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Abstract
Low aqueous solubility of drug candidates is an ongoing challenge and pharmaceutical manufacturers pay close attention 
to amorphization (AMORP) technology to improve the solubility of drugs that dissolve poorly. Amorphous drug typically 
exhibits much higher apparent solubility than their crystalline form due to high energy state that enable them to produce a 
supersaturated state in the gastrointestinal tract and thereby improve bioavailability. The stability and augmented solubility in 
co-amorphous (COA) formulations is influenced by molecular interactions. COA are excellent carriers-based drug delivery 
systems for biopharmaceutical classification system (BCS) class II and class IV drugs. The three important critical quality 
attributes, such as co-formability, physical stability, and dissolution performance, are necessary to illustrate the COA systems. 
New amorphous-stabilized carriers-based fabrication techniques that improve drug loading and degree of AMORP have been 
the focus of emerging AMORP technology. Numerous low-molecular-weight compounds, particularly amino acids such as 
glutamic acid, arginine, isoleucine, leucine, valine, alanine, glycine, etc., have been employed as potential co-formers. The 
review focus on the prevailing drug AMORP strategies used in pharmaceutical research, including in situ AMORP, COA 
systems, and mesoporous particle-based methods. Moreover, brief characterization techniques and the application of the 
different amino acids in stabilization and solubility improvements have been related.
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MBD  Mebendazole
Met  Methionine
NCEs  New chemical entities
NMR  Nuclear magnetic resonance
Phel  Phenylalanine
PASDs  Polymeric amorphous solid dispersions
Pro  Proline
SEM  Scan electron microscopy
SIM  Simvastatin
ssNMR  Solid-state nuclear magnetic resonance
SCF  Solution-enhanced dispersion
SDs  Solid dispersions
Trph  Tryptophan
Tyr  Tyrosine
Val  Valine
VT  Variable temperature
XRPD  X-ray powder diffraction

Introduction

An increasing number of new pharmaceutical drugs exhibit 
poor aqueous solubility with insufficient and unpredictable 
bioavailability as well as gastrointestinal mucosal irritation, 
which is likely to cause challenges during their develop-
ment into oral drug products. The most crucial rate-limiting 
factor for drugs taken orally is solubility, which allows to 
achieve the desired concentration of the drug in the systemic 
circulation for pharmacological response [1]. The pharma-
ceutically active ingredient with low solubility indicates a 
higher chance of failure for drug innovation and develop-
ment. Poor solubility also has a considerable negative effect 
on pharmacodynamics, pharmacokinetics, drug distribution, 
absorption, and protein binding, which significantly effect 
drug delivery [2]. Moreover, the poor water-soluble drugs 
diminish the rate of in vitro dissolution and give a significant 
adverse impact on the delivery of drugs. Over 40% of the 
new chemical entities (NCEs) formulated by pharmaceutical 
manufacturers are practically encountering solubility issues 
[3]. This solubility concerns of NCEs can be addressed by 
amorphization (AMORP) of drug. The use of modified 
molecular architecture such as polymeric amorphous solid 
dispersions (PASDs) has been offered a novel substitute to 
overcome solubility restrictions, giving the amorphous drug 
high-energy and thermodynamic properties; however, such 
approach drives them to devitrification and limiting their 
market applicability [4]. Designing effective and reliable 
amorphous drug delivery systems require a deeper knowl-
edge of thermodynamics and molecular-level phenomena 
such as fragility, glass transition (Tg), molecular mobility, 
devitrification, and molecular interactions between polymer 
and drug [5]. When amorphous pharmaceuticals are molecu-
larly engineered employing polymers as carriers, the solid 

dispersion products are stabilized with greater control [6]. 
Recently, researchers had significantly improved control 
over the formation and maintenance of super saturations as 
well as solid-state stability that can develop delivery systems 
with desirable and predictable features as well as a work-
able solution for solubilizing difficult-to-solubilize phar-
maceuticals. A prospective replacement for PASDs is the 
co-amorphous (COA) system, a newcomer to the amorphous 
field. The COA are single-phase and amorphous solid sys-
tems composed of two or more tiny molecules that include 
a mixture of drugs and an excipient [7] (Fig. 1). Among the 
several excipients investigated and reported for COA pro-
duction, amino acid have gained significant attention. This 
might be due to the increase in Tg and to the homogeneous 
molecular-level dispersions achieved by high energy mix-
ing. In addition, impregnation with small molecules such as 
amino acid is considered critical for preventing recrystalli-
zation. In most of the studies, the physical stability of such 
systems is attributed to intermolecular interactions such as 
hydrogen bonds, π-π, or even ionic interaction [8] (Fig. 2). 
Moreover, COAs dispersion led to improve stability even in 
the absence of interactions due to molecular mixing.

The COA offer several benefits including enhanced physi-
cal stability and water solubility of amorphous drugs, which 
have the potential to improve therapeutic efficacy. In addition 
to dissolution improvement, COA help to prevent recrystalli-
zation during storage or upon contact with biological fluids, 
through molecular interactions. Although a high dose is pre-
ferred for a COA in case of solid dispersion-based approach; 
however, in case of amino acids (AAs) based COA, a small 
quantity of co-formers is required due to their low molecular 
weight, biocompatibility, and anti-plasticizers property by 
increasing the Tg, while blocking drug-drug interaction and 

Fig. 1  Classification of amorphous mixtures based on co-formers. 
Reproduce with permission from [9] Copyright 2022, Elsevier
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delay in recrystallization. Therefore, the selection of AAs is 
based on knowledge of possible drug-receptor interactions 
at biological binding sites. Henceforth, improved dissolution 
rate and physical stability of COA drug-AAs systems, com-
pared with amorphous drug been reported, due to molecular 
interaction [11, 12]. However, in some case, stable systems 
with non-interacting components are also possible [13].

There are several approaches adopted to improve solubil-
ity and bioavailability. Among them, one common approach 
to enhance the amorphous drug's stability is by incorporat-
ing amorphous drugs into amorphous polymers to form glass 
solutions, defined as molecular mixers consisting drug and 
a hydrophilic polymer [14]. The competent physical stabil-
ity of the amorphous systems is revealed by their superior 
Tg, compared to pure or native drug Tg [15]. Amino acids 
are capable to surge the dissolution behavior of the poorly 
water-soluble drugs over their individual and crystalline 
amorphous forms and stabilize the amorphous state of a 
drug [16]. Amino acids such as tyrosine (Tyr), phenylalanine 
(Phel) tryptophan (Trph), arginine (Arg), etc., were reported 
to significantly improved the dissolution behavior of indo-
methacin (IND) and carbamazepine (CRB) [11]. While, non-
polar amino acids [17] such as leucine [18], Trph, isoleucine 
(Iso), valine (Val), PHEL, methionine (Met), and proline 
(Pro) are first-generation amino acids used as a co-former 
for a specific medication in a COA formulation. In the case 
of an acidic active entity, basic AAs are ideal to produce 
amorphous salts. However, acidic AAs are typically poor 
co-formers for COA [19].

Nikola et al. investigated AAs including Trph, lysine 
(Ly), and Phel to improve the carvedilol (CRD) dissolution 
properties using ball milling (BM) techniques to fabricate 
the COA of CRD. To determine whether formulations have 

the potential to cause CRD to become supersaturated, the 
dissolution performance of milled mixtures was com-
pared with untreated CRD under non-sink conditions. The 
researchers observed that among tested excipients Trph 
was found suitable to fabricate COA with CRD. Samples 
containing CRD and Ly in ratios of 1:0.5, 1:1, and 1:2 M 
produced the highest level of carvedilol supersaturation 
[20]. In another study, an attempt was made to improve the 
solubility and bioavailability of piroxicam using encap-
sulation. The researchers used solvent evaporation and 
electro-spraying approach to formulate different samples 
consisting of gelatin and piroxicam. The gelatin nanocon-
tainers loaded with piroxicam showed improvement in 
solubility and payload release in water. In addition, the 
optimized formulation released 86.32 ± 11.15% of the 
payload in 10 min, which is higher than those pure piroxi-
cam (12.58 ± 6.38%). Additionally, the nanocontainers 
comprising gelatin and piroxicam (8:1) ratio demonstrated 
approximately 600-fold higher drug solubility, compared 
to pure piroxicam indicating gelatin-based nano-formula-
tions are also a promising method for improving the drug's 
biopharmaceutical performance [21].

The dissolution rate of most of mixtures consisting of 
COA drugs and AAs is much faster as compared to their 
crystalline and amorphous drug. As a result, AAs are an 
attractive excipient for addressing issues related to the disso-
lution and stability of amorphous drugs [11]. The objective 
of the review is to discuss different amino acids responsible 
for achieving AMRP. Moreover, the review also presents 
the recent techniques employed for AMORP to improve the 
poorly soluble drug solubility and bioavailability including 
co-amorphization and in situ AMORP. Additionally, the for-
mulation aspects of AAs-based excipients dosage forms and 

Fig 2  Improved solubility of COA systems due to intermolecular interactions. Reproduce from [10] under CCBY 4.0
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different techniques employed to characterize those formula-
tions are also part of this review.

