu komplikovanejšia. T1ρ(1H) relaxačné časy PEG
i API zmerané pre tuhú disperziu sú identické s T1ρ(1H)
relaxačnými časmi stanovenými pre čisté zložky. To indikuje, že v danom systéme je miešateľnosť oboch zložiek
v tuhom stave obmedzená a že spinová difúzia v časovom
horizonte desiatok milisekúnd je neefektívna. Systém je
teda heterogénny, pričom veľkosť dispergovaných domén
API je podstatne väčší ako 10 nm. Spresnenie tohto údaja
sa môže dosiahnuť posúdením T1(1H) relaxačných časov.
V prípade PEG matrice je T1(1H) v pripravenej tuhej disperzii o trochu dlhší než v čistom stave, zatiaľ čo relaxačný čas API v polymérnej disperzii sa skrátil. Nedošlo však
k úplnému vyrovnaniu oboch časov tak ako v predošlom
prípade, kedy relaxačné časy API i PVP matrice v tuhej
disperzii boli identické. To znamená, že 1H-1H spinová
difúzia dokáže iba čiastočne vyrovnať chovanie 1H magne-

a

b

čas, s

čas, s

Obr. 4. T1(1H) a T1(1H) relaxačné krivky zmerané pre dva základné typy tuhých disperzií: amorfný tuhý roztok, ktorý je reprezentovaný systémom AcSalAc/ T-but, 30 % + PVP7600/ T-but, 70 %, lyofilizovaný (a), a kryštalická disperzia AcSalAc/ T-but, 30
% + PEG10 000/ T-but, 70 %, lyofilizovaná (b)
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tizácie v systéme. Veľkosť domén API sa potom môže
pohybovať v intervale 100–200 nm. Zmeny v relaxačnom
chovaní oboch komponent spolu s úzkymi signálmi pozorovanými v 13C CP/MAS NMR spektre tak naznačujú, že
API vytvára v matrici PEG nanokryštalické domény. Prítomnosť väčších častíc, viac ako 500 nm, či mikrokryštalitov, by potom nespôsobovala žiadnu pozorovateľnú zmenu
relaxačných parametrov24.

kej AcSalAc sú patrné korelačné signály medzi všetkými
dostupnými vodíkovými atómami v molekule (obr. 5a).
V spektre tuhej disperzie AcSalAc-pHPMA je potom zreteľný nový korelačný signál, ktorý naznačuje špecifickú
interakciu medzi karboxylovou skupinou AcSalAc
a CH–OH hydroxylovou skupinou pHPMA.
Ďalším často používateľným experimentom vhodným k štúdiu štruktúry je heteronukleárny 2D 1H-13C HETCOR experiment. Hoci je menej citlivý ako 1H-1H BABA
DQ/MAS, ktorý vyžíva vysoko zastúpené jadrá 1H, je dostatočne postačujúci k prvotnému štúdiu korelujúcich vodíkových a uhlíkových skupín25. Vedľa korelácie vodíkov
s atómami uhlíka je však možné vzájomne korelovať aj iné
typy jadier, napr. atómy vodíka a atómy bóru (11B). Zlúčeniny bóru preukazujú značné terapeutické účinky. Medzi
nimi napr. [3-kobalt(III) bis(1,2-dikarbolid)] sodný
(NaCoD), ktorý je známy ako inhíbítor HIV proteázy26.
Ako bolo nedávno publikované, ak je tento metalokarborán pripravený ako tuhá disperzia v matrici PEG, dochádza
ku vzniku vysoko usporiadaného systému. 1H-11B (13C
a 23Na) HETCOR korelačné experimenty potom umožnili
nájsť špecifické štruktúrne motívy, ktoré sú príčinou vzniku takto usporiadaných štruktúr. Konkrétne vznik relatívne
intenzívneho korelačného signálu medzi bórom B-10

3.3. Korelačné experimenty MAS NMR
Detailné informácie o rozsahu interakcií medzi molekulami API a polymérnej matrice podávajú dvojdimenzionálne korelačné experimenty. Medzi tieto experimenty sa
radia napr. homonukleárny 1H-1H BABA (Back-to-back),
či heteronukleárny 1H-13C HETCOR NMR experiment.
Korelačné signály, ktoré sa vo výsledných spektrách objavujú, potom indikujú priestorovú blízkosť odpovedajúcich
atómov a funkčných skupín. V prípade systémov
API-polymér sa potom môžu identifikovať miesta špecifických interakcií medzi molekulami liečiva a polymérnou
matricou20,26. Príkladom môže byť systém kyselina acetylsalicylová (AcSalAc)-poly[N-(2-hydroxypropyl)metakrylamid] (pHPMA). V 1H-1H BABA spektre čistej kryštalic-

a

b

Obr. 5. a) 1H-1H BABA NMR korelačné spektrá zmerané pre čistú kryštalickú AcSalAc (vľavo), a AcSalAc-pHPMA (vpravo), b)
1
H-11B HETCOR NMR korelačné spektrum zmerané pri extrémne krátkej dobe prenosu polarizácie (50 s) a predpokladaná
špecifická interakcia medzi dispergovaným NaCoD a PEG matricou
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(špička karboránového klastru, obr. 5b) a vodíkmi segmentov PEG. Tento signál je jasne zreteľný i pri použití veľmi
krátkej doby spinovej difúzie, čo indikuje veľmi silnú interakciu. V tomto konkrétnom prípade sa jedná o zdvojenú
vodíkovú väzbu medzi čiastočne kladne nabitými protónmi CH2-O segmentov PEG a čiastočne negatívne nabitými
BH protónmi karboránu27.

pHPMA
PVP
ssNMR
SÚKL
T-but
TEM
TGA
XRPD

4. Záver

Táto práca vznikla za finančnej pomoci Grantovej
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Ďakujeme Univerzite Karlovej v Prahe za umožnenie
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API dispergovaná v polymérnej matrici môže byť
amorfná, tvoriť nové kryštalové polymorfy, alebo viac či
menej molekulových komponent s polymérnymi reťazcami. V tomto článku sú prezentované základné rozdelenia
tuhých disperzií aktívnych substancií a možnosti ich charakterizácie pomocou metódy NMR spektroskopie pevnej
fáze. Názorne sa preukázalo, že ssNMR je metóda, ktorá
umožňuje posúdiť lokálne štruktúrne a konformačné zmeny, prítomnosť domén API a je schopná rozlišovať už
v oblasti rozsahu až 1–200 nm. V uvedenom prehľade
ssNMR experimentov sú systémy charakterizované pomocou základných a rozvinutých dvojdimenzionálnych metód
ssNMR, ktoré poskytujú vysoké rozlíšenie a ľahšiu interpretáciu. Už v základných experimentoch 13C MAS NMR
a 13C CP/MAS NMR sú pozorované dostatočné zmeny
vyhovujúce k prvotnému predpokladu rozdelenia systémov
do jednotlivých typov tuhých disperzií. Na detailnejšiu
charakterizáciu týchto systémov je potom vhodné použiť
zložitejšie experimenty, ako sú relaxačné experimenty T1(1H)
CP/MAS, T1ρ(1H) CP/MAS NMR a dvojdimenzionálne
13
C-1H HETCOR NMR, 1H-1H BABA MAS NMR korelačné experimenty s vysokým rozlíšením. Tieto experimenty umožňujú získať dôležité štruktúrne informácie
systému i na krátku vzdialenosť, sledovať molekulárnu
mobilitu systémov tuhých disperzií v relatívne krátkom
čase a následne nastoliť predpoklad ovplyvnenia biodostupnosti API v polymérnych disperzných systémoch. Na
základe tohto referátového príspevku je možné teda tvrdiť,
že NMR spektroskopia pevnej fáze je vhodným nástrojom
k štúdiu týchto farmaceutických tuhých disperzií a umožňuje získať rýchlu a presnú informáciu o štruktúre a dynamike systémov pre základný výskum i farmaceutický priemysel. Dôvod, prečo sa ssNMR vo farmaceutickej analýze
príliš nepoužíva, je jej drahé prístrojové vybavenie.
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O. Policianová, M. Urbanová, L. Kobera, and
J. Brus (Institute of Macromolecular Chemistry, Academy
of Sciences of the Czech Republic, Prague): Solid-state
NMR Characterization of Solid Dispersions of Drugs in
Polymer Matrices by NMR Spectroscopy
Unfortunately promising pharmaceutical substances
currently discovered are strongly hydrophobic exhibiting
thus low bioavailability. One of the promising ways out is
increasing solubility and bioavailability of these substances and reformulation of poorly water-soluble drugs into
the form of solid dispersions in water-soluble polymer
matrices. In this brief review we present an introduction to
the problems of poorly water-soluble drugs, discuss the
classification of the prepared solid dispersions and, in particular, focus on their structure characterization by solidstate NMR spectroscopy that is a powerful tool for detailed
and fast pharmaceutical product analysis. As demonstrated
the primary structural features discerning various types of
solid dispersions can be revealed by basic 13C MAS NMR
and 13C CP/MAS NMR experiments. The experiments T1
(1H) CP/MAS, T1ρ(1H) CP/MAS NMR then provide clear
information on morphology and the extent of incorporation
of active pharmaceutical ingredient (API) in polymer matrix. Finally 2D correlation techniques such as 13C-1H
HETCOR NMR, 1H-1H BABA MAS NMR allow finding
the structure motifs that are responsible for interaction
between API and polymer chains. ssNMR experiments,
presented in this review, bring the option for fast and exact
identification and detection of structure details and mobility of API in polymer matrices in a relatively short experimental time. By combining these experiments it is possible
to expect the influence of bioavailability of API in solid
dispersion.
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Olivia Policianova, Jiri Brus,* Martin Hruby, Martina Urbanova, Alexander Zhigunov, Jana Kredatusova,
and Libor Kobera
Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovského nám. 2, 162 06 Praha 6, Czech
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ABSTRACT: Solid dispersions of active pharmaceutical ingredients are of increasing interest due to their versatile use. In the
present study polyvinylpyrrolidone (PVP), poly[N-(2-hydroxypropyl)-metacrylamide] (pHPMA), poly(2-ethyl-2-oxazoline)
(PEOx), and polyethylene glycol (PEG), each in three Mw, were used to demonstrate structural diversity of solid dispersions.
Acetylsalicylic acid (ASA) was used as a model drug. Four distinct types of the solid dispersions of ASA were created using a
freeze-drying method: (i) crystalline solid dispersions containing nanocrystalline ASA in a crystalline PEG matrix; (ii) amorphous
glass suspensions with large ASA crystallites embedded in amorphous pHPMA; (iii) solid solutions with molecularly dispersed
ASA in rigid amorphous PVP; and (iv) nanoheterogeneous solid solutions/suspensions containing nanosized ASA clusters
dispersed in a semiﬂexible matrix of PEOx. The obtained structural data conﬁrmed that the type of solid dispersion can be
primarily controlled by the chemical constitutions of the applied polymers, while the molecular weight of the polymers had no
detectable impact. The molecular structure of the prepared dispersions was characterized using solid-state NMR, wide-angle Xray scattering (WAXS), and diﬀerential scanning calorimetry (DSC). By applying various 1H−13C and 1H−1H correlation
experiments combined with T1(1H) and T1ρ(1H) relaxation data, the extent of the molecular mixing was determined over a wide
range of distances, from intimate intermolecular contacts (0.1−0.5 nm) up to the phase-separated nanodomains reaching ca. 500
nm. Hydrogen-bond interactions between ASA and polymers were probed by the analysis of 13C and 15N CP/MAS NMR spectra
combined with the measurements of 1H−15N dipolar proﬁles. Overall potentialities and limitations of individual experimental
techniques were thoroughly evaluated.
KEYWORDS: solid dispersions, acetylsalicylic acid, polymers, solid-state NMR, structure, dynamics
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INTRODUCTION
The use of solid dispersions (SDs) to enhance the absorption
of poorly water-soluble drugs was ﬁrst proposed more than 40
years ago.1 This concept is based on dispersing a hydrophobic
active pharmaceutical ingredient (API) into a hydrophilic
nontoxic matrix, such as polymers, glycerides, cellulose, or
urea.1−3 SDs are also important during early stage drug
development because they maximize drug exposure during
animal experimentation, facilitating the identiﬁcation of
toxicological eﬀects. Moreover, solid dispersions can slow the
dissolution rate of highly soluble drugs, generating thus
promising controlled-drug-release systems. Despite extensive
research in this ﬁeld, applications of pharmaceutical solid
© XXXX American Chemical Society

dispersions have remained limited, and only a few products
have been marketed thus far. This follows from the fact that
SDs require laborious preparation methods, sometimes display
irreproducible physicochemical characteristics, and exhibit
problems during the scale-up manufacturing processes. Moreover their reliable structural characterization is extremely
demanding.
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and compared them with the commonly used PEG and PVP.
Polymer pHPMA is known as a base of the copolymer systems
used for passive drug targeting purposes in speciﬁc cancer
therapy,12,13 and PEOx is a useful base of copolymer micelles
encapsulating hydrophobic drugs.14 As an active compound we
used acetylsalicylic acid (ASA), a drug with many positive
clinical eﬀects15−17 recently reclassiﬁed into BCS Class I.18,19
Moreover, ASA is a compound that cannot simply exist in an
amorphous state. Because of the low Tg that is estimated to be
ca. −30 °C, amorphization of ASA requires support by
noncovalent bonding with excipients. ASA thus represents a
suitable model system on which these interactions can be
directly studied and the role of chemical nature of polymeric
excipients can be evaluated.
The primary purpose of the presented investigation was to
demonstrate that the 3D architecture of solid dispersions of
APIs can be controlled by the chemical nature of polymer
excipients. For this purpose we prepared by a freeze-drying
method a set of solid dispersions of ASA. As a polymer matrix
we used PEG, PVP, pHPMA, and PEOx, each of them in three
diﬀerent molecular weights. The secondary purpose of our
study was to formulate an experimental protocol allowing
comprehensive and reliable structural characterization of solid
dispersions with diﬀerent 3D architectures, including assessment of their homogeneity from the subnanometer scale up to
the domains with the several hundred nanometers size.

As demonstrated in Figure 1, a range of diﬀerent types of
solid dispersions can be distinguished. Formation of each

■

Figure 1. Schematic illustration of the classiﬁcation of solid dispersions
based on the state of their individual components.4−6

MATERIALS AND METHODS
ASA (Sigma-Aldrich, St. Louis, USA), water-soluble biocompatible polymers (PVP, PEG, PEOx, and pHPMA), water, and
tert-butanol (t-but) (Sigma-Aldrich, St. Louis, USA) were used
to prepare solid dispersions (Chart 1). Polyethylene glycol
(PEG2000,6000,10000) and polyvinylpyrrolidone

system depends on numerous factors, such as the miscibility of
the individual components in their ﬂuid state, the rates of
solidiﬁcation and crystallization of the individual components,
and the synthetic procedure (e.g., freeze-drying, vacuum drying,
spray drying, etc.). Similarly, the chemical constitution and
molecular weight (Mw) of the applied polymers may aﬀect not
only the type of SDs but also their physicochemical properties,
including wettability and stability during ﬁnal storage.4−10
Many studies have focused on polyethylene glycol (PEG) and
polyvinylpyrrolidone (PVP), resulting in commercial products,
such as Gris-PEG (griseofulvin in PEG), Sporanox (itraconazole in PEG), and Cesamet (nabilone in PVP).11
In contrast, other biocompatible water-soluble polymers,
such as poly[N-(2-hydroxypropyl)-metacrylamide] (pHPMA)
and poly(2-ethyl-2-oxazoline) PEOx, have rarely been tested in
solid dispersions, despite their high potential for generating
eﬃcient drug delivery systems.12−14 Literature search also
shows that majority of current studies deals with enhancement
of kinetic solubility of APIs from the Class II and IV of
Biopharmaceutics Classiﬁcation System (BCS) despite the fact
that the decrease of solubility of APIs from the Class I can be in
many aspects useful. The successful development and
application of pharmaceutical SDs also require precise
structural and physicochemical characterization because any
structural deviation from the expected architecture may induce
undesired changes in physicochemical properties. Therefore,
studying polymer−drug interactions in solid dispersions and
relating the chemical composition, 3D architecture, and
physicochemical properties to one another is a fundamental
and challenging step in the development of these pharmaceutical solids.
For our structural study we have chosen two nontraditional
biocompatible water-soluble polymers (pHPMA and PEOx)

Chart 1. Chemical Structures of the Applied Components:
The Active Pharmaceutical Ingredient (ASA) and the
Polymers (PVP, PEOx, pHPMA, and PEG)
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Figure 2. Comparison of DSC traces: the PVP−ASA solid dispersion, pure ASA, and pure PVP (a); PEOx−ASA solid dispersion, pure ASA, and
pure PEOx (b); pHPMA−ASA solid dispersion, pure ASA, and pure pHPMA (c); and PEG−ASA solid dispersion, pure ASA, and pure PEG (d).

water were prepared. The prepared solutions were immediately
mixed in a 30/70 weight ratio. The resulting mixtures were
refrigerated for 5 h at −24 °C. The samples were freeze-dried
on dishes (layer depth 5 mm) in a vacuum desiccator at 0.1
mbar overnight (16 h) at shelf temperature around −5 °C to
create the solid dispersions. The polymers were dried before
lyophilization, and each prepared solid dispersion was redried
under high vacuum for 24 h. In all prepared SDs of ASA, there
were no residual t-but and/or water detected by liquid state 1H,
13
C NMR, and DSC.
Solid-State NMR (ss-NMR.). Solid-state NMR spectra were
measured at 11.7 T using a Bruker Avance 500 US/WB NMR
spectrometer (Karlsruhe, Germany, 2003). The following
techniques were applied: (i) 1H, 13C, and 15N MAS and CP/
MAS NMR; (ii) measurements of 13C-detected T1(1H) and
T1ρ(1H) spin−lattice relaxation times;23 (iii) 1H−1H ss-NMR
correlation experiments such as 1H−1H DQ/SQ BABA,24
1
H−1H SQ/SQ NOESY,25 and 1H−1H SQ/SQ DUMBO,26
(iv) 1H−13C wide-line separation (WISE),27 (v) 1H−13C FSLG
HETCOR,28−30 and (vi) the measurements of 1H−15N dipolar
proﬁles.31 The frictional heating of the spinning samples was
mitigated by active cooling, and temperature calibrations32 were
performed with Pb(NO3)2. Detailed experimental parameters
are provided in Supporting Information S1.

