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surfactant SLS in its formulation.18 Surfactants can help wet
water insoluble drugs or reduce the surface tension, thereby
enhancing the dissolution and ultimately improving their
bioavailability.14−16Table 1 provides a summary of several
marketed ASDs, along with their respective surfactants and
polymers.18,19

Meanwhile, existing research indicates that surfactants
exhibit a plasticizing effect, which reduces the � � and decreases
the melt viscosity of the polymer.20,21 Thus, the addition of
surfactants is also beneficial for the preparation of ASDs,
especially for methods involving heat treatment.22 Among the
current methods for preparing amorphous drugs, HME offers
unique advantages, including no concerns regarding solvent
residues, and ease of compliance with Good Manufacturing
Practice (GMP) requirements. However, during the HME
process, the drug is subjected to heating, which may impact its
thermal stability.13 To enhance the chemical stability of drugs
during the preparation process, surfactants can be incorporated
to decrease the viscosity of the system, thereby lowering the
processing temperature.

However, the plasticizing effect of surfactants on ASDs
increases the molecular mobility within the ASDs, thereby
potentially threatening their physical stability.18,23−25 The
polymers in ASDs often act as antiplasticizing agents, which
can inhibit the crystallization of amorphous drugs. However,
surfactants typically exhibit a plasticizing effect, as they increase
molecular mobility within the system. This can accelerate
phase separation and crystallization.25,26 Moreover, as an
external third component to the drug-polymer system,
surfactants may disrupt the interactions between the drug
and polymer, thereby adversely affecting dissolution and
bioavailability.27 In vivo experimental studies have shown
that not all surfactants can enhance bioavailability.27 This
highlights the complexity of the impact of surfactants on
ASDs.28−30 Meanwhile, human intestinal fluids are known to
contain a wide array of bile salts and phospholipids. These
endogenous surfactants may influence the performance of
orally administered ASDs.31−37 Determining how to select a
surfactant that can ensure the desired performance of ASDs
under both in vitro and in vivo conditions, while effectively
enhancing dissolution and ultimately improving bioavailability,
remains a significant challenge.38,39 At present, this can only be

achieved through trial-and-error experimentation and screen-
ing.

To sum up, the judicious application of surfactants is crucial
for the development of ASDs. This review focuses on the
impact of surfactants on ASDs and provides the latest progress.
Investigating the impact of surfactants on the performance of
amorphous drugs in various states can guide the selection of
suitable surfactants for ASD formulation.

2. THE STRUCTURE AND CLASSIFICATION OF
SURFACTANTS USED IN ASDS

Surfactants are composed of hydrophilic groups and hydro-
phobic groups.40 The simplest surfactant structure consists of a
single hydrophilic group and hydrophobic group per molecule.
In contrast, more complex surfactant structures encompass
diblock or triblock copolymers, as well as surfactant polymers
featuring randomly interspersed hydrophobic and hydrophilic
segments.17 Surfactants can be artificially synthesized, derived
from natural sources, or naturally present in biological systems.
These compounds are generally classified according to the
hydrophilic structure of their molecules, which includes
anionic, cationic, zwitterionic, and nonionic surfactants.11,17,41

The surfactants commonly used in ASDs are shown in Table 2.
2.1. Nonionic Surfactants. Nonionic surfactants, repre-

senting the most diverse group of surfactants employed in drug
formulations, are favored for their wide range of structures and
typically lower toxicity.41 The most common examples are the
Tween and Span series of surfactants. Tween is a polyoxy-
ethylene sorbitan fatty acid ester in structure, and the final
product is a mixture of molecules of different sizes. It comes in
a variety of grades, as shown in Table 2. It is widely used as an
emulsifier for preparing stable O/W drug emulsions. They are
also used for solubilizing poorly soluble drugs and in
ASDs.42,43 Span belongs to the structure of sorbitan fatty
acid esters and is available in many different types. It is widely
used as a lipophilic nonionic surfactant in cosmetics, food, and
pharmaceutical formulations. In pharmaceutical formulations,
they are primarily used as emulsifiers for topical preparations
such as creams, emulsions, and ointments.22,44 When used
alone, Span can produce stable W/O emulsions. However,
they are often combined with varying proportions of Tweens