Classification of Drugs Based 
on the Biopharmaceutical Classification 
System

A predictive method for evaluating potential formulation 
effects on oral medication bioavailability in humans is the 
biopharmaceutical classification system (BCS) [22]. The 
BCS is a crucial tool for facilitating both regulatory and 
product development choices [23]. The rate-limiting factors 
influencing the oral drug absorption rate that can be deter-
mined by knowing a compound’s solubility and permeability 
in relevant fluids through biological membranes [24]. This 
knowledge is extremely helpful in forecasting the potential 
impact of formulation and physiological factors on the bio-
availability of oral medications [25]. The classification of 
drugs based on solubility and permeability is depicted in 
Fig. 3.

The BCS class IV drugs demonstrate very low oral bio-
availability and are more likely to demonstrate extremely 
high inter- and intra-subject variability due to their weak 
solubility and permeability profile [27, 28]. Therefore, they 
are typically poor candidates for oral drugs, unless the drug 
dose is very low. However, other estimates claim that only 
5% of the top oral medications in the world fall into this cat-
egory. The liquid-solid technology [29], polymeric nanopar-
ticulate systems [30], crystal engineering [31], lipid-based 
delivery system [32], and P-efflux inhibition strategies [33] 

are employed to surge the bioavailability of such class IV 
drugs [34].

The co-amorphous systems (COAs) benefits include 
enhanced amorphous drugs water solubility and physical sta-
bility that have the potential to improve therapeutic efficacy 
[35, 36]. The COAs is a homogeneous single-phase system 
combining two compatible drugs with a compatible small-
molecule co-former. Due to the higher energy present in an 
amorphous state and minimum energy required for crystal 
lattice rearrangement at the time of dissolution, COA solid 
dispersions (SDs) offer excellent improvement of drug solu-
bility [37]. COAs enhance stability by inhibiting individual 
component crystallization, resulting in a stable, non-crys-
talline blend. This molecular arrangement prevents phase 
separation, ensuring prolonged storage stability. Deng and 
co-worker study investigated the co-amorphous salt systems 
of Norfloxacin, assessing the influence of molecular descrip-
tors on their formation and physical stability. Based on quan-
titative calculations using Pearson correlation coefficient and 
Ridge regression, it is evident that molecular descriptors 
significantly influence Norfloxacin co-amorphous formation, 
with structural parameters (Weight, Rings) demonstrating 
stronger effects than the miscibility parameter Δ and pKa. 
The molecular descriptors associated with π···π interactions, 
molecular miscibility, and ionic interactions play a pivotal 
role in determining physical stability [38]. Correspondingly, 
the AMORP offers several advantages including superior 
conformational flexibility, anti-plasticizing effect, molecu-
lar level mixing, higher miscibility, phase separation effect, 
and prevent crystallization with counter part of demerits 
(13) [39]. However, AMORP suffers with some drawbacks 

Fig. 3  Solubility challenges that plague the oral drug-delivery sys-
tem. The uses of BCS to define drug permeability and solubility as 
metrics for oral absorption. The four categories include BCS Class I 
(high solubility, high permeability), Class II (low solubility, high per-
meability), Class III (high solubility, low permeability), and Class IV 

(low solubility, low permeability). The pie charts to the right show 
the estimated distribution of marketed and pipeline drugs by BCS 
classes. Adapted with permission from [26] Copyright 2018 Biocon-
jugate chemistry
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such as drug polymer missibility, drug recrystallization 
due to poor micibility, and variable chain extension during 
preparation.

Several COA mixture of curcumin with artemisinin 
prepared by rota-vaporization have successfully indicated 
improved Cmax (1.4 to 35 times) and the area under the curve 
(1 to 4 times) with reduced time for peak drug concentra-
tion (Tmax) (40). The major cause of these developments is 
due to strong solid-state interactions between the compo-
nents. Additionally, the COA mixtures’ stability is a result 
of an increase in Tg and the homogenous molecular-level 
dispersions produced by high-energy mixing [40, 41]. Even 
in the absence of interactions brought on by molecule mix-
ing, COA dispersions result in improved stability. Although 
there were no discernible intermolecular interactions in the 
COA SDs system of glipizide (GLP)/simvastatin (SIM), 
improvements concerning solubility and stability were dis-
played after cryo-milling [42] and ball milling (BM) [13]. 
Moreover, COA have been used as a promising formulation 
approach to enhance the performances of poorly water-sol-
uble drugs including dissolution, solubility, bioavailability 
stability, and mechanical characteristics [43].

In Anacetrapib, a BCS class IV drug, the bioavailabil-
ity and dissolution rate were enhanced by formulating a 
COA-based solid dispersion with chito-oligosaccharide 
[44]. Anand and co-worker studied the potential of COA 
materials comprising lopinavir and ritonavir to produce a 
supersaturated state with a reduced amorphous solubility 
ascribed to the mole fraction of the compound present in the 
COA substance. Interestingly, the drug reflux from the COA 
material at a ratio of 2:1 was found greater than the flux of 
the individual drugs in the amorphous form. A considerable 
surge in flux was attributed to superior drug release char-
acteristics brought on by the drug-rich nano-sized phases 
precipitation [45].

Amorphization of Low Soluble Drugs Using 
Amino Acids

The active state of a solid material is represented by the 
amorphous form of pharmaceuticals with benefits of 
bioavailability and excellent dissolution [46]. The sub-
stances is referred to as being in an amorphous shape or 
glassy condition when the drugs solid from is devoid of a 
long-range, three-dimensional molecular order [47]. It is 
expected that the amorphous form of active materials dem-
onstrates improvement in thermodynamic properties in 
terms of vapor pressure and solubility since it has a higher 
internal energy and specific volume than that of crystalline 
form. Poorly soluble drugs demonstrate higher solubil-
ity in their amorphous form than in crystalline form [48]. 
Therefore, AMORP is the transformation of a crystalline 

substance into an amorphous state, characterized by the 
disorganized drug molecules arrangement in solid form 
[49]. Amorphous solids are comprised of short-range ran-
dom molecules, whereas crystalline solids are made up of 
long-range organized molecules. Drug molecules present 
in the amorphous form exhibit superior Gibb’s free energy 
[50], compared to molecules present in a crystalline state 
due to the absence of a long-range repeating structure that 
causes weaker intermolecular attraction forces as well as 
loose packing of molecules [51].

Amino acids as carriers offer advantages in improving 
the solubility and dissolution properties of drugs, thereby 
enhancing their bioavailability. This is especially ben-
eficial for drugs with low water solubility, as it improves 
their absorption in the gastrointestinal tract. These carriers, 
including albumin, gelatin, and casein, effectively enhance 
the solubility and dissolution rate of drugs with limited 
water solubility. Moreover, through the formation of amor-
phous SDs with amino acid, drug molecules are uniformly 
dispersed, resulting in amplified surface area and improved 
kinetics of drug release [52].

Nadaf and coworkers investigated a porous starch (POS) 
derived from Vigna radiata as a solubilizer for albendazole 
(ALBZ), which is low soluble [53] drug using a solvent 
exchange method. Additionally, the solubilization capacity 
of poloxamer (POXR) was evaluated by formulating tablets 
with SDs of ALBZ-POS at various ratios, ranging from 1:0.5 
to 1:2. POS was found to possess favorable compressibility 
properties, as indicated by good compressibility index of 
6.58. A solid dispersion formulation with a drug-to-carrier 
ratio of 1:2 exhibited a significant enhancement in both the 
dissolution rate, with a remarkable 37-fold increase, and the 
anthelmintic activity of ALBZ, displaying an improvement 
ranging from 1.7 to 3.25 times. The amorphous nature of 
ALBZ was confirmed through differential scanning calo-
rimetry (DSC) and P-XRD analysis. Furthermore, the dis-
solution rate of SD-ALBZ-POS was approximately 2.15-fold 
higher than that of the commercially available formulation 
[54]. The oral bioavailability of Decoquinate (DCQ) was 
improved via SDs using mechanochemical technology, to 
encapsulate the drug and improve its absorption when taken 
orally. The SD-DCQ developed through self-assembly in 
water, resulting in the fabrication of micelles composed of 
nanoparticles (NPs) containing disodium glycyrrhizinate 
were characterized by outer layers consisting of protamine 
and anionic hyaluronic acid. The rate at which SD-DCQ 
dissolves and the released overtime were greater, compared 
to pure DCQ indicating higher bioavailability of 6.5-folds 
(SD-DCQ) more than that of pure DCQ. Furthermore, the 
biodistribution and pharmacokinetic analyses revealed that 
SD-DCQ exhibited superior levels in the bloodstream and 
a preference for accumulating in liver tissue, compared to 
pure DCQ [55].
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Techniques of Amorphization to Improve 
Solubility and Bioavailability

The most widely used approaches to prepare amorphous 
forms in pharmaceuticals systems include polymer glass 
solutions or pure drugs, classified based on principal 
transformation mechanisms [56]. Often, crystalline mate-
rial undergoes an intermediate transformation into a non-
crystalline state that is thermodynamically unstable (either 
a melt or a solution) and the thermodynamically unstable 
amorphous solid material is then prepared by quench-cool-
ing of the melt or rapid precipitation from solution, e.g., 
during spray drying. A second transformation mechanism 
involves direct solid conversions from the crystalline to 
the amorphous forms, such as in mechanical activation 
(milling). While in melt and solution mechanical activa-
tion may not cause complete disruption of the molecular 
order [57]. Mesoporous particle-based AMORP, COA, and 

in situ, AMORP are emerging approaches to AMORP for 
poorly water-soluble substances [58] (Fig. 4).