(PVP7600,40000,360000) were obtained from Fluka/Sigma-Aldrich
(Buchs, Switzerland), while poly(2-ethyl-2-oxazolin)
(PEOx50000,200000,500000) was obtained from Sigma-Aldrich (St.
Louis, USA). Synthesis of poly[N-(2-hydroxypropyl)-methacrylamide] (pHPMA) was done according to a procedure
described in the literature.20 Purity of all the prepared pHPMA
polymers was more than 99.9% as determined by 1H NMR
spectroscopy. The Mw of pHPMA samples were 18 000, 54 000,
and 81 000 with the corresponding polydispersities 1.16, 1.21,
and 1.27, respectively. These values were determined by gel
permeation chromatography in a mixture of acetate buﬀer (pH
6.5, 0.3 mol/L) and methanol (20:80 v/v) on a TSK 4000
column (Polymer Laboratories Ltd., U.K.) using a HPLC
System Shimadzu (Shimadzu GmbH., Czech Republic)
equipped with RI, UV, and multiangle light scattering DAWN
DSP-F detectors (Wyatt, USA).
Preparation of Solid Dispersions. SDs of ASA were
prepared by lyophilizing the prepared solutions at a wide range
of percentage proportions of ASA/polymer from 10/90 to 80/
20.21,22 For further experiments, the ratio 30/70 was chosen
due to most favorable properties of the dispersions
(mechanical, physicochemical) while keeping drug loading as
high as possible. First, 5% w/w solutions of ASA,
PVP7600,40000,360000, and PEG2000,6000,10000 in t-but and 5% w/w
solutions of pHPMA18000,54000,81000 and PEOx50000,200000,500000 in
C
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Figure 3. Comparison of WAXS patterns: PVP−ASA solid dispersion, pure ASA, and pure PVP (a); PEOx−ASA solid dispersion, pure ASA, and
pure PEOx (b); pHPMA−ASA solid dispersion, pure ASA, and pure pHPMA (c); and PEG−ASA solid dispersion, pure ASA, and pure PEG (d).

polymer−ASA systems. Pure ASA (form I33) exhibited a single,
sharp melting endotherm at 140 °C (180 J/g), revealing its
crystalline nature. All of the polymer matrices with the
exception of PEG were amorphous, displaying a single Tg:
PVP ≈ 177 °C, PEOx ≈ 58 °C, and pHPMA ≈ 173 °C. PEG
displayed a crystalline structure with the melting at 70 °C.
Signiﬁcant disparities in the DSC measurements were
observed for the prepared SDs. Speciﬁcally, the Tg at ∼68 °C
shifted toward lower temperatures34 relative to pure PVP
indicated the amorphous and basically homogeneous nature of
the PVP-ASA systems. In contrast, the DSC trace with two Tgs
and one endotherm revealed structurally much more complex
multiphase composition of PEOx−ASA systems. The endothermic peak at 128 °C was attributed to ASA melting, whereas
the two glass transitions revealed the two amorphous phases.
The event at 70 °C most likely reﬂects the glass transition of
the polymer-rich phase, while the Tg at 6 °C reﬂects the glass
transition of a drug-rich PEOx−ASA phase. For pHPMA−ASA,
no Tg was observed, most likely because it overlaps with the
broad endothermic peak for ASA (Tm = 126 °C). In contrast,
no endothermic peak that could be attributed to the melting of
crystalline ASA was observed in the PEG−ASA solid
dispersion, even though a high fraction of crystalline ASA was
detected in this system by WAXS and 13C CP/MAS NMR. As
further conﬁrmed by ultrafast DSC using the heating rates of
100, 200, and 300 °C/min, the absence of two endotherms in
the DSC trace may be explained by the instant dissolution of
ASA in the melted PEG during the DSC measurement.
Wide Angle X-ray Scattering. WAXS is one of the best
tools for probing periodically ordered crystalline fractions in
multicomponent polymeric solids.35 Figure 3 compares the

Wide-Angle X-ray Scattering (WAXS). WAXS experiments were performed using a pinhole camera (Molecular
Metrology System) attached to a microfocused X-ray beam
generator (Osmic MicroMax 002) operating at 45 kV and 0.66
mA (30 W). The samples were measured in transmission mode
using interchangeable 23 × 25 cm imaging plates (Fujiﬁlm).
The q range for the WAXS was 0.25−3.5 Ǻ −1 (q = (4π/λ) sin θ,
λ = 1.54 Ǻ , and 2θ is the scattering angle). Calibration was
conducted using Si powder. Quantitative analysis of WAXS
patterns was performed using a software module “Analyze”
(producer Seifert). Resulting crystallinity was calculated by the
ration of integral intensity of the crystalline peaks and the
integral intensity of all the peaks.
Diﬀerential Scanning Calorimetry (DSC). DSC analysis
was performed on a Perkin-Elmer DSC 8500 calorimeter using
nitrogen as the purge gas (20 cm3/min). The instrument was
calibrated for temperature and heat ﬂow using indium. The
samples (approximately 10 mg) were sealed inside hermetic
aluminum crucibles with a single hole punched in the lid. An
identical empty crucible was used as a reference. The DSC
scans of each sample were performed at 20 °C/min from −50
to 200 °C. The glass transition temperatures were identiﬁed as
the midpoint between the glassy and rubbery branches of the
DSC trace, and the melting temperatures were the maxima of
the corresponding endotherm plots.

■

RESULTS AND DISCUSSION
Diﬀerential Scanning Calorimetry. The primary phasecompositional information for the prepared solid dispersions
was provided by the DSC measurements. Figure 2 displays the
DSC thermograms for ASA, the polymer matrices, and the
D
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their crystalline nature. In contrast, for the PVP and PEOx solid
dispersions, the corresponding 13C CP/MAS NMR signals
were broadened, indicating the disordered nature of ASA
(Figure 4). In all cases, the structure of ASA was independent
of the molecular weight of each applied polymer (Supporting
Information S2−5).
A detailed inspection of the recorded spectra revealed
molecular-level interactions between the ASA and certain
polymer matrices. Initially, we detected the high-frequency
shoulder in the 13C CP/MAS NMR resonance frequency for
the acetyl methyls of ASA at ca. 22 ppm in the PEG−ASA
system (Figure 5a). The narrow signal at 70 ppm detected in

WAXS diﬀractograms of pure ASA, the pure polymer matrices,
and the prepared polymer−ASA solid dispersions. The pure
ASA applied in this work was identiﬁed as the crystalline form
I,33 while the original PEOx and pHPMA were amorphous.
PEG was a highly crystalline system with ca. 90% crystallinity.
As clearly demonstrated in Figure 3a, the prepared PVP−
ASA solid dispersions are completely amorphous systems, while
the low-intensity X-ray reﬂections detected for the PEOx−ASA
systems (Figure 3b) indicate the presence of a residual
crystalline ASA fraction. The quantitated crystallinity of this
ASA fraction was approximately 5%, indicating that most of the
ASA was dispersed in the PEOx matrix. In contrast, the
diﬀractogram for the pHPMA−ASA formulation (Figure 3c)
clearly revealed X-ray reﬂections indicative of polymorphic
form I of ASA. The determined total crystallinity of the system
reaching 30% indicated that ASA exclusively formed crystalline
domains phase-separated from the amorphous pHPMA matrix.
In the PEG−ASA systems the observed characteristic WAXS
patterns (Figure 3d) together with the high total crystallinity
(ca. 85%) revealed the existence of two distinct crystalline
phases (PEG and ASA form I, respectively) and a residual
amorphous phase.
Solid-State 13C CP/MAS and 1H MAS NMR Spectroscopy. The recorded 13C CP/MAS NMR spectra (Figure 4)
conﬁrmed the results of the DSC and WAXS analyses and
further elucidated the diﬀerences between the solid dispersions.
In accordance with the WAXS experiments, the ASA molecules
in the prepared PEG and pHPMA solid dispersions were
characterized by narrow 13C CP/MAS NMR signals, reﬂecting

Figure 5. 13C CP/MAS NMR spectra of solid dispersions expanded
for PEG−ASA CH3 units (a), PVP−ASA CO units (b), PEOx−ASA
CO units (c), and PEOx−ASA CH3 units (d).

the single-pulse 13C MAS NMR spectrum (Supporting
Information S6) indicated the presence of PEG liquid-like
amorphous phase37 (ca. 10−15% determined by spectral
deconvolution). Nevertheless the dissolution of ASA in this
phase was not conﬁrmed because the corresponding narrow
signals in 1H MAS NMR spectra (Figure 6) were not detected.
Therefore, the high-frequency shoulder on the 13C CP/MAS
NMR signals of the C1 methyl units in the PEG−ASA solid
dispersions may be attributed to structural defects in the ASA
crystallites induced by the crystalline PEG matrix (Figure 5).
The 13C CP/MAS NMR signals for ASA in the PVP and
PEOx dispersions exhibited extensive broadening and changes
in the resonance frequencies approaching the 13C NMR
chemical shifts of ASA in acetone solution. Remarkably, the
decrease in the chemical shift of the carboxyl carbon C9, Δδ =
−4.6 ppm, revealed the decrease in hydrogen bonding strength
involving the COOH groups. In contrast, the signals for the
carbonyl carbons of PVP and PEOx were asymmetrically
broadened by the shoulders in the high-frequency region with
Δδ = +2−3 ppm (Figure 5b,c) indicating an increase in
hydrogen bonding strength. Therefore, the hydrogen bonding
interactions facilitating the incorporation of ASA into the PVP
and PEOx polymer matrices38 can be supposed. Unexpectedly,
the 13C CP/MAS NMR spectra of the PEOx−ASA dispersions
displayed narrowing of CH2 and CH3 resonances in the PEOx
chains (Figure 5d), indicating softening of the polymer matrix
in the presence of ASA.
13
C-Detected T1(1H) and T1ρ(1H) Spin−Lattice Relaxation. In analogy with structural descriptions of polymeric
composites and blends we focused on analyzing the 1H−1H
spin-diﬀusion processes in order to obtain more insight into the

Figure 4. 13C CP/MAS NMR spectra of ASA, the pure polymers (blue
lines), and polymer−ASA solid dispersions in a 70/30 w/w ratio
(black lines). The signal assignments for ASA were made based on the
literature data36 and 1H−13C FSLG HETCOR experiments.
E

dx.doi.org/10.1021/mp400495h | Mol. Pharmaceutics XXXX, XXX, XXX−XXX

Molecular Pharmaceutics

Article

obtained with the spin-diﬀusion in three dimensions over time
(Ti) is as follows:23,43−45
L = (6DTi )1/2

(1)
1

where D is the spin-diﬀusion coeﬃcient and Ti is either T1( H)
or T1ρ(1H). The typical value of the spin-diﬀusion coeﬃcient
for organic solids is 0.3−0.8 nm2 ms−1.40 For the T1ρ(1H)
relaxation experiment, a 1/3 scaling factor should appear in the
parentheses due to the reduced eﬃcacy of spin diﬀusion during
spin locking.45 The relaxation data recorded for the systems
representing each type of polymer matrix are summarized in
Table 1. For the complete relaxation data for the systems with
diﬀerent Mw, see the Supporting Information S7−10.
As demonstrated in Table 1 both the T1(1H) and T1ρ(1H) of
ASA were shorter in the PEG−ASA dispersions relative to pure
crystalline ASA. The relaxation times also systematically
decreased as the PEG Mw increased (Supporting Information
S7). Although the T1(1H) of ASA and PEG were not
completely equilibrated, the observed decrease in T1(1H)
reﬂects the eﬃcient transfer of 1H magnetization between the
ASA and PEG crystallites, indicating that ASA was incorporated
into the polymer matrix. Another explanation of the observed
reduction of T1(1H) operates with the reduction of the particle
size of ASA. Generally, the increase in the surface area of API
particles can reduce T1(1H) relaxation times due to the
presence of higher amount of paramagnetic O2 and due to the
enhanced molecular mobility on the surface. To exclude this
possibility we performed additional relaxation measurements
using ﬁnely powdered pure crystalline ASA. The recorded
T1(1H) relaxation time (61 s), however, was almost identical
with the original value (59 s). Therefore, we believe that the
observed decrease in relaxation times going to ca. 20−30 s can
be explained exclusively by the 1H−1H spin diﬀusion from the
polymer matrix. Calculating L (eq 1) revealed that the ASA
crystalline domains in PEG were ca. 300 nm.
Similarly, in pHPMA−ASA systems, the huge diﬀerences in
the T1ρ(1H) relaxation times of ASA and pHPMA (Table 1)
revealed that the 1H magnetization transfer did not reach a
detectable rate within the applied 1H variable pulses (tens of
microseconds). Moreover, the T1(1H) relaxation times for
pHPMA in the solid dispersions remained unchanged relative
to the pure polymers (ca. 1−2 s, Table 1 and Supporting
Information S8). Although the slightly reduced T1(1H) values
determined for the ASA dispersed in pHPMA indicated partial
equilibration of 1H magnetization, the calculated maximum

Figure 6. 1H MAS NMR spectra of ASA, pure polymers (blue lines),
and the corresponding polymer−ASA solid dispersions in a 70/30 w/
w ratio (black lines).

distribution of ASA in polymeric matrices. There are numerous
ss-NMR techniques,39−42 which allow estimating the domain
sizes from ca. 1 to 500 nm; however, the most robust one is
based on the measurements of 1H spin−lattice relaxation times
in the laboratory and rotating frame, T1(1H) and T1ρ(1H),
respectively. In this case, the 1H−1H spin diﬀusion, a fast
magnetization transfer over large distances occurring during
relaxation periods, induces 1H magnetization behavior equilibration between diﬀerent spins. The rate of this equilibration
reﬂects the extent of phase separation. To approximately
quantify the extent that the APIs were mixed with the polymer
matrix, we estimated the maximum diﬀusive path length using
the relaxation times. The maximum diﬀusive path length (L)

Table 1. T1(1H) and T1ρ(1H) Relaxation Times Obtained for Pure ASA, PEG10000, pHPMA81000, PVP360000, PEOx500000, and the
Corresponding SDsa
T1(1H), s ASA

system
ASA
PEG10000
PEG10000−ASA
pHPMA81000
pHPMA81000−ASA
PVP360000
PVP360000−ASA
PEOx500000
PEOx500000−ASA

crystalline
semicrystalline
crystalline/crystalline
amorphous
amorphous/crystalline
amorphous
amorphous/amorphous
amorphous
amorphous/amorphous

T1(1H), s polymer

59.0

T1ρ(1H), ms ASA

T1ρ(1H), ms polymer

370.0
12.0
3.8
1.0
1.0
2.9
4.3
3.5
2.5

20.0
31.0
4.2
2.5

323.0
363.0
10.2
4.1

1.3
0.4
5.1
4.3
25.1
9.8
10.9
4.0

a

The 13C-detected T1(1H) and T1ρ(1H) relaxation times were calculated for each resolved signal. The reported values were extracted from the signals
of the C4, C6, and C8 aromatic carbons in ASA, the CH2 unit of PEG, the CH2 unit (a,e) of pHPMA, the CH2 unit (e) of PVP, and the CH2 unit
(a,b) of PEOx. The relaxation curves were ﬁtted with a single-component exponential decay.
F
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Figure 7. 1H−1H DQ/SQ MAS NMR spectra (30 kHz) of ASA in crystalline form I (a); in a 30% w/w amorphous dispersion with pHPMA (b); in a
30% w/w amorphous dispersion with PVP (c); and in a 30% w/w amorphous dispersion with PEOx (d). The correlation signals and 1H chemical
shifts are indicated.

between the neighboring COOH protons in the crystal lattice
derived from diﬀraction data33 is 2.46 Å. The recorded
spectrum also allowed us to estimate the maximum 1H−1H
distance that could be detected under these experimental
conditions. The weak correlation signals at δDQ = 13.2 ppm
between the COOH and CH3 groups indicate that this distance
is approximately 3.6 Å.
Comparing the results obtained for pure ASA with the
spectra recorded for the prepared dispersions revealed three
remarkable diﬀerences (Figure 7b−d). First, the spectral
resolution decreased signiﬁcantly as a result of amorphous
character of polymer matrices. Second, the autocorrelation
signals for COOH protons disappeared in the PVP−ASA and
PEOx−ASA systems, indicating that molecules of ASA no
longer adopt hydrogen-bonded dimeric motifs CO(OH)···
OC(OH) (Figure 7c,d). The carboxyl groups of ASA
molecules in PVP−ASA systems are separated by more than
3.6 Å. Third, the absence of autocorrelation DQ signals for the
aromatic protons of ASA in the PEOx−ASA dispersions
indicated the release of high-amplitude motions (Figure 7d).
To overcome the problem with the reduced eﬃcacy of DQ
coherence excitation, the NOESY-type 1H−1H SQ/SQ MAS
NMR techniques were applied. The capability of these
experiments arises from the fact that excitation of singlequantum (SQ) coherences is relatively easy and the polarization transfer between the neighboring spins is driven by
strong 1H−1H dipolar couplings. Consequently, the polarization transfer is eﬃcient even in semiﬂexible polymeric
systems.25
As demonstrated on the aromatic and carboxyl protons of
crystalline ASA, the detectable correlation signals revealing
protons in close proximity evolved within 0.5−1.0 ms of the
polarization transfer (see Supporting Information S11).
Complete evolution of the correlation signals, however,
remained incomplete even after 50 ms. Moreover, the

diﬀusive path length (L) indicated large dimensions of ASA
crystallites in the pHPMA matrix (>400 nm).
In contrast, for the PVP−ASA and PEOx−ASA systems, the
recorded T1(1H) and T1ρ(1H) relaxation times for ASA were
basically identical to the relaxation times recorded for the PVP
and PEOx matrices (Table 1, Supporting Information S9 and
S10). Because no signiﬁcant diﬀerences were observed between
systems with diﬀerent Mw, both types of solid dispersions could
be considered as basically homogeneous on the nanometer
scale.
2D 1H−1H Homonuclear Correlation Spectroscopy. To
probe detailed subnanometer structural motifs in solid
dispersions, the experiments combining site-speciﬁc information with the ﬁne control of 1H polarization transfer had to be
applied. In this respect, the 1H−1H correlation techniques
employing 1H−1H spin diﬀusion or the evolution of 1H doublequantum (DQ) coherences are preferred due to their relatively
high sensitivity. One of the most robust techniques is 1H−1H
DQ/SQ MAS NMR,24 in which a DQ correlation signal
typically indicates a proton−proton distance under 3.5 Å.
Therefore, the straightforward interpretation of 1H−1H DQ/
SQ MAS NMR spectra that may provide direct evidence of the
intimate intermolecular contacts is usually the ﬁrst choice for
elucidating the miscibility of pharmaceutical SDs at the
molecular level.46
A well-resolved 1H−1H DQ/SQ MAS NMR spectrum with
all of the expected correlation signals was recorded for
crystalline ASA, form-I (Figure 7a). By using the corresponding
X-ray diﬀraction data (Crystallographic Information File, CSD
refcode: ACSALA02)33 we were able to calibrate 1H−1H
interatomic distances that can be probed by this type of
experiment. Speciﬁcally, the autocorrelation signal for the
COOH protons at δDQ = 25 ppm (in DQ dimension), which
reﬂects the dimeric arrangement of the hydrogen-bonded ASA
molecules, was perfectly evolved. The corresponding distance
G
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Figure 8. 1H−1H SQ/SQ MAS NMR spectra (30 kHz) of ASA in crystalline form I (a); in a 30% w/w amorphous dispersion with pHPMA (b); in a
30% w/w amorphous dispersion with PVP (c); and in a 30% w/w amorphous dispersion with PEOx (d). The spectra were measured with spindiﬀusion mixing times of 10 and 1 ms, as indicated.