Table 1. Marketed Products of ASDs with Surfactants

API surfactant polymer
product
name preparation method

ivacaftor sodium lauryl sulfate (SLS) hydroxypropyl methylcellulose acetate succinate
(HPMCAS)

Kalydeco spray drying

telaprevir SLS HPMCAS Incivek spray drying
lumacaftor/Ivacaftor SLS HPMCAS Orkambi spray drying
ritonavir, lopinavir sorbitan monolaurate polyvinylpyrrolidone-vinyl acetate (PVP/VA) Kaletra HME (hot melt

extrusion)
ritonavir sorbitan monolaurate PVP/VA Norvir HME
ubrogepant D-�-tocopherol polyethylene glycol 1000

succinate (TPGS)
PVP/VA Ubrelvy HME

venetoclax polysorbate 80 PVP/VA Venclexta HME
glecaprevir,

pibrentasvir
TPGS, propylene glycol monocaprylate PVP/VA Mavyret HME

encorafenib Poloxamer 188 PVP/VA Braftovi HME
atogepant TPGS PVP/VA Qulipta HME
eltrombopag choline Poloxamer 188 PVP/VA & PVP Alvaiz HME
nirmatrelvir� ,

ritonavir
sorbitan monolaurate PVP/VA Paxlovid HME

� Drug used as crystalline form.
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to formulate O/W or W/O emulsions, creams, and emulsions
with different viscosities. They are also used in self-emulsifying
drug delivery systems for water insoluble compounds.17

Another widely used class of surfactants is Poloxamers.
Poloxamers are semicrystalline triblock copolymers composed

of poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO) segments. Depending on the molecular weights and
ratios of the PEO and PPO segments, Poloxamers are available
in various grades.11,45,46 Owing to their amphiphilic character-
istics, Poloxamers are frequently employed as surfactants in
ASDs.14,47−52 In addition, it is marketed under various trade
names, such as Pluronic.53,54 When Poloxamers are used as
polymer carriers, they tend to crystallize in the final product,
thereby significantly affecting the amorphous drugs.39

Gelucire is also a common surfactant, composed of mono-,
di-, and tristearin glycerides, as well as polyethylene glycol
(PEG) monostearate and distearate. Based on their Hydro-
philic−Lipophilic Balance (HLB) values, Gelucire can be
categorized into hydrophilic and lipophilic types. Gelucire with
an HLB value less than 6 is considered lipophilic; those with an
HLB value between 6 and 9 are water-dispersible; and those
with an HLB value greater than 9 are considered hydrophilic.
Typical hydrophilic Gelucire grades include Gelucire 50/13,
44/14, 48/16, 55/18, 35/10, and 48/09, while lipophilic
grades include 43/01, 39/01, 33/01, 50/02, 54/02, and 64/02.
The hydrophilic Gelucire grades are widely applied in the
development of self-emulsifying and/or supersaturating drug
delivery systems. They have broad applications in pharma-
ceutical formulations, with excellent solubilization properties
and have been proven to be effective bioavailability enhancers
for drugs. They can also be used in ASDs.51,55

Cremophor is a nonionic surfactant derived from the
ethoxylation of castor oil, with main components including
polyoxyethylene castor oil and its derivatives. Common types
include Cremophor RH 40 and Cremophor EL. Its chemical
structure contains hydrophilic polyoxyethylene chains and
hydrophobic fatty acid ester moieties.56,57

In addition to the aforementioned surfactants, many natural
substances, such as vitamin E, are used as surfactants after
being subjected to ethoxylation. TPGS is an esterified
derivative of vitamin E (tocopherol), primarily used as a
solubilizer or emulsifier due to its surfactant properties.58

Structurally, it is an amphiphilic compound, distinct from
tocopherol, making it a water-soluble derivative. It is widely
used in pharmaceutical formulations, including capsules,
tablets; melt extrusion, microemulsions, topical products, and
injections. TPGS is also extensively applied in ASD
formulations.59,60 Other nonionic surfactants, such as Solutol
HS 15 and Labrasol, have also been used in the development
of ASDs.61−64 However, compared to other nonionic
surfactants, their applications are not as extensive.

