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a b s t r a c t

Poor aqueous solubility of an active pharmaceutic al ingredient (API) is one of the most pressing problems 
in pharmaceutic al research and development because up to 90% of new API candidates under develop- 
ment are poorly water soluble. These drugs usually have a low and variable oral bioavailability, and 
therefore an unsatisfactory therapeutic effect. One of the most promising approache s to increase disso- 
lution rate and solubility of these drugs is the conve rsion of a crystalline form of the drug into its respec- 
tive amorphous form, usually by incorporation into hydrophilic polymers, forming glass solutions. 
However, this strategy only led to a small number of marketed products usually becau se of inadequate 
physical stability of the drug (crystallization). In this study, we investigated a fundamentally different 
approach to stabilize the amorphous form of drugs, namely the use of amino acids as small molecular 
weight exci pients that form specific molecular inter actions with the drug resulting in co-amorphous 
forms. The two poorly water soluble drugs carbamaze pine and indomethacin were combined with amino 
acids from the binding sites of the biological receptors of these drugs. Mixtures of drug and the amino 
acids arginine, phenylalanine, tryptophan and tyrosine were prepare d by vibratio nal ball milling. 
Solid-state characterization with X-ray powder diffraction (XRPD) and differential scanning calorimetry 
(DSC) revealed that the various blends could be prepared as homogeneous, single phase co-amorphous 
formulations indicated by the appearance of an amorphous halo in the XRPD diffractograms and a single 
glass transition temperature (Tg) in the DSC measure ments. In addition, the Tgs of the co-amorph ous mix- 
tures were significantly increased over those of the individual drugs. The drugs rem ained chemically 
stable during the milling process and the co-amorphous formulations were generally physically stable 
over at least 6 months at 40 �C under dry conditions. The dissolution rate of all co-amorphous drug–
amino acid mixtures was significantly increased over that of the respective crystalline and amorphous 
pure drugs. Ami no acids thus app ear as promising excipients to solve challenges connected with the sta- 
bility and dissolution of amorphous drugs. 

� 2013 Elsevier B.V. All rights reserved. 

1. Introductio n

Today, approximat ely 90% of small molecular weight drug can- 
didates under development have poor aqueous solubility [1]. This 
fact can be seen as one of the most pressing problems in drug re- 
search and development since most active pharmaceuti cal ingredi- 
ents (API) are administ ered via the oral route, where dissolution in 
the gastric and intestina l fluids is one of the main prerequis ites for 
the biological activity of any given API. Problems in finding an 
appropriate drug delivery system for poorly water soluble API 

can severely compromise the chance of the API to be further devel- 
oped. Therefore, it is necessar y to overcome problems associate d
with limited dissolution of an API in order to enable promising 
drug candidat es to reach the patient. 

One of the most promising approach es in the development of 
drug delivery systems to improve the efficacy of new drugs is the 
conversio n of a crystalline drug to its respective amorphous coun- 
terpart [2]. However, the main drawback of the use of individua l
amorpho us drugs is their physical instability during manufactur -
ing, storage or administ ration with respect to their inherent ten- 
dency to recrystal lize due to the fact that they are 
thermod ynamically unstable [3]. One strategy to improve the sta- 
bility of amorpho us drugs is to incorporate them into amorpho us 
polymers to create glass solutions [4], which can be described as 
molecula r mixtures of a drug and a hydrophilic polymer. The 
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increased physical stability of these amorphous systems can be ex- 
plained (at least in part) by their increased glass transition temper- 
ature (Tg), compared to the Tg of the pure amorphous drug, 
resulting from the frequently high Tg of the polymers. 

However, this approach has severe drawbacks, mainly due to 
the commonl y high hygroscopici ty of the polymers. Water, acting 
as a plasticizer, will strongly lower the Tg of the glass solution, soft- 
en the amorphous mixture, increase molecular mobility within the 
glass, and thus increase the likelihood for crystallization of the 
drug. Another drawback of the use of polymers in glass solutions 
can be limited miscibili ty of the drug into the polymer. Thus, often 
large amounts of polymer are required for sufficient drug loading 
and this in turn leads to large bulk volumes of the final dosage form 
[5].

Recently, interest towards binary amorphous drug formulations, 
comprising two compounds with small molecular weight, as an 
alternative to the use of antiplasticisi ng polymers, has increased. 
In this approach, two pharmacolo gically suitable drug molecules 
were chosen and combined in order to prepare highly stable co- 
amorphous mixtures with improved dissolution properties [6–9].
The improved physico-chem ical properties of these co-amorphous 
formulation s could be explained by strong molecular interactio ns 
between the two compounds in the mixtures. A study with naproxen 
and cimetidin e revealed an increased Tg of the co-amorpho us binary 
mixture over those of the individua l compounds [7]. The authors ex- 
plained the finding by specific and strong interactions between the 
two components. Furthermore, it could be shown that the dissolu- 
tion rate of a poorly water soluble drug in a co-amorpho us mixture 
was faster than that of the individual drug (crystalline or amor- 
phous). In addition, the dissolution rate was also dependent on the 
dissolution propertie s of the partner molecule in the mixture [7,8].
This very promising approach proved to be an alternativ e to glass 
solutions using polymers, especiall y when both drugs could be 
administere d together in combination therapy. However, studies 
so far concentr ated only on the use of two drugs–these had to be a
pharmacolo gically relevant pair used in similar doses. Therefore, 
there is a need for a more generally applicable concept, such as using 
APIs and small molecular weight excipients that form strong interac- 
tions to stabilize the API in an amorpho us form. 