This requirement can be achieved by the application of the
experiments with 1H homodecoupling sequences such as
FSLG28 or DUMBO26 providing suﬃcient spectral resolution.
In this respect, the 2D 1H−1H SQ/SQ DUMBO experiment
rotor-optimized for moderate spinning frequencies (10−
12kHz) is an optimal choice because it provides ultimate 1H
spectral resolution, keeps 1H−1H polarization transfer fast and
eﬃcient, and allows time-saving data acquisition due to the
direct detection of 1H magnetization.
These assumptions are demonstrated in the 1H−1H SQ/SQ
DUMBO MAS NMR spectrum of ASA (Figure 9a); the
correlations reﬂecting medium-range intermolecular contacts
involving aromatic, carboxyl, and methyl protons are well
evolved after a relatively short mixing period (500 μs). The
same mixing time also yielded positive correlation signals for
the long-range intermolecular contacts between the methyl and
carboxyl protons. Consequently, the presence of strong
correlation signals in the spectra measured with a 500 μs
mixing period is indicative for intimate intermolecular contacts.
In contrast, the absence of correlations between diﬀerent
molecules conﬁrms some types of phase separation. This
situation is well demonstrated in the spectrum of the pHPMA−
ASA dispersion that was measured using a mixing period of 1−
3 ms length (Figure 9b). Because of the signiﬁcantly enhanced
spectral resolution, two separate correlation patterns were
identiﬁed: one for ASA and one for pHPMA. However, no
correlation signal indicating the intercomponent contact was
observed. In contrast, such correlation signals between CH3
groups of ASA and CH2 protons of PEG chains (Figure 9c)
evolved after 3 ms of the spin-diﬀusion mixing indicating thus
speciﬁc ASA−PEG interactions on the interfacial area.

correlations between the methyl and carboxyl protons,
corresponding to a separation of 3.6−4.8 Å, were negative
(Figure 8a). This behavior probably arising from the relayed
NOE-driven polarization transfer47 between the weakly coupled
protons involving rapidly rotating methyl groups of ASA48
under fast MAS (30 kHz) unpredictably modulates the build-up
of correlation signals.49 This complex magnetization behavior
thus precludes reliable interpretation of the 1H−1H SQ/SQ
MAS NMR spectrum for the pHPMA−ASA system because
the correlation pattern typical for crystalline ASA is overlapped
with that of amorphous pHPMA (Figure 8b). In this way,
subtraction and cancellation of correlation signals can be
expected.
In contrast, for the PVP−ASA solid dispersions the
correlation signals between the aromatic protons of ASA and
the CH2/CH segments of PVP clearly evolved within 1 ms
(Figure 8c). Similarly, the correlations between the carboxyl
protons of ASA and the protons of PVP were easily detected,
indicating the active role of carboxyl groups in tight
incorporation of ASA into the PVP matrix. After applying the
same experimental conditions for PEOx−ASA, we detected
broad correlation signals involving aromatic protons from ASA;
however, no correlations involving carboxyl units were
detected. Moreover, the signals indicating polarization transfer
between ASA and PEOx were very weak (Figure 8d). This
ﬁnding thus indicate that segmental motions in PEOx−ASA
combined with relatively fast MAS (30 kHz) signiﬁcantly
suppress static dipolar couplings to eﬀective in polarization
transfer processes. Therefore, structural elucidation of PEOx−
ASA semiﬂexible polymeric systems must be performed at
much slower spinning speeds (ca. 7−12 kHz).
H
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Figure 9. 1H−1H SQ/SQ DUMBO NMR spectra (10 kHz) of ASA in crystalline form I (a); in a 30% w/w amorphous dispersion with pHPMA (b);
in a 30% w/w amorphous dispersion with PEG (c); in a 30% w/w amorphous dispersion with PVP (d); and in a 30% w/w amorphous dispersion
with PEOx (e). The spectra were measured with spin-diﬀusion mixing times of 3 and 1 ms and 500 μs as indicated.

probed complementarily for instance by assessing changes in
the 15N CP/MAS NMR chemical shifts.50 For the PVP−ASA
and PEOx−ASA dispersions, the 15N CP/MAS NMR spectra
exhibited high-frequency shoulders for the −N−(CO)−
signals at 137.2 and 121.6 ppm, respectively (Figure 10).
Furthermore, in spite of the low signal-to-noise ratio, the
1
H−15N dipolar proﬁles31 measured for PVP−ASA and PEOx−
ASA exhibited a slightly faster depolarization rate than those
observed for the parent polymers (Supporting Information
S12) indicating increased proton density in the vicinity of
nitrogen sites. To unambiguously conﬁrm the existence of weak
H-bond interactions between ASA and the −N−(CO)−
segments of PVP and PEOx FTIR spectra were recorded (see
Supporting Information S13). In accord with the comple-

The use of DUMBO homodecoupling sequences signiﬁcantly enhanced the spectral resolution even for the completely
amorphous PVP−ASA and PEOx−ASA systems, allowing us to
resolve the CH3 resonances of ASA from the aliphatic protons
of the polymers (Figure 9d,e). This resolution enhancement
particularly apparent for PEOx−ASA (Figure 9e) resulted in
clear detection of strong correlations between ASA and the
polymer matrices, conﬁrming thus molecular-level mixing in
both PVP−ASA and PEOx−ASA dispersions.
15
N CP/MAS NMR Spectroscopy and Measurements of
1
H−15N Dipolar Proﬁles. The hydrogen-bonding activity of
carboxyl groups is often probed using FTIR and 13C CP/MAS
NMR spectroscopy.38 However, the role of N−CO moieties of
the polymers may be more complex and therefore should be
I
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mobility, and morphological information in heterogeneous
polymer materials. Diﬀerences in molecular mobility are probed
by 1H line shapes, which are separated in the second dimension
by the 13C chemical shift: highly ﬂexible segments generate
narrow 1H lines, while rigid units produce broad 1H signals.
The analysis of the 1H−13C WISE NMR spectra (Figure
11a,b) revealed three remarkable diﬀerences between PVP−
ASA and PEOx−ASA systems. First, the 1H wide-line spectrum
of aromatic CH− units of ASA was signiﬁcantly broader for
PVP−ASA than that for PEOx−ASA systems (Figure 11c).
This ﬁnding deﬁnitely conﬁrmed high-amplitude motions of
ASA in PEOx−ASA dispersions. Second, the 1H wide-line
spectra of aromatic units of ASA and methylene segments of
PVP recorded for PVP−ASA dispersions were identical (Figure
11d) reﬂecting thus the highly homogeneous nature of the
system. The molecules of ASA adopt motional behavior of PVP
chains and vice versa. In contrast, the 1H wide-line spectra
extracted for diﬀerent PEOx−ASA segments exhibited variable
broadening. While the 1H spectrum of CH− units of ASA
was narrow, considerable broadening was observed for the 1H
wide-line spectra of CH2 units of PEOx (Figure 11e).
Moreover, these spectra exhibited a two-component character
with superimposed narrow and broad lines indicating motional
heterogeneities in PEOx matrix. This fact suggested that ASA
molecules and a fraction of PEOx segments were relatively
mobile, while the rest of the PEOx chains remained rigid.
As the molecules of ASA do not entirely adopt the motional
behavior of PEOx, local clustering must be expected. To probe
this phenomenon in detail, we utilized 1H−13C FSLG
HETCOR NMR spectroscopy that combines high spectral
resolution with an eﬃcient 1H polarization transfer. As recently
demonstrated, even the simple Hartman−Hahn (HH) crosspolarization (CP) step enables relatively ﬁne control over the
distance at which 1H magnetization is transferred. Typically,
most correlations observed at HH−CP contact times <110−
150 μs correspond to 1H−13C distances <2.5 Å, while the

Figure 10. 15N CP/MAS NMR spectra of parent polymers (blue lines)
and the polymer−ASA dispersions (red lines).

mentary quantitative analysis of the corresponding 13C CP/
MAS NMR spectra (signals of carbonyl groups) the
deconvolution of the 15N CP/MAS NMR signals (Figure 10)
conﬁrmed that ca. 25 and 20% of the monomer units were
involved in hydrogen bonding in PVP−ASA and PEOx−ASA
dispersions, respectively. Considering the molar ratio of
monomer units and ASA (PVP/ASA = 3.8/1 and PEOx/ASA
= 4.3/1), this ﬁnding indicates that majority of ASA molecules
is hydrogen bonded with the polymer matrix. In contrast, no Hbonding was detected in pHPMA−ASA systems.
2D 1H−13C Heteronuclear Correlation Spectroscopy.
The 2D 1H−13C wide-line separation (WISE) NMR experiment27 is a suitable technique for correlating the structure,

Figure 11. 1H−13C WISE NMR spectra of ASA in a 30% w/w amorphous dispersion with PVP (a) and in a 30% w/w amorphous dispersion with
PEOx (b); an overlay of the 1H wide-line spectra separated for the aromatic CH units from ASA in PVP−ASA and PEOx−ASA (c); overlay of the
1
H wide-line spectra separated for the aromatic CH units from ASA and the CH2 groups from PVP in PVP−ASA (d); and overlay of the separated
1
H wide-line spectra for the aromatic CH units from ASA and the CH2 groups from PEOx in PEOx−ASA (e).
J
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Figure 12. 1H−13C FSLG HETCOR NMR spectra of ASA in crystalline form I (a); in a 30% w/w amorphous dispersion with PVP (b); and in a
30% w/w amorphous dispersion with PEOx (c,d). The spectra (a−c) were recorded with 500 μs of CP, while spectrum (d) was recorded with 800
μs of CP.

medium-range 1H−13C contacts of ca. 3.0 Å requires usually
300 μs.51 As in the case of crystalline ASA, these times,
however, are a bit longer if the polarization transfer involves
ﬂexible segments. For instance the correlation signals between
the rapidly rotating methyls and aromatic protons (δ1H = 7 and
δ13C = 17 ppm) separated by about 3.0 Å required a 400 μs
contact time (Figure 12a).
After applying the same 400 μs HH−CP period, the
correlation signals reﬂecting polarization transfer from ASA to
the polymer matrix were detected only for PVP−ASA (Figure
12b), while for the PEOx−ASA systems, the detection of the
corresponding signals required the 800 μs mixing time (Figure
12c). Complete evolution of these correlations was attained
after 2 ms (Figure 12d). These facts thus deﬁnitely conﬁrm that
ASA molecules are not entirely dispersed in the PEOx matrix
on molecular level but instead locally form certain clusters.
However, shown by applying the spin-diﬀusion coeﬃcient
reﬂecting the enhanced segmental dynamics of ASA (D = 0.4
nm2 ms−1), the size of these clusters calculated according the eq
1 is relatively small, not larger than ca. 1.2−1.3 nm.
Methodological Approaches in Structure Evaluation
of Solid Dispersions. Generally, API molecules may exist in
solid dispersions as separated amorphous or crystalline phases;
they may also be present in an intimate mixture with the
polymer in which the degree of contact may vary from fully
miscible glass solutions to partly separated nanodomains.
Because of the complexity of solid dispersions, precise
structural characterization is very complicated; and in some
cases, individual experimental methods may provide seemingly
inconsistent results.
The most prominent example of such inconsistent data can
be demonstrated on PEOx−ASA systems for which the DSC
and WAXS measurements found a minor fraction of crystalline
ASA, while 13C CP/MAS NMR detected ASA only in the
amorphous phase. This contradiction most likely occurs due to

the combination of two factors. First, the amount of crystalline
ASA in the PEOx−ASA system is relatively low (ca. 5%);
second, the T1(1H) relaxation time is long (ca. 60 s). Complete
magnetization recovery therefore requires 300 s between
consecutive scans, making high-quality 13C CP/MAS NMR
spectra impractical to obtain. Consequently, the experimental
13
C CP/MAS NMR spectra measured with short repetition
delays are dominated by the signals of rapidly relaxing
amorphous ASA fractions, while the signals of the crystalline
ASA are suppressed. The second example is represented by
PEG−ASA systems for which even the ultrafast DSC data
showed a single endothermic event indicating homogeneous
cocrystalline-like character, whereas the WAXS and ss-NMR
data revealed existence of separated crystalline domains of ASA
embedded in crystalline PEG matrix.
Describing solid dispersions thus requires combinations of
many experimental approaches. Relatively fast and reliable
procedure allowing primary structural characterization involves
combination of DSC, WAXS, 13C CP/MAS NMR spectroscop,y and the measurements of 13C-detected T1(1H) spin
relaxation times. In this way distinct types of solid dispersions
can be distinguished and homogeneity of the systems in the
scale of ca. 10−500 nm can be probed. Although the spatial
information derived from relaxation experiments is relatively
rough, the robustness of these experiments make them the ﬁrst
choice in characterizing homogeneity of solid dispersions.
To obtain detailed structural information in nanometer and
subnanometer scale the techniques of homonuclear and
heteronuclear correlation ss-NMR spectroscopy must be used.
Moreover, because of the hardly predictable motional state of
solid dispersions a combination of correlation experiments
employing diﬀerent ways of polarization transfer under diﬀerent
regimes (e.g., 1H spin-diﬀusion, 1H DQ excitations, 1H−13C
HH−CP, etc.) is an optimal choice because each of them
provides a bit diﬀerent structural information. In this respect it
K
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Figure 13. Schematic representation of distinct types of polymer−ASA solid dispersions: (a) PEG−ASA crystalline solid dispersions; (b) pHPMA−
ASA amorphous solid dispersions (glass suspensions); (c) PVP−ASA solid solutions; and (d) PEOx−ASA nanoheterogeneous solid solutions/
suspensions.

systems were prepared using the same freeze-drying procedure.
Freeze-drying, although less commonly used in the industry
due to its relative expensiveness, allows the preparation of solid
dispersions in a very wide range of parameters. Application of
other techniques such as spray drying or melt quenching could
potentially lead to the formation of completely diﬀerent 3D
architecture.
Structural diversity of solid dispersions generally arises from
weak, reversible van der Waals interactions, which control the
drug and polymer segments’ assembly. Two types of active sites
can be found in PEG. Oxygen −CH2−O− atoms are hydrogen
bonding acceptors while the slightly positively charged −CH2−
O− protons facilitate hydrophobic interactions.53 In contrast,
the nitrogen atoms and carbonyl groups in −N−(CO)−
moieties of PVP and PEOx act as hydrogen bonds acceptors,
while the −NH−(CO)− amide group of pHPMA is both
donor (NH) and acceptor (CO) of protons.
As followed from our experiments, the interactions between
the hydrogen-bond acceptors of PEG and pHPMA and
−COOH protons of ASA are too weak to keep the molecules
of ASA molecularly dispersed in polymer matrix. Regardless of
the diﬀerent physicochemical properties of PEG and pHPMA,
the self-aggregation occurs, leading to the crystallization of ASA
in the phase-separated domains. However, there are certain
experimental evidence, such as single melting temperature and
broadening of 13C CP/MAS NMR methyl signal of ASA, that
indicate slight interdomain interactions between the crystallites
of ASA and spherulites of PEG. In analogy of catemeric
structural motifs found in the crystalline lattice of ASA (forms I
and II)54 and bearing in mind the observed slight correlations
in the 1H−1H DUMBO NMR spectrum (Figure 9c) these
interdomain interactions can be provided by the surface
methyls of acetyl groups of ASA and −CH2−O− units of
PEG. Because of these interactions the molecules of ASA can