2.2. Anionic Surfactants. Compared to nonionic
surfactants, there are fewer types of anionic surfactants that
can be applied in the field of drug formulations. However,
some of them have been widely used, including alkyl
carboxylates, alkyl sulfates (such as SLS), and sulfonates.
Among them, SLS is representative, with a simple and well-
defined structure. It has been extensively used in the
formulation process and the development of ASDs.65−69 SLS
is widely used in research on ASDs, highlighting aspects such
as dissolution rate, surface enrichment, and matrix crystal-
lization.27−30 As a representative of anionic surfactants, it is
often compared with nonionic and cationic surfactants.27−30

SLS does not always increase the dissolution of drugs.27 A
potential explanation could be the formation of an insoluble
complex between the drug and SLS during the dissolution
process, especially with cationic drugs, which could also
contribute to the decreased dissolution.70 SLS may also form

Table 2. Structure and Key Physical Properties of
Surfactants Commonly Used in ASDs as Reported in
Various Literature Studies
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salts with drugs, thereby affecting drug dissolution.71 For
example, Huang et al. found that when SLS was added in a
ritonavir (RTV) tablet formulation, the dissolution of drug was
unexpectedly reduced in acidic media.71 They demonstrated
the generation of a sparingly soluble salt, [RTV2+][LS−],2
under acidic conditions.71 These situations are contrary to the
expectation of using surfactants for solubilization, and they
need to be taken into account in research.

2.3. Zwitterionic Surfactants. Some zwitterionic surfac-
tants, such as bile salts, and phospholipids, are also employed
within pharmaceutical products, while their applications in
ASD are not as extensive.72,73 However, the two most
important types, bile salts and phospholipids, are endogenous
surfactants. Human intestinal fluids are recognized for their
diverse content of bile salts and phospholipids. Bile salts, when
combined with phospholipids, can form a variety of structures,
including micelles, mixed micelles, and vesicles. These
structures can solubilize drugs, thereby influencing super-
saturation.74 Bile salts have garnered increasing attention due
to their significant roles in biorelevant dissolution media and in
vivo, where they have been shown to influence the
crystallization of amorphous drug.31−35,75−79 Elkhabaz and
co-workers reported that bile salts, such as sodium
taurocholate, sodium taurochenodeoxycholate, can facilitate
micellar solubilization.80 However, different bile salts show
different maximum supersaturation ratios for drugs.80 Lu et al.
demonstrated that dihydroxy bile salts can modulate the
solubility and membrane permeation of drug by facilitating
solubilization. In contrast, trihydroxy bile salts exhibited
minimal impact on these properties.81 Lecithin is also an
important endogenous substance. In a study by Indulkar et al.,
it was observed that both lecithin content and bile salt
composition can impact nucleation induction time.76

2.4. Cationic Surfactants. Among all the categories of
surfactants, cationic surfactants are less commonly used in
pharmaceutical applications due to their typically higher
toxicity.17,11 CTAB is a commonly featured cationic surfactant
in studies comparing the performance of cationic, nonionic,
and anionic surfactants in ASDs.82,83 For instance, a study
compared the effects of anionic, cationic, and nonionic
surfactants on improving drug release from ASDs at higher
drug loadings, using a high glass transition temperature (� �)
model API, specifically Atazanavir. The results indicated that
the cationic surfactant CTAB exhibited similar efficacy to the
anionic surfactant SLS, both achieving complete drug release.
This shows a remarkable 30-fold improvement in release extent
compared to the ASD without surfactant at a 10% drug
loading. In contrast, nonionic surfactant TPGS only enhanced
the release extent by 4-fold.83

2.5. Polymeric Surfactant-Soluplus. Most of the
aforementioned surfactants, when used in ASDs, primarily
serve as additives to improve wettability, dispersibility, or
emulsification. Additionally, there exists a unique type of
surfactant known as Soluplus. This polymer has a high
molecular weight (ranging from 90,000 to 140 000 g/mol),
with a � � of 72 °C and a high thermal degradation threshold
(above 250 °C).84−87

Soluplus is capable of forming micelles in solution, which
significantly enhances the solubility of water insoluble
drugs88−91 Some literature refers to Soluplus as a surfactant
used in the preparation of ASDs. However, more commonly, it
is also the ASD polymer, and has a very low � � in comparison
to materials like HPMCAS, HPMC, and PVP/VA.65,92−95 As

additives, surfactants are typically used at low concentrations,
whereas the polymer serves as the primary carrier. This
distinction is another key feature that sets Soluplus apart from
common surfactant additives such as TPGS, SLS, Span, or
Tween. Consequently, this aspect will not be elaborated upon
in detail in this paper.