Co‑Amorphization Techniques

The COAs have evolved as a substitute for the traditional 
PASD that has been thoroughly examined to enhance the 
solubility and bioavailability of poorly water-soluble drugs 
for decades. The term “co-amorphous” was concocted to 
distinguish amorphous systems made up of low-molecular-
weight compounds from PASDs [59, 60]. https:// doi. org/ 
10. 1016/j. ejpb. 2008. 06. 022The drug delivery systems with 
COA techniques demonstrated the potential to improve the 
bioavailability of poorly soluble drugs by surging the drug 
dissolution due to the material’s amorphous character. The 
COAs are known as the single-phase homogeneous system 
that uses numerous low molecular weight components rather 
than high molecular weight polymers [61]. In comparison to 

Fig. 4  Fabrication processing techniques involved with COA systems. Reproduce from [10] under CCBY 4.0

https://doi.org/10.1016/j.ejpb.2008.06.022The
https://doi.org/10.1016/j.ejpb.2008.06.022The
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PASD, COAs exhibit significant conformational flexibility 
and excellent molecular level mixing that enhance the mis-
cibility of different components with each other [62]. COA 
are prepared using a variety of techniques including mill-
ing, solvent evaporation, and quench cooling (Fig. 6(b)). An 
often-employed approach is the milling method that employs 
machine-driven activation to change substances into an 
amorphous state. Additionally, it proves high yield recov-
ery and has minimal chemical deterioration. Despite these 
benefits, it is time-consuming, and labor-intensive, leaving 
crystalline impurities that could contaminate the combina-
tion. Moreover, the major scope of COA as the requirement 
of the drug and co-former should be soluble in the same sol-
vent when solvent evaporation techniques are used, whereas 
stability at high temperature is required in case of milling 
and melt quenching. Hence, selection and optimization pro-
cess are critical in fabricating COAs.

Cryogenic milling and BM are two dissimilar methods 
of milling. In contrast to the conventional milling method, 
cryo-milling (CM) is carried out under cryogenic conditions 
by introducing liquid nitrogen to milling bowls and grinding 
spheres [63]. Lobmann and colleagues conducted a milling 
investigation to develop stable, amorphous systems made of 

IND, carbamazepine (CBZ), and AAs, at a low temperature 
(6°C). The sum of amorphous and COAs binary amino acid 
mixture Tg demonstrated significant improvement, com-
pared to individual drugs. Additionally, solid-state charac-
terization using XRD revealed that blends were homogenous 
with an amorphous spectrum (Fig. 5). The COAs formula-
tions exhibited good physical stability with a higher rate 
of dissolution than the corresponding crystalline and amor-
phous pure drugs [64].

The amorphous system of poorly water-soluble drug 
hydrochlorothiazide (HDT) and atenolol developed using 
CM showed that the co-administration of atenolol and HDT 
offers therapeutic benefits. The results of infrared spectros-
copy indicated that the COAs of atenolol-HDT samples with 
a molar ratio (1:1) exhibited exceptional physical stability 
explicated by the development of potent molecular con-
nections between atenolol and HDT in a pharmacokinetic 
investigation, the HDT in the COAs form displayed a con-
siderably higher intrinsic rate of dissolution as well as an 
improved bioavailability, compared with pure crystalline 
form, physical combination, and amorphous form, due to 
collaborative interaction of amorphized HDT and the water-
soluble co-former atenolol [63].

Fig. 5  X-ray diffraction spectrum co-amorphous formulations. Indi-
vidual milled bulk drug (a), slight existence of crystalline form after 
cryo-milled for 120  min (b), co-amorphous IND mixture (c), co-

amorphous CBZ mixture together with CBZ-ARG and CBZ-PHE (d), 
XRD spectrum of ball milled amorphous drug after 6 months. Repro-
duce with permission from [64] Copyright 2022, Elsevier
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Renuka and co-worker investigated the solubility profile 
of the COAs GLP-atorvastatin (ATS) binary mixture using 
CM for the treatment of hyperlipidemia and hyperglycemia 
simultaneously. The CM technique was used to develop the 
COAs of GLP-ATS in different combinations (1:1, 1:2, and 
2:1). By using different tested ratios of the two drugs during 
CM, AMORP was found to be achievable. The results of the Tg 
and Raman spectrum suggested that no interaction between the 
drug with a significant improvement in dissolution profile [65].

The melt quenching technique is one of the common 
approaches to transform crystalline physical mixtures into 
COA materials, in addition to milling and solvent evapo-
ration procedures. Quench cooling involves heating the 
drug mixture, followed by chilling the molten drug. In this 
method, the cooling period is held short, which prevents the 
molecules from rearranging into a crystalline lattice. This 
method is useful for fabricating small-quantity amorphous 
solid dispersion (ASDs) formulations, especially for thermo-
stable drug molecules. However, quench cooling has signifi-
cant limitations, such as the potential for chemical substance 
degradation and the requirement for exact freezing rate 
control [66]. Joana and coworkers revealed that AMORP of 
ranolazine through quench-cooling and cryo-milling demon-
strated amorphous phases, with Tg values lower than room 
temperature. Moreover, two new forms of ranolazine (II and 
III) were generated within several hours after grinding and 
identified from the relaxation of the ranolazine amorphous 
phase produced by cryo-milling. Furthermore, the binary 
COA mixture of drug with tryptophan was developed, with 
higher Tg demonstrated improved kinetic stability prevent-
ing relaxation of the amorphous to crystalline phases for 

at least 60 days and improved aqueous solubility [67]. In 
another investigation, a COA mixture of CRD with maleic 
acid were developed with enhance solubility and stability. 
The study demonstrated disappearance of carboxy group 
peak in co-amorphous system (2:1) and endothermic peaks 
associated with drug and amino acid with 3-fold increase 
in solubility profile. Moreover, the stability study resulted 
with no clear diffraction peaks originating from crystals after 
three months of storage [68].

Recently, COA were prepared effectively employing the 
supercritical fluid method to fabricate PASDs. A substance is 
referred to as a supercritical fluid when the temperature and 
pressure reach above its critical point. The carbon dioxide in 
its supercritical form is mostly used as an antisolvent for COA 
particle precipitation or as a solvent to dissolve co-formers 
and drugs [69]. The binary systems of l-Arg/glimepiride fab-
ricated employing the supercritical fluid method showed a 
pure COA mixture with high content homogeneity [70].

Conversely, the l-Arg/glimepiride (LAG) combination 
developed by physical mixing and solvent evaporation made up 
of a crystalline eutectic mixture indicated insignificant COAs. 
The results of Fourier-transform infrared spectroscopy (FTIR), 
nuclear magnetic resonance (NMR), and Tg showed significant 
intermolecular interactions between l-Arg and glimepiride 
(GLB) in the COAs of LAG mixture system. Moreover, the 
measurement of contact angle, solubility test, and dissolution 
displayed that the LAG COAs mixture formulation’s improved 
GLB dissolution rate. Additionally, LAG COAs mixture 
generated via the supercritical antisolvent technique greatly 
improved the therapeutic efficacy of GLB through the study 
of its pharmacodynamic hypoglycemic effect [69].

Fig. 6  Different characterization techniques executed for co-amorphous formulations. Adapted with permission from [9] Copyright 2022, Else-
vier
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Mesoporous Particles‑Based Amorphization

Mesoporous particles have recently gained considerable atten-
tion as s stabilizers for amorphous formulations. Mesoporous 
particles, featuring pore diameters between 2 and 50 nm, have 
emerged as a prominent choice for stabilizing amorphous for-
mulations. In contrast to microporous (sub-2 nm pores) and 
macroporous (above 50 nm pores) particles, their unique size 
range offers distinct advantages in enhancing formulation sta-
bility [58]. Several mesoporous silica nanoparticles available 
in the market have different properties such as their pore size, 
pore volume, and surface area. Their large pore volume and 
surface area allow to incorporate large quantity of therapeu-
tic agent. In fact, their characteristic pore structure has been 
reported to entrap drug molecules in an amorphous state and 
prevent the drug from recrystallization, thereby acting as the 
stabilizer for amorphous formulations. In addition, due to pres-
ence of silanol groups on the surface of the mesoporous silica, 
drug-silica interactions may occur through hydrogen bond-
ing, thereby leading to the AMORP of the drug molecules 
[58]. The pharmaceutical industry predominantly employs 
mesoporous materials including MCM-41, Neusilin® UFL2, 
Fujicalin®, and FujisilTM-F, which are primarily synthesized 
through electrochemical methods such as stain etching and 
anodization [71]. In 2001, valet-Ragi anc co-worker suggested 
the use of mesoporous silica MCM-41 in drug delivery that 
can carry drug molecules in the pore structure [72]. Whereas in 
another investigation, liquid carbon dioxide effectively loaded 
meropenem into surface-modified mesoporous silica MCM-
41, achieving an impressive drug loading capacity exceeding 
25% [73]. A study designed to load celecoxib mesoporous 
tablet formulation demonstrated improved loading capac-
ity, 3-fold drug solubility, and dissolution profile; however, 
both these were significantly affected drug loading method 
and drug-to-mesoporous ratios [38]. In another investigation 
fluid bed hot-melt impregnation has proven highly effective 
for AMORP of drugs within mesoporous particles, offering 
a solvent-free approach with demonstrated efficiency. This 
innovative method holds significant promise in pharmaceuti-
cal formulation, ensuring both drug efficacy and safety through 
unique amorphous structures [74].