is worthy to note that the existence of nanometer-sized
motional heterogeneities in PEOx−ASA was clearly revealed by
one of the most robust and easy to implement techniques such
as the 1H−13C WISE experiment.
Considering the existence of hydrogen bonds in the systems
the analysis of 1H, 13C, and 15N NMR signals of the key N−CO
and COOH moieties can provide primary evidence. However,
the relatively small changes observed in the chemical shifts may
have many causes other than hydrogen bonding. Therefore,
additional proofs are required. The recently developed 2D
14
N−1H HSQC and 1H−17O CP-HETCOR NMR experiments
would be a perfect choice; however, the hardware requirements,
including very high magnetic ﬁelds, sample spinning faster than
50 kHz,52 and/or isotopic labeling,42 preclude the execution of
these experiments with standard equipment. In this respect we
tested measurements of 1H−15N dipolar proﬁles under CPPI
conditions. Although this experiment is relatively timeconsuming, the changes in the proton distributions near the
nitrogen sites can be easily evaluated in terms of hydrogen
bonding.
Structural Diversity of the Solid Dispersions of ASA.
Using the above-discussed experiments, four distinct types of
solid dispersions of ASA were resolved and desribed: (i)
crystalline solid dispersions containing ASA nanocrystallites
(ca. 300 nm) in a crystalline PEG matrix (Figure 13a); (ii)
amorphous solid dispersions (glass suspensions) with ASA
crystallites (>450 nm) embedded in an amorphous pHPMA
matrix (Figure 13b); (iii) solid solutions with molecularly
dispersed ASA in a rigid amorphous PVP matrix (Figure 13c);
and (iv) nanoheterogeneous solid solutions/suspensions
containing nanosized ASA clusters (ca. 1−2 nm) dispersed in
a semiﬂexible PEOx matrix (Figure 13d). In all cases, the type
and structure of solid dispersions of ASA were controlled by the
chemical constitution of the applied polymers, while varying the
Mw had no eﬀect. In this respect, it is noteworthy that all four
L
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preferentially crystallize in the interlamellar spaces of PEG
spherulites (Figure 13a).
In contrast to PEG and pHPMA, the nonprotonated −N−
(CO)− moieties in PVP and PEOx enabled eﬃcient
interactions with the −COOH protons. Analogous to the
structure of borneol−PVP nanocomposites,55 the ASA
molecules can be coordinated by the two carbonyl groups of
PVP (Figure 13c). Because of the delocalization of the nitrogen
lone pair within the −N−(CO)− moiety, larger hydrogen
bonding clusters, possibly involving water molecules, may be
created. Consequently, homogeneous solid solutions of ASA
occurred in the PVP matrix. Probably, because of the slightly
higher segmental mobility of PEOx and/or steric eﬀects, the
hydrogen bonding between −N−(CO)− sites of PEOx and
the protons of ASA are weakened. Because of low Tg of ASA
(Tg = −30 °C), the amorphization of ASA requires at room
temperature stabilization via hydrogen-bonding and steric
interactions with excipients. Without this stabilization, ASA
molecules exhibit high amplitude rotational diﬀusion motions,
act as a plasticizer, and can migrate through the polymer matrix.
These facts may result in concentration ﬂuctuations of the
mobile molecules ASA in amorphous PEOx matrix. Consequently, the resulting PEOx−ASA systems are nanoheterogeneous, with a ﬂexible drug-rich phase (Tg = 6 °C) and a rigid
polymer-rich phase (Tg = 70 °C). As the suﬃciently large
clusters of ASA can start to recrystallize, multiple states of ASA
in PEOx−ASA systems were detected.
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ABSTRACT: Due to their high versatility and diverse excipient options, solid dispersions (SDs)
are an elegant choice for the formulation of active pharmaceutical ingredients with inconvenient
solubility. Four distinct types of polymers with different physicochemical properties
(polyvinylpyrrolidone, poly[N-(2-hydroxypropyl)-metacrylamide], poly(2-ethyl-2-oxazoline),
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and polyethylene glycol) and variable molecular weights were compared to investigate the
influence of the polymer matrix on drug release. To probe the extent of intercomponent
interactions, acetylsalicylic acid (ASA) was used as a model active substance. Controlled drug

ee

release was demonstrated for all four types of polymer-ASA SDs created by the freeze-drying
method. While the polyethylene glycol-ASA SD exhibited an increased dissolution rate, the

rR

other polymer-ASA systems exhibited significantly reduced drug dissolution kinetics compared
to free ASA. Furthermore, in contrast to physical mixtures, the prepared SDs all exhibited zero-

ev

order dissolution kinetics for ASA. The dissolution rate was strongly dependent on the molecular

ie

weight of the polymer. These results demonstrate that the type of SD may be controlled by the

w

chemical constitutions of the polymers and that appropriate selection of the molecular weight of
the polymer matrix enables finely tuned drug release over a wide range of dissolution rates.
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Solid dispersions (SDs) are used to modulate the physicochemical properties of drugs that
display undesirable biopharmaceutical behavior. SDs are prepared by incorporating the active
pharmaceutical ingredients (APIs) into a hydrophilic nontoxic matrix, such as polymers,
glycerides, or urea (1-3), to modify the dissolution profile, pharmacokinetics, and drug
bioavailability (4-6). Many types of SDs have been reported since the development of the SD
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concept in 1961(1,7). The characteristics and type of SD can be influenced by various factors,
such as the chemical composition of the components (API and matrix); their physicochemical
properties and miscibility; the rate of solidification and crystallization of the API, the matrix, or
both; and the method of preparation (6-9). Variations in SD processing and the large number of
potential excipients enable the formulation of API systems with customized properties (6,10-12).
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In general, in addition to increasing drug release, SDs can slow the dissolution rate of highly
soluble drugs, thus generating controlled drug release systems.
Every formulation approach, however, possesses a unique set of advantages and limitations
(6,8). Despite more than 40 years of research, these pharmaceutical formulations have not been

ee

fully probed. While many studies have aimed to improve the kinetic solubility (4,5,13-15) of

rR

APIs belonging to Classes II and IV of the Biopharmaceutics Classification System (BCS) (6),
decreasing the solubility of Class I APIs may also be beneficial, such as for patient health
compliance (9).

ev

Acetylsalicylic acid (ASA) is a typical example of an API for which decreased kinetic

ie

solubility would be desirable. ASA, a cyclooxygenase inhibitor, was recently reclassified as a

w

BCS Class I API with high solubility and permeability based on the literature and experimental
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data (16,17). ASA displays many positive effects, including the prevention of strokes, transient
ischemic attack, preeclampsia, intra-uterine growth restriction in women with abnormal uterine
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arteries, and colorectal cancer (18-20). However, large doses of ASA have negative side effects
on the gastric system, precluding its use in individuals with ulcers or other stomach problems
(9,21,22). The controlled release of ASA from a polymeric matrix could address this problem,
particularly if sustained release and zero-order dissolution kinetics are achieved (22,23).
Moreover, ASA cannot exist in a simple amorphous state. Due to its low Tg, which is estimated
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to be ca. -30 °C, the amorphization of ASA requires support from non-covalent bonding with
excipients. ASA thus represents a system in which the interactions between the API and
excipients can be clearly studied and the role of the chemical nature of the excipients (polymers)
can be evaluated.
We previously (7) reported a detailed structural characterization of SDs of ASA incorporated

rP
Fo

into four distinct polymer matrices with different molecular weights (Mw). Four different types of
SDs created by a lyophilization process were characterized by solid-state nuclear magnetic
resonance (ssNMR) experiments combined with wide-angle X-ray scattering (WAXS) and
differential

scanning

calorimetry (DSC): i) crystalline solid dispersions containing

ee

nanocrystalline ASA in a crystalline polyethylene glycol (PEG) matrix; ii) amorphous glass
suspensions

containing

rR

large ASA

crystallites

embedded

in

amorphous

poly[N-(2-

hydroxypropyl)-metacrylamide] (pHPMA); iii) solid solutions containing molecularly dispersed

ev

ASA in rigid, amorphous polyvinylpyrrolidone (PVP); and iv) nanoheterogeneous solid
solutions/suspensions consisting of nanosized ASA clusters dispersed in a semi-flexible matrix

ie

of poly(2-ethyl-2-oxazoline) (PEOx). Schematic representations of these SDs are shown in
Figure 1.

w
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The primary aim of the present research was to prepare SDs of ASA exhibiting different 3D
architectures and demonstrate their tunable physicochemical properties, thus enabling controlled
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drug release with a range of dissolution rates. While the bioavailability of a drug is assumed to
be, except of other factors, determined by its dissolution process in the gastrointestinal tract
content, drug release from polymeric matrices provides an important assessment of the properties
of the created material and reflects the mechanism of the carrier´s activity and the drug
dissolution characteristics of the ASA SDs (6,8,24). Therefore, this study aimed to demonstrate
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the influence of the polymer matrix on drug release in various SDs of ASA, a BCS Class I API.
For this investigation, two non-traditional biocompatible water soluble polymer matrices,
pHPMA (25,26) and PEOx (27), and the commonly used PEG and PVP (8,11) were compared.
The tunable release of ASA was determined for three different Mw of each polymer.

rP
Fo

MATERIALS AND METHODS

ASA (Sigma-Aldrich, St. Louis, USA), water-soluble biocompatible polymers (PVP, PEG,
PEOx, and pHPMA), water, and tert-butanol (T-but) (Sigma-Aldrich, St. Louis, USA) were used
to prepare the SDs (Figure 2). Polyethylene glycol (PEG2000, 6000, 10 000) and polyvinylpyrrolidone
(PVP7600,

40 000, 360 000)

ee

were obtained from Fluka/Sigma-Aldrich (Buchs, Switzerland), while

rR

poly(2-ethyl-2-oxazolin) (PEOx50 000, 200 000, 500 000) was obtained from Sigma-Aldrich (St. Louis,
USA).

Poly[N-(2-hydroxypropyl)-methacrylamide]

of

different

molecular

weights

ev

(pHPMA18 000, 54 000, 81 000) was synthesized at the Institute of Macromolecular Chemistry ASCR
according to a literature procedure (7).

ie

Preparation of SDs. SDs of ASA with an ASA/polymer ratio of 30/70 were prepared by

w

lyophilizing the prepared solutions (7,28). A ratio of 30/70 was chosen because it provided

On

favorable dispersion properties (mechanical, physicochemical) while maximizing drug loading.
Briefly, 5% w/w solutions of ASA, PVP7600, 40 000, 360 000, and PEG2000, 6000, 10 000 in T-but and 5%
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w/w solutions of pHPMA18 000, 54 000, 81 000, and PEOx50 000, 200 000, 500 000 in water were prepared.
The prepared solutions were immediately mixed in a 30/70 weight ratio. The resulting mixtures
were refrigerated in dishes (layer depth 5 mm) for 5 h at -24 °C. The samples were then freezedried in a vacuum desiccator at 0.1 mbar overnight (16 h) at a shelf temperature of
approximately -5 °C. The polymers were dried before lyophilization, and each of the prepared
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SDs was re-dried under high vacuum for 24 h. For all of the prepared SD systems, no residual
organic solvents detected by liquid-state 1H and 13C NMR, or DSC. The creation and evaluation
of the ASA SD systems were established by solid-state NMR spectroscopy and other methods, as
described in detail in our previous work (7).
In vitro release. Tablets were prepared from SDs containing 0.67 g of sample using an ultra-

rP
Fo

micro die with a diameter of 13 mm. For the controls, tablets with the same weights and sizes
were prepared from a physical mixture (PM) of lactose and ASA in its original polymorphic
form (29) (30/70 w/w). The tablets were dissolved in two types of dissolution media: i)
phosphate buffer pH 7.4, which simulates the typical pH conditions in intestinal fluid; and ii) a

ee

buffer at pH 3 (HCl acid), which simulates the typical pH conditions in stomach fluid. The

rR

dissolution profiles of the prepared SDs and control systems in phosphate buffer were measured.
The second type of dissolution medium (buffer at pH 3) was used only for the polymer-API

ev

systems exhibiting mid-point dissolution results relative to the different Mw for each polymer
during the first dissolution testing. In all cases, a single tablet was placed in a dissolution vessel

ie

containing 500 ml buffer at 37 ± 0.5 °C with shaking at 228 rpm using a heated shaker (Unimax

w

1010, Heidolph). The resulting solution was sampled at 5, 10, 20, 40, 60, 120, and 240 min, and

On

the samples were immediately filtered through 0.20-µm filters. The collected samples were
analyzed by UV/VIS spectroscopy at 225 nm (absorption maximum of ASA). The dissolution
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test was repeated three times to construct dissolution curves with error bars for each system.

RESULTS AND DISCUSSION
In vitro dissolution profiles
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Although the dissolution tests (in vitro drug release) only simulated the typical pH conditions
in body fluids, these in vitro dissolution profiles are critical for characterizing pharmaceutical
solids. Because ASA is a class I BCS (highly soluble and highly permeable in the GIT (16)), its
release from polymeric SDs is controlled by the dissolution rate of the polymer matrix (the
limiting step of oral bioavailability) (24). As demonstrated in Figure 3, the kinetic solubility of

rP
Fo

ASA at pH 7.4 was significantly faster than that of the applied polymers, with the exception of
PEG10 000. Analysis of the model system composed of the PM with lactose revealed fast nonlinear 1st-order dissolution kinetics for ASA (the initial dissolution rate was ν = 6.2%.min-1).
Similar non-linear behavior was observed for the PMs containing ASA and the applied polymers

ee

(Figure 4). Although the dissolution profiles were measured for up to 240 min (Figure 5), the

rR

linearity of the drug release was ascertained during the initial period of 0-20 min.
Because the SDs prepared from the low-Mw PEGs2000,6000 were too soft, it was impossible to

ev

create the corresponding tablet formulations. Consequently, we prepared tablets using only
PEG10 000. The resulting PEG10 000-ASA tablets exhibited a slightly faster ASA dissolution rate

ie

than that obtained using the lactose-ASA reference model in both pH 3 and pH 7.4 media. The

w

increased release was particularly apparent at later dissolution times (25-240 min) (Figure 5). We

On

previously demonstrated that in a PEG matrix, ASA crystallizes in the inter-lamellar spaces of
the PEG spherulites, and the interconnection between them is provided via non-traditional H-
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bonds, which are responsible for the creation of the analogy of catemeric structural motifs (7,30).
The enhanced dissolution rate of ASA can thus be explained by the high kinetic solubility of
PEG combined with the tight intercomponent interactions and co-crystallization of PEG and
ASA in the interfacial area.
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In contrast to the PEG-ASA dispersion, the SDs prepared from pHPMA, PVP, and PEOx
exhibited significantly reduced ASA dissolution kinetics, and increasing the Mw of each polymer
further decreased the dissolution rate. Based on the factor R2 (root mean square deviation), which
describes the suitability of the linear fit applied to the experimental data and was determined
from the initial part of the dissolution profiles (0-20 min), the drug release from the prepared

rP
Fo

SDs followed zero-order kinetics (R2 = 0.97-0.99, Table 1). In slightly acidic media (pH 3), the
dissolution rates were further decreased and retained high linearity. Overall, the observed
linearity was independent of the molecular weights of the PVP and PEOx matrices in the systems
in which ASA was dispersed at the nanometer scale. However, in the pHPMA-ASA system, in

ee

which the ASA formed relatively large crystallites, we observed decreased linearity with
increasing Mw.

rR

Considering the previously obtained structural data (7), the dissolution profiles confirmed that

ev

the release of ASA from polymeric SDs can be relatively finely tuned, with dissolution rates
ranging from 0.7 to 5.9%.min-1, i.e. spanning nearly one order of magnitude. With the exception

ie

of the PEG-ASA SD, which exhibited a faster dissolution profile than the unmodified crystalline

w

ASA in PMs, the polymer-ASA systems were characterized by significantly reduced drug

On

dissolution rates (Figure 6), and the dissolution of the polymer matrix was the rate-determining
step. Zero-order dissolution kinetics were obtained for all of the prepared dispersions. The SDs
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containing PVP and PEOx, which exhibited almost linear release at pH 3, yielded the best results
(Table 1). The SD of ASA in the PEG10 000 matrix improved the dissolution rate of ASA, which
could be used to provide an immediate effect.
The dissolution rates of ASA from the SDs were primarily controlled by the structure and
physicochemical properties of the polymer matrices (kinetic solubility, strength of hydrogen
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bonding, and Tg). In addition, the dissolution rate was driven by the molecular weight of the
applied polymer. As the Mw of the polymer matrix increased, the drug release rate decreased (for
the SDs with PVP, PEOx, and pHPMA matrices), most likely due to the increasing number of
junctions among the polymer chains as well as the increased number of hydrogen bonds between
the polymer chains (when possible, i.e. when the polymer contained both hydrogen bond donors

rP
Fo

and acceptors, as in pHPMA). Both the number of junctions and the number of hydrogen bonds
increased when the polymer chains were lengthened. Compared to amorphous PVP, PEOx, and
pHPMA, semicrystalline PEG contained the fewest network junctions. Therefore, by carefully
selecting the polymer matrix and its Mw, a tailor-made SD can be created by lyophilization

ee

(Figure 7). Increased mixing enhanced the influence of the polymer matrix on the linear

rR

dissolution of a system. Consequently, SDs might suppress the negative side effects of ASA on
the gastric system by slowing ASA release with zero-order kinetics.

w

CONCLUSION

ie

ev
In this study, the influence of various polymer matrices on the release of a BCS Class I API,

On

ASA, from SDs was demonstrated. Incorporating the ASA molecules into the polymeric matrices
generated zero-order dissolution kinetics over a broad range of dissolution rates. In addition to
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the effect of the chemical constitution and physicochemical properties of the applied polymers,
the in vitro dissolution profiles confirmed that the drug release of ASA from the SDs could be
finely tuned by the polymer molecular weight (Mw). Hence, suitable selection of the polymer
matrix and its Mw enables the preparation of tailor-made SDs using the freeze-drying method.
Moreover, all of the polymer-ASA systems exhibited controlled drug release, which can be used
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to effectively mitigate the negative gastric side effects associated with ASA. Although the
dispersion of ASA in polymer matrices demonstrates the unique characteristics of SDs with
specific biopharmaceutical properties, the presented research can provide a foundation for
achieving the sustained release of drugs with inconvenient bioavailability. Finally, this study
demonstrated the potential of the SDs to decrease the kinetic solubility of BCS Class I drugs.
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Table 1. Dissolution parameters obtained from the dissolution profiles of various samples.
Formulation

pH 7.4
pH 3
*
2
R
v [%/min]
R
v*[%/min]
PM lactose-ASA
0.8582
6.20
SD PVP7600-ASA
0.9702
4.96
SD PVP40 000-ASA
0.9851
3.89
0.9980
2.31
0.9734
1.42
SD PVP360 000-ASA
SD PEOx50 000-ASA
0.9899
2.97
SD PEOx 200 000-ASA
0.9689
1.72
0.9933
1.23
SD PEOx 500 000-ASA
0.9973
0.75
0.9949
3.27
SD pHPMA18 500-ASA
SD pHPMA54 000-ASA
0.9854
2.80
0.9686
2.31
0.9533
2.24
SD pHPMA81 000-ASA
SD PEG10 000-ASA
0.9889
5.39
0.9032
5.93
2
#Dissolution parameters: R – root mean square deviation from the linear model applied to 0-25
min of dissolution; v – dissolution rate. A physical mixture (PM) of lactose-ASA and solid
dispersions (SDs) of the polymer-ASA samples were tested in dissolution media at pH 7.4 and
pH 3. *The dissolution rates were calculated as the percentage of dissolved drug over 10 min in
units of release per minute.
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FIGURE LEGENDS

Figure 1. Schematic representation of polymer-API SDs of ASA incorporated into four different
types of polymer matrices created by freeze drying. a) PEG-ASA crystalline SDs; b) pHPMAASA amorphous SDs/glass suspensions; c) PVP-ASA solid solutions; d) PEOx-ASA

rP
Fo

nanoheterogeneous solid solutions/suspensions.