3. THE INFLUENCE OF SURFACTANTS ON
MANUFACTURABILITY PERFORMANCE

The methods for generating ASDs can be broadly divided into
two groups according to the use of solvents: solvent-based
approaches and fusion-based or solvent-free techniques. The
latter category encompasses mechanical methods, such as
KinetiSol and cryomilling, among others.3 As the third
component introduced, the surfactant must not only be
miscible with both the polymer and the drug, but also
maximize the uniformity of the three components.

3.1. Solvent-Free-Related Preparation Methods. Var-
ious surfactants with good thermal stability, such as
poloxamers and Spans, can serve as plasticizers in solvent-
free-related preparation methods, including HME processing.
For example, a study explored the influence of Span on the
properties of ritonavir ASDs based on PVP/VA. The study
revealed that adding surfactants into polymer and drug
mixtures in a twin-screw extruder can reduce the mobility
and viscosity of ternary ASD, thereby facilitating the
preparation of ASDs.22 The dissolution experiments also
demonstrated the solubilizing effect of surfactants. Adding
surfactants can achieve the dual functions of plasticization and
increased solubility or dissolution.22 Another study explored
surfactants effects on the extrusion processability of ritonavir
ASDs using PVP/VA as the carrier material. The results
indicated that when using HME technology, surfactants such
as Tween-80 can be used as plasticizers for polymers.15 They
significantly reduce the � � and melt viscosity, thereby
improving the processability of ASDs.15

Surfactants can be used as plasticizers, significantly reducing
the viscosity of ASD systems. Surfactants generally have a low
� � . According to the Gordon−Taylor (GT) equation, which
has been used to predict the � � of an amorphous binary
mixture.96−99

=
+

+
T

wT kw T

w kw
g g

g
1 1 2 2

1 2 (1)

In the formula, � � represents the glass transition temperature
of the amorphous drug after the addition of an additive. The
higher the value, the lower the mobility of the drug molecules
in the system. � �� and � �� are the � � of the drug and the
additive, respectively, while � 1 and � 2 are the mass fractions of
the drug and the additive, respectively. � is the ratio of the
product of the density and � � of the drug to that of the
additive. The constant � is given by � = � 1Δ� 2/� 2Δ� 1, where
� 1 and � 2 are the true densities of each component and Δ� 1
and Δ� 2 are the change in thermal expansivity of � � of each
component.

For ASDs containing both polymers and surfactants, the � �

can also be referenced using equation that are extended to
three components.20,100
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� �� and � � are the � � and the mass fractions, respectively, of
the component i (drug, polymer, and surfactant). � 1 (� polymer)
and � 2 (� surfactant) were calculated using the Simha-Boyer rule. � j
= � 1� �� /� j� �j , where � j is the true densities of component j
(polymer or surfactant). The parameter 	 ij is an empirical value
derived from fitting the � � of binary mixtures composed of
components i and j. The Gordon−Taylor equation is
essentially a simplified form of the Kwei equation, obtained
by setting all 	 ij values to zero. According to eq 1 or 2, whether
it is a binary system containing a surfactant or a ternary system,
when the � � of the surfactant is lower than that of the
amorphous drug, the addition of the surfactant will decrease
the � � of the system.

Solanki et al. investigated the effects of surfactants on
reducing the melt extrusion temperatures and complex
viscosity of itraconazole-HPMCAS ASDs.101Figure 1 illustrates
the impact of surfactants on the melt viscosity of ASDs through

viscosity testing.101 Different types of surfactants all signifi-
cantly reduce the viscosity of ASDs.101 The influence of
surfactants on the viscosity of ternary mixtures was similar to
what was seen in binary mixtures. Specifically, TPGS caused
the most significant decrease in viscosity.101 However, the
article does not provide a detailed discussion on why TPGS
shows the greatest reduction in viscosity.101 Nevertheless, the
influence of surfactants and other plasticizers on the flow
properties of specific polymers remains poorly understood. As
a result, the choice of plasticizers for ASD production is largely
based on a trial-and-error method. Evaluating the rheological
properties of surfactants is crucial for determining their
miscibility with polymers and their processability in HME.19