Hot‑Melt Extrusion‑Based Amorphization

In recent decades, hot-melt extrusion technology as thermal 
processing has attracted a great deal of attention from the phar-
maceutical industry as promising solvent-free continuous pro-
cess with a wide range of applications in drug development. In 
a single continuous process called melt extrusion, materials are 
melted or softened at high temperatures before being cooled 
down to produce a hardened phase. The continuous processing 

and versatility to provide improved process control and pro-
mote the scalability of this technology that means it can be 
used for expanded pharmaceutical development alongside other 
emerging technologies and applications. Hot-melt extrusion has 
proven highly efficient in producing an amorphous blend of 
curcumin and piperine, enhancing their bioavailability and bio-
logical efficacy [75]. It was first used in the plastics sector and 
later introduced to pharmaceuticals. A hot melt extruder con-
sists of a temperature-controlled barrel and spinning screws to 
mix and feed ingredients through a die, suitable for developing 
amorphous SDs [76]. Lenz and coworkers studied the viability 
of hot melt extrusion for producing COAs of IND-AAs in com-
binations continuously. A melting-solvent extrusion procedure 
was used to fabricate COAs of IND-Arg with and without poly-
mer. The formulations consisting of IND along with polymer 
and Arg exhibited a surge in dissolution behavior compared to 
formulations containing only Arg and polymer [77].

The feasibility of employing hot melt extrusion for the 
continuous production of co-amorphous drug-amino acid 
formulations has been thoroughly investigated [77]. Shi and 
co-worker employed hot melt extrusion technology to enhance 
the dissolution and solubility of amorphous self-micellizing 
solid dispersions, featuring BCS II drugs, namely indometha-
cin and fenofibrate. Their study also investigated the “spring-
parachute” processes, illustrating hot melt extrusion possess 
potential for optimizing drug delivery with improved bioavail-
ability and effectiveness [78].

In Situ Amorphization

The idea of in situ AMORP has attracted significant atten-
tion among numerous researchers looking for novel solutions 
to the problem of physical stability presented by amorphous 
formulations. It was not initially thought of as a novel and 
alternative method of fabricating amorphous systems, none-
theless rather as an unwanted abnormality or deviation in 
the production process [79]. The ability to avoid the issue 
of physical stability and the simplification of the prepara-
tion stage are two obvious advantages of an in situ AMORP 
strategy. The three methods namely solvent-assisted method, 
laser irradiation method, and microwave irradiation are 
employed for in situ AMORP [80]. The in situ AMORP 
induced by microwave radiation was proposed as a promis-
ing solution to amorphous drugs which are thermodynami-
cally unstable. Before oral administration, the originally 
loaded crystalline drugs are in situ amorphized within the 
final dose form using a standard microwave [81].

An effort for in situ AMORP by fabricating the tablet was 
carried out by immersing it in an aqueous buffer solution 
(pH 6.8) with Eudragit in different ratios was investigated. 
The state of AMORP with the disappearance of crystalline 
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peaks is confirmed by X-ray powder diffraction (XRPD) 
and thermal analysis [82]. Similarly, the feasibility of in 
situ co-amorphization of Arg and IND or furosemide (FUR) 
along with Eudragit L within the tablet was proved [83]. 
Another COAs formulation utilizing CRD and aspartic acid 
was effectively formulated by Petry and colleagues further 
demonstrating the usefulness of in situ co-amorphization, 
indicating the development of an in vivo AMORP paradigm 
where drugs amorphized in the gastrointestinal tract after 
ingestion [84].

Microwave-induced in situ amorphization is another 
novel technique for preparing amorphous solid dispersion 
to address the challenges of its long-term physical stability 
and downstream processing. Wei and colleague investigated 
the feasibility and mechanism of utilizing the non-ionic sur-
factants (kollisolv P124, kolliphor RH140, d-α-tocopheryl 
polyethylene glycol succinate, tween 60, tween 65, tween 80, 
and tween 85) as plasticizers to facilitate microwave-induced 
in situ amorphization. Investigator indicated that due to kol-
liphor RH40 excellent dielectric heating ability, plasticizing 
effect, and solubilizing effect facilitated the amorphization 
at 1.5 (w/w) of the plasticizer/polymer ratio with a fast in 
vitro dissolution [85].

As the microwave irradiation insisted technique neces-
sitate the involvement of a microwave absorbing plasti-
cizer that carries the risk of causing hydrolysis of the drug, 
there seemed to be a need for a new method to fabricate 
amorphous systems in situ. In a recent study by Hempel 
and co-worker, laser irradiation was selected as an alter-
native heating source with photothermal plasmonic NPs 
as the laser absorbing component. The plasmonic NPs are 
stimuli-responsive materials that can be activated. By laser 
at their plasmonic resonance frequency and release vibra-
tional energy in the form of heat, compacts containing 
the physical mixture of celecoxib, PVP, and plasmonic 
silver nanoaggregates were prepared with different drug 
loads (30, 50 wt%) and plasmonic concentrations (0.1, 
0.25 wt%). These tablets were treated with near-IR laser 
radiation at varying intensities and exposure time. It was 
demonstrated that with a higher laser intensity and plas-
monic content, the onset and rate of AMORP was faster 
due to the shorter exposure required to reach the tempera-
ture threshold, above which the on-demand AMORP of 
drugs was shown to take place. Moreover, to achieve full 
AMORP in the compacts with a higher drug content, a 
longer duration of laser irradiation was needed, compared 
to the compacts with lower drug content at the identical 
tablet thickness [86].

In most scenarios, amorphous SDs are produced at higher 
temperature or solvent-assisted environment using various 
process. Hot melt extrusion and subsequent fused deposi-
tion modeling-based three-dimensional printing offer great 
potential opportunities in the formulation development and 

production of customized oral dosage forms with poorly 
soluble drugs. However, thermal stress within this process 
can be challenging for thermo-sensitive drugs. Lena and co-
worker investigated the degradation and the solid state of 
the thermo-sensitive and poorly soluble drug escitalopram 
oxalate during the two heat-intensive processes during hot-
melt extrusion and fused deposition modeling-based three-
dimensional printing in presence of hydroxypropyl methyl 
cellulose and butylated methacrylate copolymer. Thermal 
and x-ray diffraction analysis indicated that hydroxypropyl 
methyl cellulose was able to produce amorphous in both 
hot-melt extrusion and fused deposition modeling process, 
whereas in the presence of butylated methacrylate during 
hot-melt extrusion, degradation of the drug was observe due 
to conversion of active moiety into the R-enantiomer. More-
over, the drug release from extrudates and tablets was slower 
but still qualified as immediate drug release than those tested 
from the commercial product Cipralex® [87].

The first amorphization attempt within the tablet was 
performed through immersion in an aqueous buffer (pH 
6.8) [88]. In an attempt to improve solubility using solvent 
assisted, Doreth and co-worker plasticized Eudragit E at pH 
6.8 and dissolved at pH 4.1 as carrier to release amorphous 
drug indicating that this on-demand amorphization could be 
done through simply placing the tablet in a glass of water 
for a few mint [89].

Characterization Techniques for Amorphized 
Materials

It is of utmost importance that the formulations used for 
ASDs are characterized in depth due to the nature of the 
ASDs and the inherent risks of recrystallization. To adhere 
to the quality by-design principles, it is essential to have a 
deep understanding of the processes occurring at the molec-
ular level. There is no specific characterization technique 
that can give all the information needed, and a combination 
of complementary methods is often needed to get the full 
picture. However, some specific characterization techniques 
for COAs formulations such as XRD, DSC, TGA, FTIR, and 
chromatography analysis followed by dissolution or solubil-
ity testing have been briefly discussed (Fig. 6).

X-ray powder diffraction (XRD) is widely used in mate-
rial science, chemistry, and geology to study the structure 
of materials at the atomic level. It is particularly useful for 
analyzing crystalline solids, including minerals, metals, 
ceramics, and polymers. XRD is a non-destructive technique 
used to determine the crystal structure of materials, which 
involves passing a beam of an x-ray through powdered sam-
ples and measuring the diffraction pattern produced as the 
x-ray interacts with the crystal lattice of the sample. The 
diffraction pattern is unique to the crystal structure of the 
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material and can be used to identify and quantify the phases 
present in the samples [90]. As further investigations dem-
onstrate the powder diffraction method’s effectiveness in 
different fields, it has attracted significant interest. zeolites, 
tiny chemical molecules, and more recently biological mac-
romolecules have all shown them to be very useful in defin-
ing their structures. Due to the utilization for high-resolution 
synchrotron data and modern analytical techniques, signifi-
cant improvements have been discovered in XRD effective-
ness. This has broadened the number of amino acids that 
may be structurally examined, making XRD a potent and 
useful tool in addition to other traditional methods. While 
dealing with poly-crystalline samples, which have certain 
disadvantages, such as the possibility for lower or medium-
resolution diffraction data (range from 3 to 10), their benefits 
over single crystals lie in their ease of creation and sim-
plicity. Examining low-quality crystals is made possible by 
XRD technologies, opening the door to crucial uses includ-
ing amino acid polymorph screening and time-resolved 
research. Furthermore, XRD investigations offer important 
preliminary structural understandings that are essential for 
further structural characterization. A systematic and well-
defined procedure employed to deploy refined structures of 
a specific amino acid is far more beneficial. However, it is 
important to acknowledge that peak overlap is a common 
issue encountered in XRD data. To address this problem, 
multiple data sets with different cell characteristics or pre-
ferred orientations can be combined. This approach allows 
to draw more accurate identification of individual reflections 
within overlapping peak clusters. Notably, the PRODD refin-
ing software has been enhanced to support a multi-pattern 
overlay fit, which facilitates a more precise extraction of 
intensity information. Overall, the ongoing breakthroughs 
in powder diffraction, together with improvements in XRD 
methods and data interpretation, have further enhanced its 
position as an important approach for structural research 
in a variety of scientific fields [91]. Corbia and coworkers 
included the PXRD data for a fascinating palladium (II) 
amino acid complex that showed a distinct  PdC12H20N2O4S2 
composition. Using cutting-edge PXRD technology, their 
investigation illuminated the structural properties of this new 
molecule [92]. Additionally, Vijayan and his coworker used 
XRD to investigate a single l-alanine crystal for unrevealing 
the quality using a Rich Seifert PXRD with a scan speed of 
1°/min to examine the crystal’s characteristics [93].