Figure 2. Chemical structures of the pure components: the API (ASA) and the polymers (PVP,
PEOx, pHPMA, and PEG).
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ee

Figure 3. Drug release from a PM of lactose-ASA (dotted line) and SDs (SDs) of ASA in PEG
(a); pHPMA (b); PVP (c); or PEOx polymer matrix (d) in dissolution media at pH 7.4 (solid line)
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Figure 4. Drug release from a PM of lactose-ASA and SDs (SDs) of ASA in PEOx (a) and PVP
(b) in dissolution media at pH 7.4.
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Figure 5. Drug release from a PM of lactose-ASA (dotted line) and SDs (SD) of ASA in PEG
(a), pHPMA (b), PVP (c), and PEOx polymer matrix (d) in dissolution media at pH 7.4 (solid
line) and pH 3 (dashed line). All dissolution profiles were measured over 240 min.
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Figure 6. The ASA molecule, structural models of the PEG-ASA and PVP-ASA SDs, and their
corresponding dissolution profiles.

Figure 7. The rate of ASA release as a function of the polymer matrix (PVP, PEOx, PEG, and
pHPMA) and its Mw.
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Figure 1. Schematic representation of polymer-API SDs of ASA incorporated into four different types of
polymer matrices created by freeze drying. a) PEG-ASA crystalline SDs; b) pHPMA-ASA amorphous
SDs/glass suspensions; c) PVP-ASA solid solutions; d) PEOx-ASA nanoheterogeneous solid
solutions/suspensions.
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Figure 2. Chemical structures of the pure components: the API (ASA) and the polymers (PVP, PEOx, pHPMA,
and PEG).
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PVP (c); or PEOx polymer matrix (d) in dissolution media at pH 7.4 (solid line) and pH 3 (dashed line).
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Figure 4. Drug release from a PM of lactose-ASA and SDs (SDs) of ASA in PEOx (a) and PVP (b) in
dissolution media at pH 7.4.
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Figure 5. Drug release from a PM of lactose-ASA (dotted line) and SDs (SD) of ASA in PEG (a), pHPMA (b),
PVP (c), and PEOx polymer matrix (d) in dissolution media at pH 7.4 (solid line) and pH 3 (dashed line). All
dissolution profiles were measured over 240 min.
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a b s t r a c t
In this contribution the ability of 19 F MAS NMR spectroscopy to probe structural variability of poorly
water-soluble drugs formulated as solid dispersions in polymer matrices is discussed. The application
potentiality of the proposed approach is demonstrated on a moderately sized active pharmaceutical
ingredient (API, Atorvastatin) exhibiting extensive polymorphism. In this respect, a range of model systems with the API incorporated in the matrix of polvinylpyrrolidone (PVP) was prepared. The extent of
mixing of both components was determined by T1 (1 H) and T1 (1 H) relaxation experiments, and it was
found that the API forms nanosized domains. Subsequently it was found out that the polymer matrix
induces two kinds of changes in 19 F MAS NMR spectra. At ﬁrst, this is a high-frequency shift reaching
2–3 ppm which is independent on molecular structure of the API and which results from the long-range
polarization of the electron cloud around 19 F nucleus induced by electrostatic ﬁelds of the polymer matrix.
At second, this is broadening of the signals and formation of shoulders reﬂecting changes in molecular
arrangement of the API. To avoid misleading in the interpretation of the recorded 19 F MAS NMR spectra,
because both the contributions act simultaneously, we applied chemometric approach based on multivariate analysis. It is demonstrated that factor analysis of the recorded spectra can separate both these
spectral contributions, and the subtle structural differences in the molecular arrangement of the API in
the nanosized domains can be traced. In this way 19 F MAS NMR spectra of both pure APIs and APIs in
solid dispersions can be directly compared. The proposed strategy thus provides a powerful tool for the
analysis of new formulations of ﬂuorinated pharmaceutical substances in polymer matrices.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
No matter what reasons are, either searching for structure–
property relationships in material science or production of drugs
of consistent quality in pharmaceutical industry, the possibility of solid state existing in different modiﬁcations with unique
properties still requires development of new methods for their
characterization [1].
In pharmaceutical science, amorphous and semicrystalline
forms of active pharmaceutical ingredients (APIs) attract signiﬁcant
attention due to their enhanced dissolution rates compared with
commonly used crystalline modiﬁcations. Unfortunately, these disordered solids exhibit low thermodynamic stability. This fact can
result in polymorphic changes that can affect physicochemical
properties [2] of the produced APIs or can lead to complicated
patent litigations. Generally thus the enhancement of oral bioavailability of poorly water-soluble drugs remains one of the most

∗ Corresponding author. Tel.: +420 296 809 380; fax: +420 296 809 410.
E-mail addresses: urbanova@imc.cas.cz (M. Urbanova), brus@imc.cas.cz
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(O. Policianova), kobera@imc.cas.cz (L. Kobera).
1386-1425/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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challenging aspects of drug development [3,4]. The problem is further multiplied by the fact that, depending on the preparation
technique, different amorphous (non-crystalline) forms of pharmaceutical solids can exist [5–8]. Moreover, in many cases the
differently prepared amorphous forms of the API exhibit significantly different physicochemical properties. A typical example
of such behavior is amorphous simvastatin that as prepared by
cryo-milling rapidly crystallizes, whereas the quench-cooled samples show no sign of phase transformation [7]. Similarly the
amorphous indomethacin prepared by melt quenching shows a
signiﬁcant dissolution rate enhancement over the crystalline form, while cryoground amorphous indomethacin undergoes rapid
back crystallization to stable -form [8]. Signiﬁcant differences
in physico-chemical behavior were observed also for atorvastatin
that is still under extensive consideration [9]. Quite recently it
has been reported that the intrinsic dissolution rates of different amorphous forms of this API considerably differ from 0.183 to
0.252 mg min−1 cm−2 [10]. Therefore the experimental approaches
of the precise structural characterization of these amorphous pharmaceutical solids are still a subject of enormous scientiﬁc effort.
Recent development of solid dispersions of APIs as a practically viable method to enhance bioavailability of the poorly
water-soluble drugs overcame many limitations associated with
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salt formation, solubilization by cosolvents, micronization and/or
mechanical amorphization. The term “solid dispersion” refers to a
group of solid products consisting of at least two different components, generally a hydrophilic matrix and a hydrophobic drug. The
matrix can be either crystalline or amorphous, and among other
compounds various synthetic polymers such as polyvinylpyrrolidone (PVP) or polyethyleneglycol (PEG) are frequently used. The
drug can be dispersed in the polymer matrix on molecular level,
can form nanosized amorphous or crystalline particles or clusters,
and/or can form relatively large domains. These domains can be
either crystalline or amorphous. In some cases if there are speciﬁc
interactions between the molecules of APIs and polymer matrix
the highly ordered composites or complexes exhibiting long-range
periodic arrangements can be formed [11]. Consequently and
despite the recent advances in structural analysis, the characterization of these multicomponent systems and precise recognition of
structural state of the API continues to be a monumental challenge.
X-ray powder diffraction (XRPD), 13 C cross/polarization (CP)
magic-angle spinning (MAS) NMR and vibration spectroscopy are
traditional tools to recognize different solid forms of APIs [12–15].
In addition, the combinations of Raman or infrared spectroscopy
with multivariate analysis have been successfully used to probe
subtle variations of semicrystalline solids [5]. However, in solid
dispersions where concentrations of API are very low, and the
strong signals of polymer compounds (excipients) dominate we
are balancing on physical limits of these experimental approaches.
Therefore characterization of the structural state of APIs and their
unambiguous identiﬁcation in solid polymer dispersions is a priority that still has remained a challenge.
In this context 19 F MAS NMR spectroscopy is a promising
technique. Due to a high gyromagnetic ratio and 100% isotopic
abundance the isotope 19 F gives solid-state NMR spectra within
extremely short time even for diluted systems. Fluorine atom is also
relatively frequent component of many pharmaceutically active
molecules, and there is no danger of 19 F NMR signals to be overlapped by the signals of component of polymer matrices. Moreover,
previously it has been demonstrated by us that 19 F MAS NMR
spectroscopy combined with factor analysis offers the possibility to unambiguously identify various crystalline and disordered
(non/crystalline and amorphous) forms of ﬂuorine-containing APIs
in pure formulations [16]. Extensive testing conﬁrmed that 19 F MAS
NMR spectra have the same ability to reﬂect structural changes of
ﬂuorinated compounds as usually provided by 13 C CP/MAS NMR,
FTIR and XRPD.
On the other hand, the characterization of APIs in solid
polymer dispersions brings new problems that have to be thoroughly discussed. At ﬁrst, in these new dosage formulations,
besides the well-known polymorphism and a bit mysterious “pseudopolyamorphism”, the precise structural characterization of APIs
is complicated by their intimate molecular interactions with the
macromolecules of excipients. One can imagine that not only new
crystal modiﬁcations of the API can be formed in partially separated nanodomains but also that molecular complexes of APIs
with macromolecules can be created [11]. Second, considerable
attention must be paid to assess the impact of electrostatic forces
or differences in magnetic susceptibility of polymer matrices on
19 F MAS NMR spectra [17]. The resonance of the given nucleus is
known, to be given by the magnetic susceptibility of the resonating
matter and by the shielding of the nucleus by its electronic envelope, the latter being given by its electron density and polarization.
It is commonly accepted that the 19 F chemical shift is dominated by
the paramagnetic shielding contribution which is a perturbation of
the electron density currents by external electric ﬁelds. In the case
of 19 F the extent of the paramagnetic contribution is extremely
large and results from a high polarizability of ﬂuorine orbitals.
Long-range character of these effects on the shielding has been

described in a comprehensive contribution of deDios and Oldﬁled
[18].
In tablet formulations the above-mentioned contribution acts
simultaneously and the unpredictable electrostatic ﬁelds produced
by ﬁller compounds can be so strong that can nearly veil the weaker
effects on the pattern of 19 F MAS NMR spectra produced by changes
in conformation and arrangement of the molecules of an API. In this
communication we discuss all the above-mentioned issues with
respect to reliability of characterization of APIs in solid polymeric
dispersions using 19 F MAS NMR spectroscopy. In our best knowledge this is the ﬁrst attempt to apply 19 F MAS NMR spectroscopy
combined with multivariate analysis to characterize active pharmaceutical ingredients in solid polymer dispersions.
2. Experimental
2.1. Materials
As a model active compound atorvastatin hemicalcium
[(C33 H35 FN2 O5 − )2 Ca2+ amorphous] produced by Biocon Laboratories, Bangalore, India, was used as received. As a model polymeric
excipient polyvinylpyrrolidone K 90; Mw = 360 000 produced by
Sigma Aldrich was used.
2.2. Methods: Sample preparation
Different forms of pure API were prepared according to patent
literature by recrystallization under various conditions from different solvents (acetone, acetonitrile, water, ethanol, methanol,
dimethylforamide, n-heptane) [16]. Crystallization was performed
from solutions with completely dissolved atorvastatin or from saturated solutions with applied mechanical grinding. Forms I, V and
X were unambiguously identiﬁed based on the 13 C CP/MAS NMR
study and signed as FI, FV and FX, respectively. The unassigned
amorphous modiﬁcations of atorvastatin hemicalcium are referred
as Forms A1–An. The product directly received from the supplier is
referred herein as Form A0.
Solid dispersions were prepared by free evaporation or
lyophilization of the prepared solution of atorvastatin with PVP.
These systems were prepared by mixing of solution of atorvastatin and solution of PVP. Selected solvents were nontoxic and
biodegradable, such as water, ethanol and t-butanol. Total composition of the prepared solid dispersions was always as following:
85 wt.% PVP and 15 wt.% API. In all cases the traces of organic
solvents were removed from the resulting products by vacuum
evaporation. The absence of solvent was checked by 13 C and 1 H
MAS NMR spectroscopy. As followed from a large set of preliminary
measurements of 1 H MAS and 13 C MAS NMR spectra the molecules
of solvents are usually mobile enough to produce exceptionally narrow signals. Consequently, these signals can be easily identiﬁed in
the spectra even after the short experimental time, and the traces
of solvents >1% can be detected. The prepared of solid dispersion
are referred as SD A1–SD An.
2.3. Methods: Solid-state NMR
19 F MAS NMR spectra were measured using a Bruker Avance
500 WB/US NMR spectrometer in 2.5-mm double-resonance probehead. A rotor synchronized Hahn-echo pulse sequence was used
to measure 19 F MAS NMR spectra at MAS frequency of 31 kHz.
The length of 90◦ (19 F) pulse was 2.5 s. The 19 F NMR scale was
calibrated with PTFE (−122 ppm).
The 13 C-detected T1 (1 H) a T1 (1 H) relaxation experiments were
used to determine homogeneity and the extent of dispersion of
the API in polymer matrix. The range of size of domains that could
be probed by these relaxation experiments is ca. 1–100 nm. The
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experimental scheme with a variable spin-lock time in the range
0.1–10 ms after the proton signal excitation followed by constant
contact time was used in T1 (1 H) measurements; the proton spinlocking ﬁeld in frequency units was 80 kHz. T1 (1 H) values were
measured using the combination of cross-polarization and saturation recovery pulse sequence. Details of the applied experiments
can be found in the recently published papers [19,20].
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2.4. Methods: Optical microscopy
The research-grade Leica DM LM microscope with an objective
magniﬁcation 50× was used to probe homogeneity of the sample
in the range of size of domains >1 m.
2.5. Methods: Factor analysis (FA)
Factor analysis using the singular value decomposition (SVD)
algorithm was performed to extract information from the experimental data obtained by 19 FMAS NMR and to visualize differences
between different predominantly amorphous forms of atorvastatin. Processing of spectral data was performed in Matlab program
package. The following spectral range was subjected to the factor analysis: 19 F NMR: from −80 to −140 ppm. All spectra were
base-line corrected and normalized. Preparation and processing of
a moderately sized data set containing ca. 40 spectra took about
10 min.
3. Result and discussion
3.1. Homogeneity of the systems
Before the analysis of molecular structure of the API we characterized homogeneity of the prepared solid polymer dispersions,
i.e. size of domains of the API in polymer matrix was estimated.
At ﬁrst we used optical microscopy, and the obtained quite featureless micrographs (not shown here) indicated that the prepared
solid dispersion were homogeneous in the micrometer scale. To
probe homogeneity of the prepared systems in the nanometer scale
we measured 13 C-detected T1 (1 H) and T1 (1 H) spin-lattice relaxation times. Previously, on a wide range of two-component and
multi-component polymer systems, it has been demonstrated that
differences in 1 H relaxation times between individual components
usually indicate heterogeneous character of the systems. This rule
follows from the fact that 1 H–1 H spin diffusion, that is generally
very fast in organic solids, is not able to equilibrate magnetic properties of all 1 H atoms. Typically 1 H magnetization is transferred
over a distance of about 1.1–1.2 nm during 1 ms [21]. In the case of
measurements of T1 (1 H) spin-lattice relaxation constants the relevant time periods during which 1 H magnetization diffuses are in
the range of several seconds. Consequently 1 H magnetization can
be effectively transferred over a distance larger than 100–200 nm.
Therefore if the T1 (1 H) spin-lattice relaxation times of both components are different, for instance if T1 (1 H)API » T1 (1 H)matrix , then
the analyzed two-component system is heterogeneous with the
size of domains larger than ca. 100–200 nm. A similar approach
applies also to the measurements of T1 (1 H) spin-lattice relaxation
times. In this type of experiments, however, the time periods during which 1 H–1 H spin diffusion is active are substantially shorter
ranging from microseconds to tens of milliseconds. Therefore the
1 H magnetization can be effectively transferred over several tens of
nanometers. A multi-component system with the uniform T1 (1 H)
relaxation time thus can be considered to be homogenous with the
size of domains less than several nanometers. Details of the applied
procedure can be found in recently published papers [19,20].
Table 1 summarizes T1 (1 H) and T1 (1 H) spin-lattice relaxation times obtained for pure API, PVP and selected solid

-80

-90

-100

-110

-120

-130

-140

chemical shift, ppm
Fig. 1. Overlay of 19 F MAS NMR spectra of selected formulations of atorvastatin
(C33 H35 FN2 O5 ). The black lines represent spectra of semicrystalline and amorphous
forms the API in pure state; the red lines represent spectra of solid dispersions of
the API; the green lines correspond with the spectra of pure crystalline Form I; and
the blue lines spectra of pure crystalline Form X of the API. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
the article.)

dispersions representing typical preparation procedures. It is
important to mention that the relaxation constants recorded
for pure components (API and PVP) are considerably different:
T1 (1 H)API < T1 (1 H)PVP and T1 (1 H)API « T1 (1 H)PVP . This is the key precondition for the relaxation experiments to be used to probe
homogeneity of the prepared dispersions. From the obtained data
it is clear that T1 (1 H) spin-lattice relaxation times determined
separately for protons of API and PVP in all the prepared solid
dispersions are very similar (nearly identical) indicating that all
the prepared systems are basically homogenous in the scale of
hundreds nanometers. Even the largest difference observed for the
system SD 4A falls into the range of the determined experimental
errors. On the other hand, the observed clear differences in T1 (1 H)
relaxation times reﬂect the existence of domains of the AIP the size
of which is ranging between ca. 1 and 10 nm. Precise measurement
of domain size is under the current investigation. In general, as
both components are not intimately mixed on molecular level the
molecules of the API in the partially phase-separated domains can
preserve the original molecular arrangements typical for the pure
state (amorphous or crystalline). On the other hand, new molecular packing in these domains induced by the interaction with PVP
macromolecules can be also expected.
3.2.