In this study, we have used amino acids as low molecular 
weight excipients and co-formers in co-amorpho us drug formula- 
tions with the two poorly water soluble BCS class II drugs carbam- 
azepine (CBZ) and indomethacin (IND). The amino acids were 
chosen based on the binding site of the biological receptors of 
the drugs, i.e. arginine (ARG) and tyrosine (TYR) from the IND bind- 
ing cyclo-oxigenas e 2 [10], and phenylalanine (PHE) and trypto- 
phan (TRP) from CBZ binding neuronal Na + channels [11]. These 
amino acids naturally have strong interactions with the drug at 
the active site in the body. Therefore, we hypothesized that the 
functional groups of these amino acids might also interact with 
the drug in a solid-state co-amorpho us mixture and are possible 
stabilizers for the amorphous drug in a co-amorphous blend, effec- 
tively preventing the drug from crystallization. Mixtures were pre- 
pared by vibration al ball milling of the drug with either one or two 
amino acids and their solid-state, stability and dissolution proper- 
ties were investigated. 

2. Materials and methods 

2.1. Materials 

Indomethacin (IND, M = 357.79 g/mol) and carbamazepi ne 
(CBZ, M = 236.27 g/mol) were purchased from Hawkins , Inc. Phar- 
maceutical Group (Minneapolis, USA). The amino acids L-arginine
(ARG, M = 174.20 g/mol), L-phenylal anine (PHE, M = 165.19 g/ 

mol), L-tryptophan (TRP, M = 204.23 g/mol) and L-tyrosine (TYR,
M = 181.19 g/mol) were obtained from Sigma–Aldrich (St. Louis, 
USA). All compounds were used as received. 

2.2. Methods 

2.2.1. Preparatio n of the amorpho us materials 
Co-amorpho us blends of drug and amino acids were prepared 

by vibrational ball milling (BM). The BM samples were produced 
by placing a total mass of 500 mg of the crystalline compound s, 
or the appropriate amount of drug and amino acid(s) at the molar 
ratios 1:1 or 1:1:1 with one or two amino acids, respectivel y, into 
25 ml milling jars with two 12 mm stainless steel balls, and milling 
at 30 Hz for 90 min in an oscillator y ball mill (Mixer Mill MM400, 
Retch GmbH & Co., Haan, Germany ), which was placed in a cold 
room (+6 �C).

2.2.2. X-ray powder diffraction (XRPD)
XRPD was performed using an X’Pert PANalytical X’Pert PRO X- 

ray Diffractometer (Almelo, The Netherlands) using Cu Ka radia-
tion (k = 1.54187 Å). An accelerati on voltage and current of 45 kV 
and 40 mA were used. Samples were scanned in reflection mode 
between 5� and 35 � 2h with a scan speed of 0.067335 � 2h/s and a
step size of 0.0262606 �. Data were collected and analysed using 
the software X’Pert Data Collector (PANalytical B.V., Almelo, The 
Netherla nds).

2.2.3. Differentia l scanning calorimetry (DSC)
DSC thermogr ams were obtained using a PerkinElmer Diamond 

DSC (PerkinElmer, Shelton, USA) under a nitrogen gas flow of 
20 mL/min. Calibration of the DSC instrument was carried out using 
indium as a standard. Sample powders (approx. 10 mg) were ana- 
lysed in 40 ll aluminium pans with pinholes. CBZ containing sam- 
ples were analysed between �20 �C and 200 �C, and IND 
containing samples were analysed between �20 �C and 180 �C at a
heating rate of 10 K/min. The glass transition temperat ures (Tg, mid- 
point) were determined using PerkinElmer Pyris software (version
7.0.0.0110 ) and calculated as the mean of three independent 
measure ments. 

2.2.4. Theoretic al Tg values (Gordon Taylor equation)
Sin ce bi na ry co-a mo rp hou s ami no acid ble nds (AR G–PHE ,

ARG –TRP an d PHE –TRP ) co uld be pr ep are d by vib rat io nal ba ll mi ll in g
as de sc ri bed und er Sect io n 2.2 .1 , th e exp er im ent al gla ss tr an si ti on 
temp era tur es of the te rn ary co -a mo rp hous ble nds were comp are d
for fu rt her int erp re tati on wi th the theo re tic al Tg valu es pr ed ic te d fro m
the Go rd on Tay lo r equ atio n usi ng the app roa ch of Löbma nn et al. [8] .
In thi s app ro ach, the tern ar y co- am or ph ou s mi xt ur es we re re gard ed
as non- in te ra ctin g mi xt ur es betwe en th e dr ug an d the bin ary co-
amo rp hous am in o aci d bl en ds . Th us, th e dru g and th e co -a mo rp hous
bin ary ami no ar e ins er te d as in di vid ua l comp onen ts in the Gor do n–
Tayl or equa tio n whic h is gi ven by the foll owin g equa tio n:

Tg12 ¼
w1 � Tg1 þ K �w2 � Tg2

w1 þ K �w2
ð1Þ

where Tg12 is the Tg of a ternary co-amorphou s mixture, whereas Tg1

and Tg2 are the Tgs of the amorphous drug and the co-amorp hous 
binary amino acid mixture, respective ly. The weight fractions of 
each component in the mixture are represented by w1 and w2. K
is a constant and can be further described by the following 
equation :

K ¼ Tg1 � q1

Tg2 � q2
ð2Þ

where q1 and q2 are the respective powder densities of the single 
amorp hous component s. The crystalline densities of the compound s
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