Differential scanning calorimetry [94] is a highly sensi-
tive technique that detects small changes in the heat flow 
of a sample, making it a powerful tool for the analysis of 
complex materials. DSC is a thermal analysis technique used 
to measure the heat flow or heat capacity of a sample as a 
function of temperature or time. DSC measures the differ-
ence in heat flow between a sample and a reference material 
as they are subjected to a controlled temperature program. 

DSC is used to study an inclusive range of materials includ-
ing polymers, pharmaceuticals, foods, and metals for char-
acterizing the thermal behavior of tested materials such 
as changes in their phase transitions or chemical reactions 
that occur with temperature [95]. Furthermore, the thermal 
property of materials and chemistry are also analyzed using 
TGA for an inclusive range of materials, including polymers, 
ceramics, metals, and pharmaceuticals. Thermal analytical 
approaches interpret molecular processes that take place in 
SDs, such as glass transition, crystallization, polymorphic 
transition, molecular mobility, structural relaxation, and 
miscibility between drugs and polymers. It is particularly 
used to analyze thermal stability, thermal decomposition, 
and the presence of volatile components in materials. TGA 
is simultaneously used with other techniques such as DSC 
and DTA to collect compressive results. Moreover, differ-
ential mechanical thermal analysis can provide details on 
the binary or ternary miscibility, relaxation transitions, and 
viscoelastic properties of polymers [95].

Pfeil investigated a comprehensive analysis of the changes 
in free energy, enthalpy, and heat capacity associated with 
protein unfolding. Among the proteins studied were strepto-
myces subtilisin inhibitor (SSI), known to exist as a dimer at 
room temperature. DSC analysis revealed that SSI undergoes 
dissociative unfolding, where the dimeric structure transi-
tions to a monomeric state. The melting temperature (Tm) 
values obtained from the DSC curves increased with higher 
protein concentrations, and the curves exhibited asymmetry. 
Quantitative analysis of the DSC curves confirmed that the 
denaturation protein suggests that the natural dimeric state 
of SSI persists up to temperatures of approximately 80°C 
[96]. Furthermore, Sabulal and his group investigated the 
impact of pH 2 on the heat denaturation of lysozyme in the 
presence of aqueous solutions containing different amino 
acids, such as glycine, alanine, leucine, Ly, diglycine, trigly-
cine, tetraglycine, pentaglycine, glycyl leucine, and glycyl-
glycyl leucine. Moreover, the effect of lysozyme at various 
temperatures and how denaturation underwent in the pres-
ence of tested amino acids aqueous solutions were quantified 
using high-sensitivity DSC. This research illuminated the 
impact of various amino acids on the denaturation process 
of lysozyme as well as its thermal stability and behavior in 
acidic circumstances [97].

Fourier-transform infrared spectroscopy (FTIR) in 
combination with attenuated total reflectance and/or dif-
fuse reflectance and Raman spectroscopy are two efficient 
techniques in vibrational spectroscopy. These techniques 
are used in many pharmaceutical applications, includ-
ing the identification of polymorphs, phase transitions, 
recrystallization stability, evaluation of various solid dis-
persion preparation processes, phase separation, and the 
nature and extent of drug-polymer interactions. Moreover, 
these techniques provide information about the structure 
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and molecular conformation of solids through the study of 
band vibrations [98]. Additionally, Raman spectroscopy is 
a powerful light-scattering technique used to diagnose the 
internal structure of molecules and crystals. Insight into 
crystal packing can be also gained by studying the low-
energy lattice vibrations associated with different crystal 
packing arrangements [99]. Furuyama and co-workers used 
Raman spectroscopy as a mapping technique to distinguish 
between crystalline and amorphous forms of troglitazone 
in SDs [100]. In addition, Sinclair and colleagues adopted 
FT-Raman spectroscopy to measure the recrystallization 
kinetics of amorphous SDs of the drug [101].

The information from infrared spectroscopy is well rec-
ognized and includes biological systems. Thus, it has devel-
oped into a crucial tool for analyzing amino acid structure, 
comprehending the molecular processes behind amino acid 
reactions, and investigating amino acid folding, unfolding, 
and misfolding. Therefore, biological systems that are larger 
than amino acid can benefit from the wealth of information 
found in the infrared spectrum. The capacity to distinguish 
between and categorize various types of microbes based on 
their infrared spectra is another remarkable use of this. In 
addition to these skills, infrared spectroscopy has several 
other benefits including investigating both tiny soluble pro-
teins and big membrane proteins, giving it a broad variety 
of applications [102].

The polarized Raman and infrared spectra with vibrational 
properties of crystalline amino acid l-glutamic acid were 
investigated by Dhamelincourt and coworkers. The investi-
gation resulted in important information on the vibrations of 
molecules and structural characteristics of l-glutamic acid 
revealing an extra significance of amino acids and how they 
behave spectroscopically [103]. Further, to precisely iden-
tify 16 distinct free amino acids such as aspartic acid, threo-
nine, serine, glutamic acid, proline, glycine, alanine, valine, 
methionine, isoleucine, leucine, tyrosine, phenylalanine, Ly, 
histidine, etc. in Chinese rice wine using near-infrared (NIR) 
spectroscopy was investigated. The investigation indicated for 
the first time, NIR spectroscopy in transmission mode was 
utilized by the researchers to examine different samples of 
aged rice wines. The results indicated that NIR spectroscopy 
could be a potential alternative with the capability to replace 
complicated analytical processes with a quick, simple, and 
creative method for precisely determining the concentrations 
of basic amino acids [104].

Nuclear magnetic resonance (NMR) is also another non-
destructive technique that provides qualitative and quan-
titative information about solid amorphous dispersions 
with detailed 1D and 2D structural information. Addition-
ally, information on the phase composition and molecular 
mobility of polymers in SDs is obtained from 1H transverse 
magnetization relaxation T2 measurements. 13C cross-polar-
ization magic-angle spinning NMR experiments were used 

to study the recrystallization of amorphous troglitazone in 
SDs prepared by different methods with no difference in 
temperature and relative humidity [105]. Shi and a cow-
orker analyzed acid-hydrolyzed material to ascertain the 
amino acid content of Nephila clavipes dragline silk fiber 
using 1H NMR. Investigation indicated that Nephila clavi-
pes dragline silk mostly includes amino acids such as Gly 
(43.0 ± 0.6%), Ala (29.3 ± 0.2%), Glx (9.1 ± 0.1%), leucine 
(Leu) (4.0 ± 0.1%), Tyr (3.3 ± 0.1%), Ser (3.4 ± 0.2%), Pro 
(2.7 ± 0.1%), Arg (2.1 ± 0.1%), Asx (1.07 ± 0.05%), Val 
(0.96 ± 0.05%), Thr (0.48 ± 0.03%), Ile (0.28 0.03%), and 
Phe (0.35 0.03%) with great resolution, compared to conven-
tional chromatography-based amino acid analysis methods 
indicating potential in quantifying the varied class of amino 
acids [106]. In another investigation, 1H-NMR spectra were 
recorded at 600 MHz on trichloroacetic acid extracts of fish 
flesh stored over 15 days under different storage conditions 
to differentiate the amino acid concentration. The amino acid 
trends were related to the different storage temperatures from 
day 4 onwards [107]. Moreover, the simultaneous estimation 
of betaine, citric acid, threonine, alanine, and proline in dif-
ferent Lycii Fructus samples using strong cation exchange 
solid phase extraction (SPE) and 1H-NMR spectroscopy was 
accomplished. The results revealed a trustworthy method for 
the analysis of amino acid with the benefit of simultaneous 
measurement of numerous analytes [108].

Water vapor sorption has been another widely employed 
technique to study the behavior of amorphous and crystalline 
materials in the presence of moisture. Moisture sorption data 
are interpreted using theoretical approaches such as predict-
ing the additivity of the hygroscopic isotherms of individ-
ual components or using the FH ternary interaction theory, 
which supplies insight into drug-polymer-water interactions. 
In combination with other techniques such as DSC, FTIR, 
and NMR, molecular level attributes such as surface prop-
erties, degree of AMORP, phase transition, glass transition, 
and critical relative humidity for crystallization provides a 
variety of information about the physical stability of freshly 
prepared and aged material. Dynamic vapor sorption cou-
pled with near-infrared spectroscopy presents insight into 
the desorption behavior of amorphous materials before and 
during crystallization as a function of solid-state nuclear 
magnetic resonance (ssNMR).