19 F

MAS NMR spectroscopy

Subsequently 19 F MAS NMR spectra were measured for a range
of the prepared solid polymer dispersions and various modiﬁcations of pure API including many amorphous forms and three
crystal modiﬁcations (I, V, and X; identiﬁed previously according
to XRPD and patent literature [16]). In the recorded 19 F MAS NMR
spectra the highly ordered crystalline forms exhibit clear differences from each other as well as from the amorphous ones (Fig. 1).
Quite distinct is the broadening of 19 F MAS NMR signals of pure
amorphous modiﬁcations of the API and the shift toward the high
frequency region. The obtained experimental data also reﬂect slight
structural variations of the amorphous products. This is indicated
by the presence of high-frequency shoulders (left-handed humps).
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Table 1
T1 (1 H) and T1 (1 H) spin-lattice relaxation times obtained for pure API, PVP and selected solid dispersions representing typical preparation procedures. (The experimental
error of the measurements of relaxation constants T1 (1 H) and T1 (1 H) is 0.10 s and 0.5 ms, respectively.).
System

Solvent

Procedure

T1 (1 H), s
API

T1 (1 H), ms
API

T1 (1 H), s
PVP

T1 (1 H), ms
PVP

Pure API
Pure PVP
SD 9A
SD 10A
SD 11A
SD 4A
SD 1A
SD 8A

–
–
Water
Ethanol
Tert-butanol
Water
Ethanol
Tert-butanol

–
–
Free evaporation
Free evaporation
Free evaporation
Lyophilization
Lyophilization
Lyophilization

1.36
–
1.38
1.42
1.48
1.28
1.32
1.25

5.8
–
13.5
15.7
14.3
17.5
18.9
15.3

–
2.5
1.40
1.37
1.31
1.46
1.35
1.21

–
28.2
22.4
23.2
25.1
20.1
22.4
23.6

In contrast, the 19 F MAS NMR signals of solid polymer dispersions are systematically shifted back toward the low-frequency
region and broadened on both left- and right-handed sides. As
demonstrated in our previous research the formation of highfrequency shoulders can be attributed to the presence of certain
motifs with medium-range molecular order and/or nano-sized
nearly crystalline molecular fragments/domains [16]. The lowfrequency shoulders that are observed only in the spectra of solid
dispersions can indicate formation of new structural fragments the
arrangement of which is induced by the polymer matrix. An alternative explanation can operate with the presence of traces of the
most frequent crystalline forms I and/or X because the resonance
frequency of shoulders is very close to their typical 19 F MAS NMR
resonance frequencies. However, the presence of these crystalline
fractions was not conﬁrmed by 13 C CP/MAS NMR spectra (Fig. 2).
In this respect we performed a range of additional measurements
of 13 C CP/MAS NMR spectra of model systems comprising different physical mixtures of the amorphous form of the API and the
corresponding crystal modiﬁcations I and/or X. We tested mixtures
with the ratio of both components varying from 0.5/99.5 to 99.5/0.5,
and we found out that the detection limit of the crystal form I or
X is about 1 wt.%. Even 3–4 wt.% can be determined quantitatively
(Fig. 2). This is because the signals of the crystalline forms are much
narrower than the signals of amorphous products.
On the other hand, the observed systematic low-frequency shift
of 19 F MAS NMR signals of solid dispersions is a bit surprising and its
thorough interpretation requires extensive experimentation that is
beyond the scope of this contribution. According to our preliminary

13

test this phenomenon can be explained either by the charging of API
particles or by the change in the isotropic bulk magnetic susceptibility of the sample. Polymer segments closely associated with the
API induce a different local ﬁeld and contribute to an off-resonance
term of the free induction decay. Consequently the NMR signals
can be shifted from the expected regions. Particularly, as 19 F is a
highly receptive nucleus, signiﬁcant changes in the patterns of 19 F
MAS NMR spectra can be expected. This is due to the electronic
structure of ﬂuorine which atomic orbitals can be easily polarized
by surrounding electrostatic ﬁelds over a long distance. Consequently 19 F NMR is characterized by a large chemical shift range
over 1000 ppm, and the recorded 19 F NMR signals thus can reﬂect
even slight changes in molecular arrangements. For instance ﬂuororobenzens themselves exhibit a dispersion of isotropic chemical
shifts larger than 65 ppm [18,22,23].
In order to probe the observed phenomenon in detail we prepared a set of physical mixtures of the Form X of atorvastatin and
various excipients. We used wet corn starch, dry corn starch, cellulose, and sucrose. Total composition of the prepared physical
mixtures was 90 wt.% of excipient and 10 wt.% of the API. Fig. 3
then demonstrates signiﬁcant changes in the position and splitting of asymmetric doublets that are the typical feature of the
Form X of atorvastatin. As no signiﬁcant changes in 13 C CP/MAS
NMR spectra and XRPD patterns were detected no phase transitions occurred during the mixing of the API and excipients. Crystal
Form X is still present in the prepared samples. This indicates that
the observed changes in 19 F MAS NMR spectra (Fig. 3) reﬂect some
kind of physical interaction between the particles of API and ﬁller
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C CP/MAS NMR

F MAS NMR
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(solid dispersion)
Form X+FormA0
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(physical mixture)
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Fig. 2. 13 C CP/MAS and 19 F MAS NMR spectra of a typical solid polymer dispersion of the API (Form SD 10A) exhibiting considerable low-frequency shoulders, pure Form I,
pure Form X, pure amorphous Form A0 and the physical mixture of Form X and amorphous Form A0 in the ratio 3:97.
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Fig. 3. 19 F MAS NMR spectra of crystalline Form X of atorvastatin (C33 H35 FN2 O5 )
with different excipients: 90 wt.% of dry corn starch (1); 90 wt.% of cellulose (2);
90 wt.% of wet corn starch (3); pure Form X (4); 90 wt.% of sucrose (5).

compounds. The observed changes in 19 F MAS NMR spectra are
rather complex, and their extent depends on the type of excipients.
While the macromolecular excipients such as dry corn starch or carboxymethylcellulose induce high-frequency shift and the decrease
in splitting of the doublet, relatively low-molecular weight sucrose
causes the low-frequency shift and the increase in the doublet splitting (Fig. 3). In this case, considering that the dry corn starch has
much stronger effect than wet corn starch, we suggest the effect of
electrostatic forces or charging of API particles. The dielectric properties of the sample can be signiﬁcantly changed so the resonance
frequency can be slightly shifted. In the case of polymer dispersions prepared from neutral solutions the charging of API particles,
however, cannot be expected. Rather we suppose that the observed
systematic shift of 19 F MAS NMR signals of solid dispersions can be
attributed to the susceptibility effect. This ﬁnding indicates that the
observed susceptibility effects can additionally complicate reliable
analysis of 19 F MAS NMR spectra. Bear in mind that differences
between the amorphous modiﬁcations of the API are very subtle even in pure state and visual comparison of these spectra is
not enough. As more than 50 almost-amorphous modiﬁcations of
atorvastatin have been described the correct interpretation of the
observed spectral variation requires a special statistical processing
such as factor analysis.
3.3. Factor analysis
In general, factor analysis (FA) provides a versatile tool to
explore complex changes in large sets of experimental data. Specifically, the experimental spectra Yi are converted into the set of
orthonormal subspectra Sj (Eq. (1)) using Singular Value Decomposition (SVD) algorithm.
Yi =

n


wj Vij Sj

(1)

j=1

The calculated subspectra Sj are linear combinations of the
experimental data and vice versa the experimental data can be
given as the linear combination of the subspectra. Each subspectrum Sj represents a speciﬁc spectral feature that is typical for

a given type of analyzed samples. The statistical importance and
hence the order of each subspectrum Sj is expressed by the corresponding singular value, wj . The ability of a particular subspectrum
Sj to describe the experimental spectrum Yi is then expressed by
the normalized coefﬁcient Vij . Consequently the coefﬁcients Vij (i.e.
scores) represent quantitative parameters reﬂecting spectral differences between the analyzed samples. In this way any modiﬁcation
of a particular API can be unambiguously identiﬁed via the set of
Vij coefﬁcients.
In our particular case singular parameters w1 to w6 reach reasonable values (red triangles in Fig. 4). This indicates that the
corresponding subspectra S1 to S6 (Fig. 5) entirely describe the analyzed set of samples. The ﬁrst-rank subspectrum S1 corresponds to
the superposition of signals dominating the set of 19 F MAS NMR
spectra and resembles the typical signal of amorphous forms of
atorvastatin. The second-order subspectrum S2 then demonstrates
the most signiﬁcant spectral deviations found in the analyzed data
set. In our case this is the difference in resonance frequency of 19 F
MAS NMR signals in pure forms of atorvastatin and its solid dispersions. Characteristic markers of crystalline forms I and X are
displayed in the third- and fourth-rank subspectra S3 and S4 . The
fourth-rank subspectrum also partly reﬂects certain changes in 19 F
MAS NMR chemical shifts between the pure APIs and APIs in polymer solid dispersions. The spectral differences between amorphous
modiﬁcations are particularly highlighted in the ﬁfth-rank and
sixth-rank subspectra S5 and S6 . In total, the above-mentioned subspectra S1 –S6 explain about 95% of the spectral variation observed
in the set of the recorded 19 F MAS NMR spectra.
To explicitly quantify this spectral variation the normalized coefﬁcients Vij can be used. In addition, as these factors
are attributed to each sample, these coefﬁcients unambiguously
identify any modiﬁcation of the API. As follows from the abovementioned interpretations of Sj subspectra, primary identiﬁcation
of individual samples can be derived from the correlation plot of Vi1
and Vi2 coefﬁcients in which four well-separated clusters are clearly
apparent: (1) crystalline Form I; (2) crystalline Form X; (3) noncrystalline forms of the API in pure state; and (4) solid dispersions of
noncrystalline forms of the API (Fig. 6). This ﬁnding also indicates
that the effects of variable susceptibility of the analyzed samples
are entirely described by the coefﬁcient Vi2 . In other words this
means that with high probability there are other coefﬁcients clearly
describing structural differences between different noncrystalline
forms of the API regardless it is in pure state or in solid dispersion.
For instance, structural differences between the crystalline forms
of atorvastatin can be explicitly expressed by the factors Vi3 , while
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Fig. 5. Subspectra S1 –S6 calculated from the set of 19 F MAS NMR spectra of various modiﬁcations of the API and API in solid dispersions.

the subtle differences between the non-crystalline (amorphous)
forms in pure state as well as in solid dispersions are preferably
described by Vi5 . In a graphical representation (one of the most
suitable representation seems to be 2D correlation plot of Vi1 and
Vi5 coefﬁcients, Fig. 6; or 3D correlation plot of Vi1 , Vi3 and Vi5
coefﬁcients, Fig. 7) the crystalline Forms I and X are clearly separated in horizontal dimension, while the amorphous forms are
vertically sorted. The observed systematic array of Vi5 coefﬁcients
clearly reﬂects differences between the amorphous non-crystalline
forms of atorvastatin. As the array of Vi5 coefﬁcients is a continuous function without any abrupt change (jump), the structurally
insigniﬁcant susceptibility effects are removed out. Coefﬁcients Vi5
as well as Vi6 (the corresponding correlation plots are not shown
here) thus seem to be independent on global changes in susceptibility of the analyzed systems. Moreover, the considerably wide
range of Vi5 values covering the interval from −0.3 to 0.3 conﬁrms
the high structural receptivity of this parameter.

In general, the observed systematic variations of the scores
Vi5 obtained by multivariate analysis of 19 F MAS NMR spectra of
non-crystalline products of the API can result from many reasons
including presence of impurities (traces of traditional crystalline
forms of the API), systematic changes in molecular conformation,
variation in molecular short-range order, presence of “embryonic”
nanocrystallites, etc. In this context, in our previous research [16]
we extensively examined the results of 19 F MAS NMR spectroscopy
and compared them with other experimental methods, such as 13 C
CP/MAS NMR, FTIR and XRPD. Among others, we found out that
asymmetric broadening of 19 F MAS NMR spectra (formation of the
low intensive high-frequency shoulders) is accompanied by the
sharpening of originally diffusive broad X-ray reﬂections. This indicated that structural changes occurring in the amorphous phase of
the API are associated with molecular rearrangement leading to the
formation of certain structural motifs with medium- or long-range
periodic order.
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Fig. 6. Correlation plots of Vi1 and Vi2 coefﬁcients (left), and Vi1 and Vi5 coefﬁcients (right). The parameters reﬂecting solid dispersions of atorvastatin are marked as red
triangles, while the factors calculated for pure forms of the API are marked as black triangles. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of the article.)

Fig. 7. 3D correlation plot of Vi1 , Vi3 and Vi5 coefﬁcients (left), and the corresponding 19 F MAS NMR spectra of non-crystalline forms of the API (right). The 19 F MAS NMR spectra
are sorted in ascending order by Vi5 coefﬁcients. The spectra corresponding to pure API are in black, the spectra reﬂecting solid dispersions are in red. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

In our current work the recorded 19 F MAS NMR spectra
of both pure API and the prepared solid dispersions assorted
in the descending order according to Vi5 scores exhibit similar inhomogeneous broadening. In case of the prepared solid
dispersions, however, besides the left-hand shoulders, the righthand ones appear as well (Fig. 7). In analogy with our previous
ﬁndings we assign this broadening to a systematic molecular rearrangement and formation of partially ordered nanosized
domains. The low-frequency shoulders indicate new molecular
assemblies the formation of which is probably induced by the
matrix of PVP. Detail structural investigation of these structures
is currently under investigation.
In general there are several explanations of structural variability of amorphous phase of organic compounds [24,25]. One
of them operates with the existence of rigid amorphous fraction
(RAF) that is believed to be an intermediate between the crystalline
and amorphous phases [26,27]. Another concept introduces “crystalline mezophase”, which combines properties of a crystalline
phase (long-range order) with properties of an amorphous phase
(e.g. glass transition). Alternatively, in some cases the term “pseudopolyamorphism” is used to describe this phenomenon although
true polyamorphs exhibiting a ﬁrst-order transition between them
have never been seen in any organic substance [28]. Moreover, the
amorphous phase can be contaminated by various nanosized crystal nuclei and traces of crystalline domains that can differ in their
number, size, shape, distribution, etc. All the above-mentioned
phenomena, however, have only slight impact on the overall mean

molecular structure of the amorphous phase. For instance, the
crucial processes like released molecular dynamics usually occur
only at interfacial regions. Therefore the differences between the
different amorphous forms of a given compound can be hardly recognized using conventional physical and spectroscopic techniques.
Over all these problems 19 F MAS NMR spectroscopy combined
with factor analysis has sufﬁcient potentiality to identify different
amorphous (non-crystalline) forms of the API in solid polymer dispersion with a high degree of reliability. Although 19 F MAS NMR
spectroscopy cannot provide complete and detail description of
structural changes occurring in amorphous phase of the API formulated in solid polymer dispersion the combination with factor
analysis provides the way how to rapidly control quality of the
produced products.
4. Conclusion
Owing to the success of ﬂuorinated compounds in medicinal
chemistry, it may be predicted that the number of ﬂuorine containing drugs will continue to increase. Similarly we can expect
growing interest in the formulation of APIs in solid dispersions
for which traditional high-resolution spectral data can be hardly
recorded because the amounts of the active compounds are very
low usually less than 5%. In the presented communication it is
demonstrated that 19 F MAS NMR spectroscopy combined with
factor analysis (SVD algorithm) offers a fast and reliable tool to
distinguish various amorphous forms of the ﬂuorine-containing
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API in solid polymer dispersions. Speciﬁcally, it is shown that the
relatively poorly resolved 19 F MAS NMR spectra can be used to
detect subtle structural changes in molecular arrangement of nanosized domains of the API induced by the polymer matrix. On the
other hand, 19 F MAS NMR spectra are rather sensitive on the global
changes in susceptibility and/or charging of the analyzed samples.
Therefore careful attention must be paid to the interpretation of
changes in the spectral pattern. Fortunately, the applied factor analysis of the recorded spectra eliminates these effects. Ultimately, the
proposed strategy thus provides a powerful tool for the fast analysis of new formulations of ﬂuorinated pharmaceutical substances
in polymer matrices.
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ABSTRACT: Analysis of C cross-polarization magic angle spinning (CP/MAS) nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC), Fourier transform infrared
(FTIR), and X-ray powder diffraction data of trospium chloride (TCl) products crystallized
from different mixtures of water–ethanol [ϕ(EtOH) = 0.5–1.0] at various temperatures (0◦ C,
20◦ C) and initial concentrations (saturated solution, 30%–50% excess of solvent) revealed extensive structural variability of TCl. Although 13 C CP/MAS NMR spectra indicated broad variety
of structural phases arising from molecular disorder, temperature-modulated DSC identified
presence of two distinct components in the products. FTIR spectra revealed alterations in
the hydrogen bonding network (ionic hydrogen bond formation), whereas the X-ray diffraction
reflected unchanged unit cell parameters. These results were explained by a two-component
character of TCl products in which a dominant polymorphic form is accompanied by partly
separated nanocrystalline domains of a secondary phase that does not provide clear Bragg
reflections. These phases slightly differ in the degree of molecular disorder, in the quality of
crystal lattice and hydrogen bonding network. It is also demonstrated that, for the quality
control of such complex products, 13 C CP/MAS NMR spectroscopy combined with factor analysis (FA) can satisfactorily be used for categorizing the individual samples: FA of 13 C CP/MAS
NMR spectra found clear relationships between the extent of molecular disorder and crystallization conditions. © 2013 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci 102:1235–1248, 2013
Keywords: trospium chloride; solid state NMR; factor analysis; polymorphism; X-ray diffractometry; FTIR; DSC; disorder

INTRODUCTION
High-precision structural characterization of active
pharmaceutical ingredients (APIs) is an essential procedure for the development and production of drugs of
consistent quality and safety. The polymorphic form,
the crystal shape, and the crystal size distribution
are the main criteria for the physicochemical qualAdditional Supporting Information may be found in the online
version of this article. Supporting Information
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ity of the pharmaceutical product.1 The search for
and subsequent characterization of polymorphs of
candidate drugs is now a routine exercise. Although
the polymorph screen is a standardized procedure
in principle, it can often bring to light a variety of
solid-state idiosyncrasies that can take some time to
resolve. A recurring feature is the difficulty of characterizing APIs produced in drying stages by desolvation because such transformations almost inevitably
produce powders in which the crystallites are too
small for single-crystal diffraction and may even be
too small to give Bragg diffraction in powders. In
such cases, spectroscopic methods have been successfully used to obtain structural information, such as
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H-bonding patterns and conformation. Spectroscopy
does not provide information that is as detailed and
direct as the information afforded by crystallography,
but is less dependent on the size of the crystallites.2
For instance, on the basis of 13 C cross-polarization
magic angle spinning (CP/MAS) nuclear magnetic
resonance (NMR) spectra, it was proposed for the first
time that cellulose I consisted of two crystalline modifications, I" and I$ .3 Apart from crystallite size, other
features, such as polymorphism or the presence of
disorder, make solving the structures of such systems
extremely difficult.
The term “disorder” in the solid state can refer to a variety of concepts, including a separated
amorphous phase, molecular site disorder, and onephase disorder. In this respect, polymorphism is
much better defined, although various definitions of
“polymorphism”4,5 do not specify the degree of difference between the forms that is required to constitute
true polymorphism, as opposed to variation in the
crystalline samples due to growth conditions, such as
disorder or through defects.6 Recently, a proposal for
distinguishing between real polymorphism and the
consequences of sample-dependent disorder and defects has been formulated on the basis of modulations
by an energetic fingerprint of the molecular pairs, and
brings useful guide for the analysis of controversial
cases.7 Following this concept, for instance, the structural variations of eniluracil clearly reflected by the
single crystal X-ray diffraction data have been described in terms of variable degrees of disorder resulting from errors in the interdigitation and stacking the
hydrogen bonded ribbons of the molecules rather than
true polymorphism.6 The borderline between polymorphism and the sample-specific disorder is, however, still very thin. This can be demonstrated on the
case of promethazine hydrochloride for which the existence of two distinct disordered polymorphic forms
has been constituted although the single-crystal Xray data of both crystal forms revealed high similarity
of both molecular conformations and crystal packing,
and slight variation of the unit cell parameters was attributed to the two distinct disorder levels in aliphatic
chain. This small displacement of the molecules in
the crystal structures has been sufficient to induce
slight energy, density, and melting point differences
between the forms.8 Hence, it is clear that relations
between local molecular arrangements, global crystal architecture, and overall energy of the system are
very complex and sometimes difficult to specify precisely. Therefore, for the purpose of further discussion,
we consider that distinct polymorphic forms should
exhibit clear differences in the crystal structure that
should result in unambiguous and detectable differences in thermodynamic behavior. In contrast, crystal disorder should be of local nature involving only
minor fraction of the molecules exhibiting thus negJOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 4, APRIL 2013

ligible impact on global energy and thermodynamics
of the system. If the fraction of disordered molecules
differing in molecular conformation or packing from
the original crystal structure exceeds 50% then it is
reasonable to consider formation of a new phase.
It is clear that identifying and characterizing individual contributions leading to the above-mentioned
structural variability of organic solids is complicated, but very important; small changes in structure
(crystal shape, imperfections in packing of molecules
on the crystal lattice, H-bonding, conformation) can
result in different dissolution rates and variable
bioavailability.5,9,10 That is the reason why the interest in the characterization of the disordered and
amorphous forms is increasing at present.5,11–13 The
potential variability in the solid-state properties of
a drug due to polymorphism has led to the requirement from regulatory agencies that the manufacture of compounds and formulations be strictly controlled. The stringent control of physical form during
manufacture can be challenging, particularly when a
mixture results in crystallization of more than one
polymorph. If this situation is unavoidable, then a
combination of several techniques may be used provided that validated analytical control measures are
also employed.
The characterization of solid forms that are only
available as fine powders rather than diffractionquality single crystals remains a formidable challenge. Nowadays, methods usually used for characterization of API polymorphs and disordered forms are
X-ray powder diffraction (XRPD), differential scanning calorimetry (DSC), infrared (IR), and Raman
spectroscopies. Solid-state 13 C CP/MAS NMR spectroscopy has also become a standard method for analytical work in the pharmaceutical industry; many
studies of APIs have used 13 C CP/MAS NMR, from basic characterization to more advanced experiments,14
often combined with computational work and other
spectroscopic methods.15 An inherent drawback of
solid-state NMR spectroscopy is low sensitivity of
spectra measurements following from extremely low
transition energies between the spin states that are
even comparable with the electronic thermal noise.
Therefore, it is necessary to accumulate spectra by
coadding many scans, and the repetition rate depends
on the rate of relaxation processes that lead the spin
state to the thermal equilibrium. However, in the case
of rigid crystalline solids in which no segmental motion is present the relaxation times can be extremely
long reaching hundreds of seconds. Consequently,
even the measurement of a single 13 C CP/MAS NMR
spectrum with acceptable signal-to-noise ratio can require enormous measurement time—several days in
some cases. From our experience, the measurement
time problem is encountered in many pharmaceutical agents such as piracetam, saccharine, sitagliptin,
DOI 10.1002/jps
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acetylsalicylic acid, and so on, and prevents implementation of advanced two-dimensional (2D) NMR
experiments that are very useful in solving complex
structural problems.
In our previous studies, solid-state NMR spectroscopy combined with factor analysis (FA) (the
singular value decomposition—SVD, algorithm) was
used for resolution and identification of various crystalline and disordered (noncrystalline and
amorphous) forms of APIs in pure and tablet
formulations.16,17 In this article, the use of solid-state
NMR for characterization of trospium chloride (TCl)
(C25 H30 ClNO3 ) is reported. TCl is a quaternary amine
with anticholinergic properties, which is used for the
treatment of overactive bladder with symptoms of urinary incontinence, urgency, and urinary frequency.18
This active substance is industrially produced by crystallization from ethanol and declared to be anhydrous
and free of solvent. Notwithstanding its use in the
pharmaceutical industry, a structural characterization of TCl is still missing. In particular, the study
of possible polymorphs and their structural characterization has, to the best of our knowledge, never
been reported in detail. The purpose of this work is
a comprehensive characterization of the solid-state
forms of TCl; the compound has been crystallized from
ethanol solution, as in industrial production, under
various conditions and the resulting products were
found in a variety of structural phases arising from
molecular disorder involving differences in H-bonding
network, conformation, and packing. An attempt has
been made to find the best experimental procedure
for identification of the different structural forms of
this API, for correlation of these structures with their
thermodynamic properties, and for definition of the
thermodynamic relationships between them. We are
convinced that careful analysis of 13 C CP/MAS NMR,
DSC, FTIR, and XRPD data combined with FA gives
a more detailed picture of solid-state pharmaceutical
products allowing distinction of polymorphism from
other structural variations found in organic solids. In
such a way, information required for optimizing drug
manufacture and patent protection can be obtained.

MATERIALS AND METHODS
Preparation of Samples—Recrystallization
Samples investigated were prepared by recrystallization of powdered TCl (Interpharma, Prague, Czech
Republic, C25 H30 ClNO3 , Scheme 1). Different mixtures of water and ethanol [ϕ(EtOH) = 0.50, 0.95,
0.99, 1.00] were used as a mixed solvent system. The
chosen compositions of mixed solvent systems were
used to mimic industrial-scale production of TCl. Besides the amount of water in the solvent, there were
two other conditions in which the samples differed:
DOI 10.1002/jps
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Scheme 1. Structural formula of trospium chloride
(C25 H30 ClNO3 ). Specific structure units are marked.

(1) crystallization temperature (0◦ C, 20◦ C) and (2) initial concentration of solution (saturated solution, 30%
and 50% excess of solvent). Labeling of trospium chloride samples (TS): TS-X/Y/Z; X = initial concentration
of solution−(saturated solution X = 0; 30% excess of
solvent, X = 30; 50% excess of solvent, X = 50); Y =
amount of ethanol in the mixed solvent system (50%
of EtOH, Y = 50; 95% of EtOH, Y = 95; 99% of EtOH,
Y = 99; 100% of EtOH, Y = 100); Z = temperature of
crystallization (crystallization temperature 0◦ C, Z =
0; crystallization temperature 20◦ C, Z = 20). Purity
of all the prepared samples was checked by solutionstate 1 H NMR spectroscopy. No traces of residual solvent or other impurities were detected. The purity of
all products is thus declared to be >99.9%. The grain
size of the prepared powdered products was estimated
microscopically to be less than 1 :m.
Methods

NMR Spectroscopy
Solid-state NMR spectra were measured using a
Bruker Avance 500 WB/US NMR spectrometer
(Bruker BioSpin GmbH, Rheinstetdten, Germany)
in 4-mm double-resonance probehead at carrier frequencies 500.18 and 125.78 MHz for 1 H and 13 C
nuclei, respectively. Standard cross-polarization experiments were used to record 13 C CP/MAS NMR
spectra at MAS frequency of 11 kHz. The intensities of excitation and spin-locking fields B1 (13 C) expressed in frequency units ω1 /2π were 64 kHz and
the duration of cross-polarization contact time pulse
was 1.75 ms. The intensity of B1 (1 H) field of TPPM
(two-pulse phase-modulated) decoupling was ω1 /2π
= 89.3 kHz. The repetition delay was 60 s. The acquisition time to record a 13 C CP/MAS NMR spectrum of TCl (ca. 50 mg of the sample) with acceptable signal-to-noise ratio was about 24 h. Carbondetected T1 (1 H) relaxation time was measured using
a standard saturation-recovery sequence with crosspolarization period. Relaxation delay was varied from
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1 to 100 s. The cross-polarization–polarization inversion (CPPI) experiment19 with the polarization inversion (PI) period of 40 :s was used to discriminate CH2 , CH, and quaternary carbons. The 13 C
scale was calibrated with glycine as external standard (176.03 ppm—low-field carbonyl signal). The experiments were performed with active cooling to compensate frictional heating of the spinning samples.
Sample temperature was kept constant at 283 K.
Temperature calibration correcting frictional heating
was performed.20

Fourier Transform Infrared Spectroscopy

During a temperature-modulated DSC measurement,
the sample was first heated to 150◦ C with heating
rate 10◦ C/min and tempered for 3 min at 150◦ C. Then,
the sample was heated using the StepScanTM DSC
(PerkinElmer, Waltham, Massachusetts, USA), combining short heating steps with isotherms (heating
rate 2◦ C/min and isothermal segment 2 min) up to
254◦ C. Data acquisition and analysis were performed
using the Pyris Manager software (PerkinElmer,
Waltham, Massachusetts, USA). The heat curve was
deconvoluted and the specific heat capacity was calculated from the ratio of the area under the heat-flow
peak and the height of the temperature step.

The attenuated total reflectance (ATR) FTIR spectra were recorded on Thermo Nicolet NEXUS 870
FTIR Spectrometer (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) with a mercury—
cadmium–telluride (MCT) detector. Single reflection
ATR accessory Golden Gate (Specac, Ltd., Orpington,
Kent, UK) with a diamond crystal was used. Spectral resolution was 4 cm−1 with 256 scans taken for
each spectrum. The spectral region between 1800 and
2600 cm−1 strongly affected by absorption of the diamond ATR crystal was replaced by a straight line. The
baselines were corrected manually and advanced ATR
correction (OMNICTM 8.3. software package, Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA)
was performed. The spectra were normalized to compensate for the variations in pressure between the
sample and the ATR crystal.

RESULTS AND DISCUSSION

X-Ray Powder Diffraction

Solid-State NMR Spectroscopy

A Philips X’PERT PRO MPD PANalytical diffractometer (PANanalytical B.V., Almelo, The Netherlands) with CuK" radiation (wavelength 1.542 Å) was
used at 45 kV and 40 mA. All the samples were
scanned in the range of 4◦ –40◦ for 2θ (and a set of
three representative samples was scanned in the extended range of 4◦ –80◦ ) with a step size 0.01◦ for 2θ
and a step time of 150 s. Results were analyzed using X’PERT HighScore Plus software (PANanalytical
B.V., Almelo, The Netherlands).

The 13 C CP/MAS NMR spectra of 12 recrystallized
samples of TCl showed clear differences (Fig. 1),
which could indicate that the samples were not conformationally or structurally uniform and that various degree of static or dynamic disorder could be
present. Although there is a number of bond rotations possible in TCl molecule allowing for instance
π-flips of the phenyl rings, all the performed NMR experiments excluded dynamic nature of the observed
disorder. This assumption was basically indicated
by long T1 (1 H) relaxation time that reached 48 s.
Rigidity of TCl molecule was further supported by
variable temperature 13 C CP/MAS NMR measurements exhibiting absolutely no differences between
the room-temperature and high-temperature (60◦ C)
spectra (not shown here). Finally, the absence of slow
segmental motions was definitely confirmed by additional 13 C–13 C EXSY (Exchange Spectroscopy) NMR
experiment. Although the EXSY NMR spectrum was
acquired more than 2 weeks with mixing time of
500 ms no correlation signals were detected (for further details see Supporting Information Fig. S1). Consequently, the observed structural diversity of TCl
could be unambiguously attributed to the permanent
(static) molecular disorder. The second consequence

Differential Scanning Calorimetry
Differential scanning calorimetric measurements
were carried out on a DSC calorimeter 8500
(PerkinElmer, Waltham, Massachusetts, USA) with
nitrogen purge gas. The instrument was calibrated
for temperature and heat flow using indium as a
standard. Heat capacity readings were calibrated
using sapphire. Samples were encapsulated into
closed aluminum pans and sample masses of 2–3 mg
were used. Two types of analysis, a conventional
DSC and temperature-modulated DSC, were carried out. Conventional DSC was performed from
50◦ C to 230◦ C at a heating rate of 100◦ C/min followed by very slow heating (1◦ C/min) up to 285◦ C.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 4, APRIL 2013

Statistical Analysis: FA and Spectral Pretreatment
Factor analysis using the SVD algorithm was performed to extract information from the experimental
data obtained by 13 C CP/MAS NMR spectroscopy, and
to visualize differences between various forms of the
API. Processing of spectral data was performed usR
program package (MathWorks, Inc.,
ing MATLAB
Natick, Massachusetts, USA). The following spectral
range was subjected to the FA: 13 C CP/MAS NMR:
from 180 to 0 ppm. All 13 C CP/MAS NMR spectra were
base-line corrected and normalized. Preparation and
processing of a moderately sized data set containing
about 12 spectra took about 10 min.
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Figure 1. Overlay of 13 C CP/MAS NMR spectra of the investigated samples of trospium
chloride. Signal assignment presented here follows from 13 C CPPI/MAS NMR experiments
discriminating CH3 , CH2 , CH, and C carbon signals, and from semi-empirical simulation of 13 C
NMR spectra using ACD/CNMR predictor (Supporting Information Fig. S2).

of the absence of molecular motion was the long time
needed for the collection of a single spectrum. In our
case, even with the optimized repetition delay of 60 s,
24 h were needed to obtain a good-quality 13 C CP/
MAS NMR spectrum. At such nearly prohibitive conditions, measurements of advanced 2D correlation experiments that provide much deeper insight into the
structural variation of organic solids such HETCOR
or SLF experiments14,21,22 are impractical and prohibitively long, in particular in the pharmaceutical
industry, where immediate quality control is required.
Therefore, we focused our investigation on the detailed analysis of 13 C CP/MAS NMR spectra that were
shown to generally carry large amount of structural
information.23
Close inspection showed that the recorded spectra
were dominated by the asymmetrically broadened signals that in some cases exhibited very complicated
patterns and splitting. For instance, the signals of
quaternary aromatic carbons (i) and C OH moiety
(number 1) comprised at least four subsignals each.
In contrast, the signals of methylene unit numbers

DOI 10.1002/jps

7, 7 , 8, and 8 clearly showed doubling. The resulting
doubles were not symmetrical and the high-frequency
components exhibited weaker intensities than the
low-frequency signals. The exception was the product
TS-0/50/0 for which the two subsignals were symmetrical with equal intensity of both components (Fig. 1).
In general, the splitting of a 13 C NMR resonance into
multiple subsignals indicates presence of multiple
nonequivalent sites for a corresponding carbon atom.
Therefore, in crystalline systems, which would not
have defects and would have crystallites of sufficient
size, one could assume that the number of components
in the multiple subsignals directly shows the number
of molecules in the asymmetric unit.23 However, in
crystallographically poorly defined solids, the signal
splitting could rather reflect a fraction of structurally
disordered molecules, crystal-phase impurity, or the
presence of an amorphous form. The recorded spectra
thus indicated that the crystal structure of TCl was
very complex, and the prepared powders could basically consist of two groups of structurally different
molecules. Because the performed conventional DSC
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and XRPD experiments did not indicate the presence
of two distinct polymorphic forms of TCl, nor did they
indicate the existence of amorphous phase (details
are discussed in the sections below), we interpreted
the observed splitting of the signals as a molecular
disorder affecting one polymorphic form to a variable degree or the split signals could reflect presence
of nanoscale crystals that would not give Bragg reflection in XRPD. The extent of the disorder or the
amount of nanocrystals, however, was not strictly
constant and seemed to be variable from the ratio
of about 15% (TS-0/99/20) up to about 50% (TS-0/50/
0). Consequently, the former system could be considered as a moderately disordered modification of TCl,
whereas the latter one resembled the crystalline systems nearly consisting of two symmetry-independent
molecules in the crystal unit. These findings thus indicated that the observed molecular disorder could be
associated with the fraction of molecules or chlorine
ions occupying another position in the crystal lattice.
However, as demonstrated by the complex splitting
and broadening of quaternary carbons, besides this
type of disorder that was reflected by the doubling of
the signals of methylene unit numbers 7, 7 , 8, and
8 , there was additional, more subtle, structure developing and this structure could consist in nanoscale
crystals. Consequently, the number of structurally
different fractions of TCl molecules in the prepared
systems, simply deduced from the splitting of 13 C
CP/MAS NMR signals, was estimated to be higher
than 4. More detailed structural analysis and understanding of structural diversity of TCl, however,
could not be performed simply from the 13 C CP/MAS
NMR spectra alone. Because the recorded 13 C CP/
MAS NMR spectra were complex, the observed differences in the spectra were relatively subtle and
difficult to describe quantitatively, special statistical
processing based on FA that had been applied successfully before16,17 was required to achieve their correct and rigorous interpretation. Subsequently, the
samples investigated were also characterized by DSC,
FTIR spectroscopy, and XRPD experiments.
Factor Analysis
As demonstrated previously,16,17 FA is able to distinguish complex changes in sizeable sets of experimental data. Specifically, the SVD algorithm converts experimental spectra Yi into the set of subspectra Sj
(Eq. 1). In this way, the set of experimental data is reduced into several essential factors (subspectra). The
subspectra associated with the highest singular values (wj ) are sufficient for appropriate description of
the complete experimental data series.
Yi =

n


wj Vij Sj

(1)

j =1
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The calculated subspectra are linear combinations
of the experimental data and vice versa; the experimental data can be obtained from the linear combination of the subspectra (Eq. 1). Each subspectrum Sj
represents a specific spectral feature that is typical
for a given type of prepared samples. The statistical
importance and hence the order of each subspectrum
Sj is expressed by the singular value, wj . Significantly, the ability of a particular subspectrum Sj to
describe the experimental spectrum Yi is expressed
by the normalized coefficient Vij . Consequently, the
coefficients (the scores) Vij represent quantitative parameters reflecting spectral differences between the
analyzed samples. In this way, any modification of a
particular API can be unambiguously identified via
the set of Vij coefficients.
We applied FA to the set of 12 investigated samples.
Singular values (Fig. 2) denoted statistically significant subspectra of first to fourth order (S1 –S4 ). Subspectra of higher orders represented noise in the experimental data. The interpretation of the subspectra
mentioned below followed from our previous analysis
of a large set of polymorphic forms of atorvastatin16,17
when we extensively tested the ability of FA to provide
structural data from 19 F MAS NMR and 13 C CP/MAS
NMR spectra and found some interesting features.
The experience obtained then was applied on the set
of subspectra calculated for TCl. The subspectrum of
the first order S1 represented a superposition of all
signals. This subspectrum was considered to be a statistical average of all the experimental data; the signals (spectral components) repeated in all the spectra
were dominant, whereas those signals that occurred
only rarely and in exceptional cases were suppressed.
The subspectrum S2 reflected the most significant differences between the individual experimental spectra
and the calculated average S1 . In our particular case,
the most significant differences were the changes in
relative intensities of the low- and high-frequency signals in the double signals as could be seen from the
comparison of the subspectrum S2 with two experimental spectra that had the extreme absolute value
of the coefficient Vi2 (samples TS-0/99/20 and TS-0/
50/0, which gave the two most different spectra in the
whole data set; see Supporting Information Fig. S3).
The low-frequency components of the double signals
were positive, whereas the high-frequency ones were
negative. This suggested that the samples differ from
each other primarily in the extent of disorder that
was described by the subspectrum S2 . The signals
exhibiting complex splitting such as quaternary aromatic carbons (i) and C OH moiety (number 1) were
intensified in the subspectrum S3 (Fig. 2 and Supporting Information Fig. S4). This indicated that the
subspectrum S3 probably represented the variability of systems related to the additional, more subtle
structure that could consist of the nanoscale crystals.
DOI 10.1002/jps
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Figure 2. Singular values wj calculated from the 13 C CP/MAS NMR spectra and the relevant
subspectra. The highest singular values indicate the most significant subspectra (S1 –S4 ).