Analyzing the surface characteristics of amorphous 
SDs are studied using inverse gas chromatography, which 
is still a relatively new technology used to research amor-
phous transition or recrystallization, molecular relaxation, 
and molecular mobility. This helps in identifying different 
amorphous SDs, manufactured using the same or different 
techniques. Investigating the increased molecular mobility 
on the material's surface compared to its bulk can also shed 
light on how amorphous pharmaceuticals interact with mois-
ture and recrystallize. Hasegawa and coworkers investigated 
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structural relations at the surface of SDs using inverse gas 
chromatography and discovered that structural relaxation 
happens more quickly at the surface than in the bulk due to 
the increased molecular mobility there. Predictions about 
the physical stability of amorphous products can be made 
by studying crystallization kinetics at the surface of SDs 
[9, 59].

Further, the purity, solubility, and percentage of drug loss 
during AMORP are characterized by chromatography ana-
lytical techniques, which are used to separate and analyze 
components of a COA mixture. Chromatography analysis 
works on the principle of differential partitioning of compo-
nents in a mixture between two phases, one stationary and 
the other mobile phases, which can be either gas or liquid. 
Morphological analysis for COAs is investigated to identify 
the surface modification, especially AMORP performed by 
spray-drying techniques using scan electron microscopy 
(SEM). The surface characterization of native and modified 
drugs with amino acids is studied for the transformation of 
crystalline form to an amorphous state using SEM or field 
emission scan electron microscopy (FESEM). Furthermore, 
the improvement in solubility, dissolution, and stability is 
also of importance in the characterization of amorphized 
drugs. For predication of the component’s miscibility, the 
Flory-Huggins interaction parameter (χ) [109] and the 
Hansen solubility parameter (δ) [110] have been employed. 
For thermally stable compounds, miscibility of components 
in the melted state can be easily determined from a phase 
diagram. Marsac and colleague used a melting point depres-
sion approach, whereby miscible systems showed melting 
point depression of the drug, while immiscible or partially 

miscible systems showed little or no depression. More 
research using larger data sets and advanced statistical tools 
is necessary in order to develop systematic approaches for 
the selection of co-formers [111]. Summarized characteriza-
tion techniques used for AMORP are presented in Fig. 7.

Application of Amorphization in Improving 
the Bioavailability of Low Soluble Drugs

The COAs consisting of drugs along with AAs are becoming 
increasingly popular for enhancing the rate of the dissolution 
of poorly water-miscible drugs. Based on their component 
combinations, COAs are classified into two primary types 
such as combination mixtures of drug-drug and drug-excip-
ient. In a binary amorphous system known as a drug-drug 
COAs system in which drugs that are relevant from a phar-
macological perspective are combined and kept stable in 
the amorphous state for a prolonged time. In combinations 
of a drug with an excipient, excipients with tiny molecular 
weights, also known as co-formers in this discipline, func-
tion as stabilizers in co-amorphization to increase the dis-
solution rate and physical stability of drugs [112].

The Arg and P-glycoprotein inhibitors verapamil hydro-
chloride, piperine, and quercetin were employed as co-
formers for COAs combinations of FUR, a BCS class IV 
medication. The SD technique was used to fabricate 1:1 
and 1:2 molar ratios of FUR combinations with verapamil 
hydrochloride, piperine, and quercetin, while solvent evapo-
ration was used to formulate mixtures with Arg. The results 
of stability experiments conducted under various storage 

Fig. 7  Characterization techniques for amorphized drugs with amino acid
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circumstances showed single glass transition values for the 
mixtures assessed using XRD, FTIR, and DSC. Moreover, 
the results indicated the development of intermolecular inter-
actions between the components, particularly salt formation 
between FUR and Arg. Additionally, diffusion and dissolu-
tion studies demonstrated that COAs mixtures of FUR:Arg 
were capable of enhancing the permeation and dissolution of 
FUR [113]. Several studies indicated that the BM was used 

to achieve the co-amorphization of several forms of crystal-
line Trph [114, 115]. Trph, a chiral AAs, and its enantiom-
ers were used as a model system to develop a novel method 
for enhancing the aqueous solubility of poorly water-soluble 
substances. Solid state study revealed significant differences 
between two Trph enantiomers, individually the Trph race-
mate, and an equimolar physical mixture of d- and l-Trph 
in terms of physical stability and AMORP tendency. It was 

Fig. 8  Scan electron micros-
copy images of native micro-
nized IND (a), spray-dried 
IND-Arg (b), and precipitates 
obtained after the dissolution of 
SD IND-Arg physical mixture 
compacted tablet (c), SD IND-
Arg compacted tablet (d), and 
SD IND-Arg (e). Adopted with 
permission from [117] under 
Copyright Clearance Center 
Rights Link of Elsevier
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Fig. 9  Scan electron microscopy images of spray-dried alone simvas-
tatin (a), leucine (b), lysine (c), trypsin (d), spray-dried simvastatin 
with leucine (e), spray-dried simvastatin with lysine (f), spray dried 

simvastatin trypsin. Adopted with permission from [118] under Cop-
yright Clearance Center Rights Link of Elsevier
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observed that plain d- and l-Trph were amorphous after 6 h 
of BM; however, the Trph racemate and Trph conglomerate 
were converted to amorphous within 60 and 90 min of BM, 
respectively. The physical stability of Trph conglomerate/
COAs was observed for one month with a reduction in physi-
cal stability in an ambient environment. However, the intrin-
sic dissolution rate of the amorphous Trph racemate and 
conglomerate showed insignificant effects on correspond-
ing crystalline forms [114]. Wu and co-worker investigated 
the co-amorphization of mebendazole (MBD) with different 
dipeptides including proline-Trph, PHEL-Trph, Trph-PHEL, 
histidine-glycine, and aspartic acid-tyrosine. After 30 min 
of BM, different MBD-dipeptide complexes indicated the 
formation of an amorphous form. However, AMORP did 
not apply to individual AAs or physical mixtures of the AAs 
composing the dipeptides. Moreover, the dissolution tests 
revealed that the rate of dissolution was much higher for 
most of the COAs, compared to amorphous and crystalline 
MDB. Additionally, there was no obvious pattern for the 
drug dissolution enhancement observed between the sev-
eral COAs drug dipeptide complexes. Besides this, in the 
stability investigation, COAs dipeptide systems with MBD 
demonstrated greater physical stability than the amorphous 
form of MBD [116] (Fig. 8).

The study involved how different AAs affected the sta-
bility of spray-dried amorphous powders for inhalation, 
utilizing simvastatin as a model agent. Lenz and colleagues 
fabricated the SD of IND-Arg and investigated the effect of 
compression pressure on tablet properties, physical stabil-
ity, and dissolution profiles under non-sink conditions. A 
broad range of compaction pressure resulted in different 
porosities and tensile strengths with supersaturation of in 

situ amorphized IND in the presence of Arg. Moreover, 
the SEM images showed a typical prism and plate-like 
shape of native micronized IND, which was transformed 
into needle shape crystals for SD of IND-Arg. However, 
the crystallized IND was finally dispersed after the dis-
solution of the compact tablet of SD IND-Arg, which was 
confirmed by thermal analysis and XPRD of precipitates 
(Fig. 10) [117]. In another study, the stabilizing effect 
of Leu, Trph, and Ly were investigated using the SD of 
SIM for nasal drug delivery. The morphological analysis 
using SEM and AMORP quantification using XRD indi-
cated the transformation of crystalline Leu to amorphous 
after spray drying with enrichment of SIM surface by Leu. 
In contrast, an even distribution of Trph over SIM was 
observed with significant stability for 8 months in the des-
iccator at 12% RH. Spray-drying of Leu alone resulted in 
wrinkled and fragmented particles; however, Trph and Ly 
appeared smooth with spherical [118]. Moreover, SEM 
images showed irregular shapes that tend to form aggre-
gates (Fig. 9). Spray-drying of SIM with different AAs was 
aggregated, which become spherical with optimization of 
spray drying feed rate (Fig. 8) [118]. HDT is a first-line 
drug in the management of hypertension endured from low 
oral bioavailability due to poor solubility and permeability. 
Solid dispersion using kneading techniques of HDT with 
egg white protein showed significant improvement in the 
solubility (32-fold) and ex vivo permeability over native 
HDT. The microphotograph of crystalline HDT demon-
strated alteration to small non-uniform, and amorphous 
particles with porous surfaces. Additionally, the optimized 
composition showed fused particles with characteristics of 

Fig. 10  Scan electron microscopy image of pure HDT (a), egg white 
protein-based solid dispersion (b), and optimized solid dispersion of 
egg white protein with HDT. Adopted with permission from [119] 

under Springer Nature Switzerland AG. Part of Springer Nature 
(2023), respectively
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large HDT particles suggesting the formation complex of 
drug and protein [119] (Fig. 10).

In another study, ASDs prepared by mixing whey protein 
isolate and whey protein hydro-leucine with poorly soluble 
drugs FUR, CRD, and IND using the vibrational BM tech-
nique demonstrated improvement in solid-state properties, 
rate of dissolution, and solid dispersion physical stability. 