The subspectrum S4 differentiated the experimental
spectra on the basis of new signals with low intensity, slight changes in the line widths of the signal
described by subspectrum S1 ; it could possibly identify any hidden changes as well. Such variations in
the NMR spectra may be caused by some disorder
in any part of aromatic rings, or by changes in the
strength of hydrogen bonds. In our particular case,
the double signals (methylene unit numbers 7, 7 , 8,
and 8 ) were reflected only by the low-frequency component, whereas the high-frequency ones were suppressed in the subspectrum S4 (see Supporting Information Fig. S5). This indicated that the subspectrum
S4 allowed for differentiation of the samples according to the slight structural variation.
Differences in the scores Vi2 , Vi3 , and Vi4 associated with the subspectra S2 , S3 , and S4 , respectively,
were significant enough to be taken into account and
allowed the samples examined to be objectively divided into four groups—I, II, III, and IV (Fig. 3). The
FA was also attempted per partes—for the region of
the spectra between 180 and 120 ppm, and for a second region between 95 and 10 ppm. In all the cases
(the whole spectra and their two regions), the spectra were divided into the same four groups (I, II, III,
and IV)—these separate groups corresponded to the
method of preparation.
The inspection of the clustering revealed that these
groups clearly correlated with the conditions of sample crystallization. The first group revealed by FA
(group I) corresponded to the samples crystallized
from saturated solution of the mixture ethanol/water
(50/50) and at crystallization temperature of 0◦ C.
Groups II and III included samples prepared from
excess of solvent, whereas group IV was recrystallized from saturated solution of highly concentrated
ethanol (100%–95%). Even though the spectra of
DOI 10.1002/jps

group II, III, and IV were very similar, a more detailed
inspection of them enabled us to find differences between the spectra. Group IV spectra had the smallest
line widths, the line widths of group III, II, and I increased in that order. In the following, the spectra of
group III and IV, that is, the samples recrystallized
from excess of solvent and from saturated solution,
are compared. It became apparent, that group IV was
more structurally ordered than group III because the
spectral lines were narrower than in systems prepared from solvent excess (group III). Samples prepared from saturated solution (group IV; X = 0) were
very similar to each other and they showed only limited structural variability (Figs. 4 and 5). The samples prepared from excess of mixed solvent system
show much greater structural variability. Further
differences in the spectra concerned the individual
functional groups, especially in the region of the aromatic rings resonance and in the region of the sevenand five-membered rings (atoms 5 and 5 ; pyrrolidine
atoms 7 and 7 ). The signals corresponding to the
atoms 5 and 5 in the group I spectrum corresponded
to the superposition of several resonances, but there
was no obvious splitting—in contrast to the group
III and IV, where the individual signals were well
resolved. These differences confirmed that the aromatic rings as well as the seven- and five-membered
rings of the TCl molecule adopted at least two structural arrangements. Overall, the spectral variation in
groups II—IV described above could be explained either by the molecular disorder of the corresponding
one polymorphic form with variable extent and/or by
the presence of structural impurities in the samples,
for example, creation of nanoscale crystals may be
representing a new polymorphic form. Unfortunately,
both these processes can be interconnected and mutually combined; therefore, to tackle this problem,
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 4, APRIL 2013

1242

URBANOVA ET AL.

Figure 3. Two-dimensional and 3D correlation graphs for coefficients (scores) Vi2 , Vi3 , and
Vi4 calculated from the 13 C CP/MAS NMR spectra and relevant subspectra.

we performed detailed thermodynamic analysis of
the prepared samples. In this respect, we focused
on looking for the differences between the groups
III and IV.
Differential Scanning Calorimetry
Thermodynamic behavior of the prepared samples
was at first probed by conventional DSC. When constant heating rate of 10◦ C/min was used, it enabled
observation of the dominant endotherm of melting
that consisted of all the overlapping reversible (time
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 4, APRIL 2013

dependent) transitions in the samples (Fig. 6a). The
maxima of the endotherms corresponding to the four
groups defined by FA of 13 C CP/MAS NMR spectra
differed by approximately 2◦ C–3◦ C, a value close to
the precision limit achievable by this measurement.
In addition, it was clear that there was no well-defined
separation of the four groups on the basis of melting
temperature. Rather, a continuous transition between
them was observed indicating that the prepared products are multicomponent systems with variable composition. Conventional DSC scan performed at slow
rates (1◦ C/min) was accompanied with reduction of
DOI 10.1002/jps
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Figure 4. 13 C CP/MAS NMR spectra of the investigated samples of trospium chloride. Labeling of samples: TS-X/Y/Z; X—initial concentration of solution (X = 0, saturated solution; 30%
excess of solvent, X = 30; 50% excess of solvent, X = 50); Y–-amount of ethanol in the mixed
solvent system (Y = 50, 50% of EtOH; Y = 95, 95% of EtOH; Y = 99, 99% of EtOH; Y = 100,
100% of EtOH); Z–-temperature of crystallization (Z = 0, crystallization temperature 0◦ C; Z =
20, crystallization temperature 20◦ C).

Figure 5. Comparison of 13 C CP/MAS NMR spectra of the samples TS-0/50/0, TS-30/100/0,
and TS-0/99/20 representing groups I, III, and IV, respectively.
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Figure 6. Thermodynamic behavior (conventional DSC runs) of the prepared systems (a),
and temperature modulated DSC measurement of representative samples TS-050/0, TS-0/99/
20, and TS-30/100/0 (b).

total heat flow resulting in low sensitivity of the DSC
record, and DSC scans with fast heating rates were
disabled because of the fast degradation of the samples at higher temperatures.
Temperature-modulated DSC measurement was
performed on three representative samples (one per
each group I, III, and IV). This technique combines
short heating steps with isotherms and enables separation of overlapping events and deconvolution of
the heat-flow curve to reversing and nonreversing
parts.24,25 In Figure 6b, the reversing (pure thermodynamic) specific heat capacities of the samples prepared from saturated solution with the concentration
of ethanol in the mixture of 99% (TS-0/99/20, group
IV), from diluted solution with the concentration of
ethanol of 100% (TS-30/100/0, group III), and from
saturated solution with the concentration of ethanol
in the mixture of 50% (TS-0/50/0, group I) are compared. In all three cases, a first small endothermic
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 4, APRIL 2013

melt with an onset of 237◦ C and an apex at 238.3◦ C
for TS-0/99/20 and an onset of 239◦ C and an apex at
240.4 ◦ C for TS-30/100/0, and an onset of 239◦ C and
an apex at 241.0 ◦ C for TS-0/50/0 was observed, followed immediately by a small exothermic transition
due to crystallization. It could indicate the presence
of a small amount of a metastable form or nanoscale
crystals of the dominant form which recrystallized
immediately after the melting into a better defined
and/or more stable structural form. More probably,
the first endotherm could be correlated to the melting
of insufficiently developed crystals containing large
crystal defects. The beginning of the melting connected with increasing molecular segment mobility
enabled further structural rearrangement leading to
a formation of thermodynamically more stable structural form. From this point of view, the first exotherm
was connected with the completion of structure formation induced by the change of conformation.
DOI 10.1002/jps
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For all samples, a large endotherm of melting split
into two peaks was observed, giving an evidence of
two main structural forms. In the case of the sample
crystallized from the saturated solution at 20◦ C (TS0/99/20), the endothermic melt with an onset at 241◦ C
was observed and the peaks (with maxima 245◦ C and
248◦ C) were not well separated. It meant the presence
of similar, but not identical, structural forms. Larger
differences were observed in the case of sample crystallized from the diluted solution at 0◦ C (TS-30/100/
0) and in the system crystallized from substantially
diluted ethanol again at 0◦ C (TS-0/50/0). The onset
of the endothermic melt was shifted to higher temperature (243◦ C and 244◦ C, respectively) and both
endothermic peaks (with maxima at ca. 246◦ C and
251◦ C) were more separated. The maximum of the
first peak was observed at the same position as in
the sample TS-0/99/20, whereas the maximum of the
second peak was significantly shifted to higher temperature. This phenomenon can be explained by the
presence of crystalline structures that were more developed from the macroscopic point of view (e.g., significantly larger domains with the same crystalline
structure were developed). All the above experimental data thus suggested that the prepared products
are basically two-component systems consisting of
well-developed highly crystalline domains that were
partly separated from the domains in which the crystal structure was disordered. The extent of phase separation and the size of these domains seemed to be
dependent on the preparation conditions. It should
be noted that more detailed analysis of DSC measurements was complicated by the fact that the samples started to degrade immediately after the melting,
even in the inert nitrogen atmosphere. The degradation connected with rapid weight decrease (starting at
ca. 256◦ C) was also confirmed by thermogravimetric
analysis and visually inspected using a melting point
apparatus.
ATR-FTIR Spectroscopy
For further understanding of structural differences
between the two components of TCl products revealed
by temperature-modulated DSC and NMR, we performed extensive analysis of the systems using IR
spectroscopy. In this case, we focused on the systems
from groups III and IV that exhibited largest differences in DSC experiments. As the direct comparison of the recorded ATR-FTIR spectra did not show
clear differences, we tried to enhance and highlight
the expected spectral features providing key structural information by the following procedure.26 The
recorded ATR-FTIR spectra were divided into two
groups manually using the results of FA of 13 C CP/
MAS NMR spectroscopy; first group contained the
ATR-FTIR spectra corresponding to those samples
that were prepared in the same way as the NMR specDOI 10.1002/jps
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Figure 7. The average ATR-FTIR spectra for group III
and IV samples (a) and the corresponding OH stretching
vibration region (b) with a difference spectrum corresponding to subtraction of the group III averaged spectrum from
the averaged spectrum of group IV.

tra in group III and the second group of IR spectra corresponded to the samples in group IV. Subsequently,
an average spectrum for each group (III and IV) was
calculated; these spectra are displayed in Figure 7a
and the tentative assignment of the IR bands is the
following: the peaks with maxima between 3135 and
3125 cm−1 corresponded to the stretching vibration of
the O H bond in the hydroxyl group. The band at
3025 cm−1 represented the stretching vibration of the
C H bonds of the aromatic rings. The bands at 2970
and 2885 cm−1 were present due to the asymmetric
and symmetric stretching vibration, respectively, of
the CH2 group of the pyrrolidine and the cycloheptane rings. The band at 2955 cm−1 characterized absorption due to the C H stretching vibration of the
cycloheptane ring (bonds on carbon atoms number 3,
5, 5 ). The C O group stretching vibration was located at 1730 cm−1 . The carbon–carbon vibrations of
the aromatic rings gave rise to the absorption bands
at 1595, 1490, and 1450 cm−1 . The absorption bands
for the asymmetric and symmetric stretching vibration of the C O C linkage (partly involving the ester group) were found at 1240 and 1180 cm−1 , respectively, whereas the stretching vibration of the C O
bond in the C OH group was found at 1055 cm−1 . The
comparison of the two average FTIR spectra showed
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 4, APRIL 2013
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clear differences in the OH stretching vibration region: the shape, the intensity, and the location of
the overall maximum of this composite band differed.
Subtraction of the averaged spectrum corresponding
to group III from the averaged spectrum of group IV
resulted in a single positive band in the region above
3050 cm−1 (Fig. 7b). This band appeared to be symmetric, with center located at about 3150 cm−1 and
the full-width-at-half-maximum of 85 cm−1 . Its intensity was equal to approximately 20% of the composite
OH band intensity in the averaged spectrum of the
group IV. The OH stretching vibration region is very
sensitive to any alterations in the hydrogen bond network and has been previously used to detect significant structural differences between cellulose I" of different origin, for which the NMR spectroscopy showed
only slight differences due to disorder and change of
conformation.2
Usually, upon hydrogen bond formation, the length
of the O H bond increases, which leads to a red shift
of the O H stretching vibration frequency; the magnitude of the shift correlates with the strength of the
hydrogen bond. In addition, increase in line width and
intensity is also detected.27,28 The position of the O H
stretching vibration band in the difference spectrum
(3150 cm−1 ) indicated involvement of the corresponding OH groups in strong hydrogen bonds, whereas
the other O H stretching vibration bands in the averaged spectra for group III and IV were even more
red-shifted corresponding to OH groups that took part
in even stronger interactions. At the same time, the
location of the 3150 cm−1 band was very close to the
wavenumber of 3130 cm−1 of O H stretching vibration reported for a single water molecule interacting
via ionic hydrogen bond with a chloride anion.29,30
The presence of this band could indicate greater number of ionic hydrogen bonds31 between the OH group
and the chloride anion in TCl recrystallized from saturated solution. However, this ionic hydrogen bond did
not appear to be the strongest OH group interaction
present in these systems; thus, its presence could indicate less well-developed crystals or structures and
consequently could cause the lower melting temperatures in comparison with the samples recrystallized
from excess solvent as observed by temperature modulated DSC. Vibration of free hydroxyls that would be
expected at wave numbers above 3600 cm−1 (Ref. 32)
was not detected in the difference spectrum—all the
OH groups present were involved in interactions. The
obtained results thus suggest that the structural differences between the two fractions detected by the
temperature modulated DSC could be associated with
differences in quality and strength of hydrogen bonding network involving OH moieties and Cl− ions.
These differences could affect not only quality of crystal lattice but also could strongly affect charge and
electron density around neighboring carbon atoms
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 4, APRIL 2013

inducing thus significant changes in 13 C NMR chemical shifts.
X-Ray Diffraction Analysis
In general, XRPD is one the best ways how to probe
polymorphism of organic solids and how to check
polymorphic purity of pharmaceutical products. In
our particular case, however, in contrast to 13 C CP/
MAS NMR and FTIR experimental results, the XRPD
data (Fig. 8) showed no clear difference between the
prepared systems. The only changes observed were
the differences in the intensities of the diffraction
lines that could be explained by preferential orientation of crystals introduced during their placement in
the cuvette/bracket and due to the shape of crystalline
particles in the powdered samples. In addition, processing of the entire set of the recorded diffractograms
by FA returned no results. These facts would indicate
that all the products of TCl investigated (groups I–IV)
adopted the same crystal structure. The differences
detected by 13 C CP/MAS NMR and FTIR thus could
be attributed to the changes that do not affect the
global crystal structure of TCl, that do not contribute
to X-ray diffraction, or that are hidden in relatively
broad X-ray reflections detected (Fig. 8). On the basis
of spectroscopy and calorimetry, it was suggested that
these changes were caused by molecular disorder affecting one polymorphic form to a variable degree or
they were caused by the presence of nanoscale crystals that would not give Bragg reflection in XRPD.
In this respect, it is worth mentioning our recently
published results33 showing that even carefully prepared single crystals of TCl (crystallized in the space
group P21 , monoclinic, a = 11.02, b = 10.92, and
c = 9.15 A, Z = 2) exhibited significant molecular
disorder. Moreover, a symmetry operation generated

Figure 8. Comparison of XRPD diffractograms of the
samples TS-0/50/0, TS-30/100/0, and TS-0/99/20 representing groups I, III, and IV, respectively.
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beyond the space group was found between the ordered and disordered molecules. We can assume that
this phenomenon also contributes to the structural diversity of TCl. Similar phenomenon has been recently
discussed for eniluracil the X-ray diffraction data of
which had indicated two polymorphic forms. Reexamination of the experimental data combined with
a computational search for the low energy crystal
structures, however, attributed the observed differences to molecular disorder.6 It is thus clear that distinguishing between polymorphism and disorder can
be a challenging problem requiring extensive experimental and computational effort. In our particular
case, however, such type of quantum–chemical computation was not only beyond the scope of this contribution but also was impracticable in reasonable time
because of the size of TCl (C25 H30 ClNO3 ) that was significantly larger than that of eniluracil (C6 H4 N2 O2 ).
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preparation. Hence, it was demonstrated that 13 C CP/
MAS NMR spectroscopy combined with FA can be
simply used for the quality control of complex or disordered crystalline products for which other standard
laboratory techniques fail.
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