Moreover, as compared to the corresponding pure crystal-
line and amorphous drugs, ASDs exhibit a noticeably higher 
Tg, quicker rate of dissolution, and superior apparent solu-
bility. The inclusion of whey proteins improved the drug’s 
saturation solubility and the tested ASDs demonstrated 
supersaturation by reaching superior drug concentrations 
than corresponding saturation solubility. In addition, ASDs 

Fig. 11  Infrared spectra of amorphous IND, Arg-IND salt, a co-
amorphous mixture of Arg and IND, physical mixture of Arg and 
IND, crystalline Arg, micronized IND, and either dried or undried 
Arg-IND precipitates, from two different media (a and b). Adopted 
with permission from [130] under Copyright Clearance Center Rights 

Link of Elsevier. X-ray diffractogram of crystalline NAP, BM NAP, 
BM NAP-Trp, BM NAP-Pro, co-amorphous TRP-Pro, and co-amor-
phous NAP-Trp-Pro (c and d). Adopted with permission from [129] 
under open access Creative Commons CC BY 4.0 license
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with IND were physiologically stable for approximately 
27 months, while ASDs with FUR or CRD were stable for 
around 8 months and 17 months, respectively during storage. 
However, pure amorphous drugs recrystallized in less than a 
week with instability suggesting that the whey protein iso-
late and whey protein hydrolysate are promising stabilizers 
to fabricate ASDs [120].

To gain a deeper understanding of the structure of mate-
rials generated from corn flour via thermomechanical pro-
cessing, the specific hydrolytic activity of proteolytic and 
amylolytic enzymes was utilized [121]. Adhikari’s co-
worker examined the impact of co-amorphization on the 
aerosolization of kanamycin (KAN), an aminoglycoside 
antibiotic with various AAs such as Phel, Trph, Met, and 
Val by employing a co-spray drying technique. The thermal 

technique authenticated co-amorphization with enhanced 
fine particle fraction, except for the formulation of KAN-
Val. The highest fine particle fraction of 84% was achieved 
by KAN-Met formulation. The COAs formulations dis-
played stable aerosolization and were significantly stable for 
28 days. The combination of KAN-Met showed excellent 
aerosolization stability at a relative humidity of 53%, despite 
Met changing into its crystalline form, without any loss in 
fine particle fraction [122] implying a high dose of KAN 
could be formulated in powder formulation via COAs mix-
tures of KAN with Met, although more research is needed to 
determine the underlying process. FUR is often prescribed 
to treat edema and congestive heart failure. Although there 
are several issues with bioavailability due to poor solubil-
ity and erratic GI absorption, the fabrication of FUR/AAs 

Fig. 12  NMR  (C13) spectra of alone IND, FUR, and tryptophan BM 
for different time intervals (a). NMR  (C13) spectra of IND-tryptophan 
and FUR-tryptophan mixture BM for different time intervals (b). 
NMR  (C13) spectrum of amorphous IND, tryptophan, co-amorphous 
IND-tryptophan, amorphous IND and tryptophan, and amorphous 

drug-tryptophan subtracted from co-amorphous IND-tryptophan (c). 
The left side figure stands for IND and the right side represents FUR. 
Adopted with permission from [110] under Copyright Clearance 
Center Rights Link of American Chemical Society
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COAs is thought to be a solution. The COAs of FUR with 
l-Arg, l-cysteine, l-Trph, l-Phel, and l-Val were success-
fully fabricated employing the BM method. The protonated 
interaction between the AAs carboxyl group and the second-
ary amino group in FUR improves compatibility between 
FUR and AAs. Due to the advantageous aromatic stacking in 
the FUR-Phel and FUR-Trph systems, the COAs generated 
between FUR and Phel/Trph have excellent physical stability 
compared to other FUR-AAs-COAs. The results of powder 
dissolution for COAs FUR/Phel and FUR/Trp showed that 
stable COAs had exceptional dissolution advantages, with 

two times enhancement in the rate of dissolution over pure 
FUR [123].

Experiments on prodrugs of AAs have shown enhanc-
ing many therapeutical parameters such as poor perme-
ability and solubility of low oral bioavailable drugs. By 
employing AAs prodrugs concept in delivering drugs via 
the intravenous route, sustained release and enhanced 
metabolic stability of different pharmaceutical substances 
have been accomplished [124]. Secondly, only a few drugs 
for central nervous disease can cross the blood-brain bar-
rier; however, pro-moieties of AAs had been reported 
as an imperative tool to improve the blood-barrier brain 

Fig. 13  Infrared spectra of IND-Arg co-amorphous mixture FUR-Arg 
mixture with a different molar ratio of Arg (a). ssNMR spectra of BM 
mixtures at varying molar ratios and the PCA loadings (b). The left 

side image represents IND-Arg, and the right side of the image rep-
resents FUR-Arg of different purity. Adopted with permission from 
[130] under Copyright Clearance Center Rights Link of Elsevier
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transposition. Moreover, these pro-moieties are safer phar-
macological agents that do not augment the toxicity of the 
compound and conversely reduce the adverse effects of 
drugs, particularly those employed as antitumor agents. 
Pharmaceutical industries face a tough task in delivering 
a drug to different parts of the eyes like the sclera, retina, 
vitreous humor, and choroid. Regular administration of the 
drug or surgery is required in such kinds of infections; 
therefore, it is so crucial to develop strategies to amplify 
the permeation of l-valine ester into corneal or retinal tis-
sues [125]. Katragadda and colleagues studied the deri-
vatization of acyclovir (ACV) with AAs and exhibited a 
2-fold enhancement in ocular bioavailability after topical 
application of l-valyl and l-serine esters of ACV [126]. 
Ganciclovir has poor aqueous solubility is another such 
example it is employed to treat cytomegalovirus retinitis 
[127]. Furthermore, Ojarinta and co-workers investigated 
the ability of Arg, Phel, and Trph to prolong the supersatu-
ration of either free or COAs IND with AAs in aqueous 
and relevant conditions. The dissolution and precipitation 
test for COAs of AAS with IND in buffer solution and 
feed and fasted stimulated fluids indicated supersaturation 
stability and insignificant precipitation of AAs. The solid-
state investigation of these precipitates indicated that they 
consisted of crystalline IND-Arg with residual crystalline 
materials. Moreover, regardless of processing steps such as 
drying and medium used, COAs of IND with AAs showed 
similar FTIR spectra; however, differed from the spectra 
of crystalline AAs, micronized IND, and COAs of IND 
(Fig. 11(a and b)). The appearance of peaks ranging in 
1500–1750  cm−1 was observed in COAs of IND with AAs 
than those of free IND suggesting that the COOH-groups 
of IND ionized [128]. The solid-state characterization, sta-
bility, and dissolution efficacy of COAs mixture of drug 
with AAS (Trph, Arg, Pro) using BM demonstrated sig-
nificant improvement, compared to native free drug. Pro 
acted as a stabilizer, while Trph improved the molecular 
interactions in the form of hydrogen bonds between AAs 
and drugs. The overall AMORP was quantified by the for-
mation of a halo in the XRD diffractogram as presented 
in Fig. 11(c and d). The XRD spectra showed that 90 min 
of BM was able to transform the mixture into amorphous 
form (Fig. 11(c)); however, milling of drug till 6 h with 
tryptophan demonstrated significant formation of amor-
phous mixture (Fig. 11(d)). Additionally, the results indi-
cated that alone Pro was able to transform the mixture into 

amorphous with solid-state stability. Moreover, the mill-
ing of ternary mixture drug-Trph-Pro, resulted in excellent 
amorphous blend [129]. Furthermore, two COAs drug-AAs 
systems, such as IND-Trph and FUR-Trph, were analyzed 
toward their ease of AMORP using BM for drugs with or 
without AAs. The solid-state NMR (13C) of BM drug with 
AAs were assessed for line width and shape changes from 
the spectra obtained. The spectra indicated asymmetrical 
broadening of the overall spectrum in an amorphous state 
due to the inhomogeneous distribution of isotropic chemi-
cal shifts resulting in a static distribution of bond or torsion 
angles (Fig. 12). The projection method such as princi-
pal component analysis results for varying milling times 
for IND, FUR, Trp, IND-Trp, and FUR-Trp demonstrated 
a quick and high degree of AMORP with π-interaction 
involving the carbonyl of the drug and aromatic IND, FUR, 
and Trp [110].

In another study, the molecular interaction of IND and 
FUR with different AAs using the BM process. Interaction 
reactions were studied using XRD, DSC, FTIR, and NMR. 
The FTIR interaction study indicated the formation of het-
erodimers via intermolecular hydrogen bonding in COAs 
mixture proving high stability for samples with equal molar 
ratio (Fig. 13(a)). Moreover, NMR spectra of COAs IND-Trp 
and FUR-Trp showed interaction via deviation from Gordon-
Taylor equation at 50% molar ratio (Fig. 13(b)) with a large 
part of resonances that relates to the aromatic resonances in 
the spectral region 100–150 ppm. Likewise, salt formation 
during AMORP is another predicted process demonstrating 
the resonance of sensitive carboxylate of ionized and non-
ionized states at different ppm [130]. Ordoubadi and co-
workers developed carrier-free spray-dried dispersion of leu-
cine for pulmonary delivery, with the stability of more than 
8 months. Generally, alone Leu through stability develops a 
small fibre due to its presence in higher energy states during 
crystalline polymorphs [131]. Similarly, zein-coated poly-
caprolactone nanofibers were investigated for antimicrobial 
properties, which showed enhanced mechanical strength, 
reduced diameter (Fig. 14(a)), and water stability with sus-
tained release of tetracycline hydrochloride. Furthermore, 
the in vitro cell proliferation assay demonstrated adhesion 
of fibroblast cells (Fig. 14(b)) over nanofibers with rapid 
closures of the physical scratch (Fig. 13(c)), compared with 
pristine polycaprolactone nanofibers [132]. Yannick and co-
worker studied the assessment of most suitable low-molec-
ular weight excipients for stabilization of amorphous drug. 
The co-amorphous blends were prepared by cryo-milling 
with l-leucine, l-norieucine, l-tert-leucine, and l-arginine 
to understand the stabilization mechanism. Among tested 
amino acids, l-arginine demonstrated possible stiffening 
of the H-bond that drastically improved the stability of 
indomethacin [133]. In another study, co-amorphization of 
flubendazole with l-phenylalanine and l-trytophan in 1:1 

Fig. 14  Scan electron microscopy of nanofiber indicating surface 
morphology and diameter of zein-coated PCL at different ratios 
prepared using Electrospun (a), adhesion of fibroblast cells on zein-
coated PCL nanofibers (b), and fibroblast cell migration in presence 
of zein coated PCL nanofibers (c). Adopted with permission from 
[132] under Copyright Clearance Center Rights Link of Elsevier

◂
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ratio demonstrated significant improvement of physical sta-
bility and dissolution might be due to suppression of crys-
tallization tendency [134]. Hoda EI and May fabricated the 
spray-dried mixture of tadalfil with histidine, valine, alanine, 
and arginine. The spray dried mixture showed improvement 
in solubility (15.12 ± 0.13 μg/mL) and dissolution in 6 h 
with amendment pharmacokinetic parameter when tested 
on animals, compared with pure crystalline drug [135]. The 
summary of recently used amino acid in AMORP is pre-
sented in Table I.

After administration, absorption and permeability of the 
drug depend on the solubility and dissolution rate, as well 
as the gastrointestinal permeability of the drug. In the case 
of poorly soluble drugs, a low intraluminal concentration 
result in inadequate absorption. Amorphization is one of 
the common approaches to improve the solubility and dis-
solution of BCS class II and IV drugs. Several polymers 
have been reported that act as stabilizers for the amorphous 
form of the drugs by diminishing the molecular mobility 
of this drug, therefore, inhibiting the nucleation and crys-
tal growth. A higher concentration of dissolved drug can 
be obtained via several approaches including developing a 
supersaturation of a drug in its amorphous form. Lenz and 
coworkers performed an in vitro dissolution experiment 
under non-sink conditions (phosphate buffer of pH 4.5) to 
investigate the concentration-time profile, Cmax, and AUC. 
The mechanism of in situ AMORP was related to the pH-
dependent dissolution behavior of the drug and polymer. 
At a pH of 6.8, IND showed a high solubility; however, 
swollen polymers restricted the process of drug release and 
ultimately solubility. Although improvement in solubility 
resulted at pH 6.8, no significant improvement was indicated 
at pH 4.5 attributed to the precipitation of amorphous salt 
during dissolution testing in aqueous media, pH, and the 
co-former present in the medium [145]. In another investi-
gation, Huang and co-workers investigated COAs formation 
for challenging the poor solubility of valsartan using vibra-
tional BM techniques with amino acids such as l-histidine, 
l-lysine, and l-arginine. The results for equilibrium solubil-
ity of amorphous VAL at pH 4.6, pH 6.8, and in water were 
0.83 mg/mL, 5.42 mg/mL, and 0.19 mg/mL, respectively. 
However, the COAs mixtures, binary COAs mixtures, and 
ternary mixtures exhibited higher equilibrium solubility at 
pH 4.6, pH 6.8, and water. Besides this, the intrinsic dis-
solution rate of COAs formulations also indicated a similar 
trend at the tested pH. These results were attributed to amino 
acid elements in COAs mixtures that improved 1000-fold 
solubility over amorphous drugs due to ionization between 
the drug and the amino acids to enhance solvation, which 
facilitates dissociations into ions facilities with the formation 
of ion-dipole interactions with water molecules that are more 
energetically favorable than the hydrogen bond interactions 
between water and the non-ionized drug. On the other side, 

for the COAs system, no energy is required to break up the 
crystal lattice during the dissolution process. Therefore, the 
higher solvation energies resulting from ionization typically 
offset the fewer energy cost of breaking up the crystal lat-
tice, leading to a significant increase in solubility for COAs 
than those free drugs [138]. Furthermore, Sormunen and 
colleagues investigated the effect of the co-amorphization of 
glibenclamide on its dissolution properties and permeabil-
ity through cell layers and indicated that COAs formulation 
exhibited a 9-fold increase in cell permeation with solubility, 
compared to the alone physical mixture [140].

Co-amorphous systems are a potential approach to address 
the poor water solubility challenge of many drugs. Wu and 
colleagues established a different ratio between amino acids 
and their corresponding dipeptides to alter the solubility and 
dissolution of MBD. The results from the investigation indi-
cated time-dependent BM techniques with the ratio of amino 
acids significantly improved the dissolution performance and 
stability [142]. Quercetin has been significantly explored in 
various investigations; however, its solubility reflects problems 
at several quantifications. Thus, an attempt to improve its solu-
bility was studied by Minode and co-workers using mechano-
chemical techniques with amino acids such as beta-alanine 
and l-arginine. The results demonstrated that the number of 
radicals and the solubility of quercetin complexed with Arg 
was much higher than those of quercetin complexed with Ala. 
Interestingly, the rotational speed of grinding altered the num-
ber of radicals with improvement in the solubility of quercetin 
[143]. The influence of processing parameters and external 
conditions on the stability of amino acids with their influence 
on formulation stability is presented in Table II.

Challenges and Limitation

The amorphous solid state offers an improved apparent solu-
bility and dissolution rate. However, due to thermodynamic 
instability and recrystallization tendencies during process-
ing, storage, and dissolution, their potential application is 
limited. For this reason, the production of amorphous drug 
with adequate stability remains a major challenge and for-
mulation strategies based on solid molecular dispersions 
are being exploited. Moreover, it is important to note that 
a COAs drug-drug formulation has the potential to achieve 
combination therapy. However, for this kind of therapy, the 
dose requirements of drug candidates are fairly dissimilar 
from that for maintaining physical stability. From a pharma-
ceutical standpoint, the COAs formulation’s fixed stoichio-
metric ratio of drug components present a particular set of 
difficulties. To design a commercially viable COAs formula-
tion, the simultaneous realization of physical stability and 
combination therapy should be given careful consideration. 
For a thorough investigation of the pharmacological effects 
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and potential functions of co-formers in biological contexts, 
numerous in vivo research is also necessary. Certain COAs 
systems may not be suitable for the industrial production of 
polymer-based amorphous SDs. The requirement that the 
API and co-former both be adequately soluble in the same 
solvent or stable at high temperatures may severely restrict 
the design space.

Conclusions and Future Perspectives

Polymeric amorphous and COAs both hold a significant 
degree of supersaturation and offer improved drug permea-
tion. The main target of both systems is to prevent drugs 
from recrystallization. However, in vivo, pharmacodynamic 
and pharmacokinetic investigation along with in-depth sta-
bility studies according to regulatory protocols can give sig-
nificant knowledge to fabricate amorphous systems loaded 
with drug and amino acid. Due to the inherent metastabil-
ity driving recrystallization during preparation and storage, 
stability has been the key challenge for the commercial 
product development of the ASDs. Novel ways have there-
fore developed, which are being investigated with various 
issues as comprehensively covered in this review, to par-
tially address such limitations. Co-amorphous systems, 
mesoporous particle-based amorphous systems, and in-situ 
AMORP are among the emerging AMORP processes that 
are thought to be promising PASD substitutes; nevertheless, 
additional research is still required for large-scale indus-
trial applications. Multivariate visualization is a powerful 
method for identifying variations in amorphous materials, 
especially when used in conjunction with complementary 
spectroscopic characterization. The scale-up of prepared for-
mulation and downstream processing of COA formulations 
into final dose forms will remain a challenging issue for the 
researchers. Certain COA systems may not be suitable for 
the industrial production of PASD. The requirement that the 
API and co-former both be adequately soluble in the same 
solvent or stable at high temperatures may severely restrict 
the design space. The addition of further excipients such as 
filler, binder/carriers, glidant, lubricant, or disintegrants to 
COA formulations may aid in enhancing the downstream 
processing conditions for conversion into final solid dos-
age forms as well as the physicochemical characteristics 
of COA solids. So far, only few studies have reported in 
vivo evaluation of drug-drug COA. High curcumin concen-
tration administered as COA with artemisin was found in 
the plasma of male rats compared to administration alone, 
although it was not clear whether the increase was due to 
AMORP curcumin or co-AMORP. Additionally, studies 
in mice showed great improvement in the bioavailability 
of HDT COA mixture with atenolol. Therefore, extended 
clinical studies are further required to study the effect of 

co-administration of either active drug or AMORP active 
moiety with another drug.
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