Due to the plasticizing effect of surfactants, they are also
used to assist in the online preparation of ASDs via microwave
methods. Qiang et al. evaluated the feasibility of seven
surfactants in facilitating microwave-induced amorphization.102

As a typical surfactant plasticizer, Kolliphor RH 40 is
particularly advantageous for promoting in situ amorphization.
This can be attributed to its exceptional dielectric heating
capability, plasticizing effect, and solubilizing properties, which
are particularly prominent at lower concentrations.102 All
tablets with different plasticizer/polymer ratios (plas/poly)
applying Kolliphor RH40 as a typical plasticizer exhibited a
color change from white to yellow after microwave treatment,
suggesting that indomethacin had at least partially undergone
in situ amorphization. For formulations with significant color
changes, more amorphous indomethacin was generated.
Moreover, as the plasticizer/polymer ratio increased, the
tablets underwent greater deformation after microwave treat-
ment, indicating that the addition of Kolliphor RH40 improved
the molecular mobility of the ASD system.102 These findings
provide new directions for selecting plasticizing dielectric
materials suitable for microwave systems.

The surface composition of ASDs fabricated via the melting
method may evolve over time. Yu et al. demonstrated
substantial surface enrichment of surfactants in drug-surfactant
ASDs through X-ray photoelectron spectroscopy.29 The study
also found that the surface enrichment is related to the
hydrophilicity/hydrophobicity of the drug and the interactions
between the surfactant and drug.29 In further study, they
analyzed the surface composition of ASD composed of
posaconazole (POS)-surfactant−polymer.103 The ASD se-
lected Span 80 as the surfactant and chose PVP or PVP/VA
as the polymer carrier.103 The study found that introducing the
polymer into the binary POS-surfactant system further
increased the surfactant concentration at the surface.103

These results suggest that the addition of surfactants during
the melt method preparation of ASDs may induce surface
enrichment of surfactants. The specific mechanisms of this
effect will be discussed in detail in section 4.1.

3.2. Solvent-Related Preparation Methods. Solvent-
related preparation methods involve the rearrangement of the
drug and polymer during the process.104 Chen et al. have
demonstrated that in binary drug-polymer ASD, the drug can
either enrich or deplete on the surface during the preparation
of ASDs by spray drying.105 The spray drying process involves
two key steps: atomization and solvent evaporation. During
these steps, the mass transport of solutes can result in surface
enrichment or depletion of either the drug or the polymer.105

This behavior is closely related to the polymer used, as well as
the interactions between the drug and polymer, and the
molecular weight of the polymer.105

Figure 1. Viscosity of binary itraconazole (ITZ)-polymer mixtures
and surfactant−polymer mixtures (a, 10:90 w/w; b, 15:85 w/w), as
well as ternary mixtures. Reproduced with permission from ref 101.
Copyright 2019 Elsevier.
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In the study, two surfactants (SLS and TPGS) and four
hydrophilic polymers were utilized in the solvent-related
preparation process to investigate their impact on the surface
properties of ASDs.106 In terms of enhancing dissolution, SLS
exhibited slightly better performance compared to TPGS. In
the coprecipitated and solvent-evaporated ASD particles, SLS
was not molecularly dispersed; instead, it was largely found on
the particle surface. In this scenario, SLS likely facilitated
particle wetting, thereby enhancing drug release.106 The study
demonstrates that in the solvent-related preparation process,
the incorporation of surfactants can also impact the surface
composition of the final ASDs particles, subsequently
influencing the dissolution behavior of the ASDs.

3.3. Downstream Processing. Surfactants are beneficial
for downstream processing of ASDs, with certain surfactants
acting as lubricants.107,108 This surfactant has been used as an
alternative to some of the most frequently “boundary
lubricants,” such as magnesium stearate (MgSt) and sodium
stearyl fumarate. Dun et al. investigated the effectiveness of
SLS as a tableting lubricant.107 Their results demonstrated that
when applied at the appropriate dosage to typical pharma-
ceutical powder blends, SLS achieved lubrication efficiency
comparable to that of MgSt.107 Moreover, celecoxib tablets
containing SLS exhibited superior in vitro dissolution perform-
ance compared to those containing MgSt.107 However, another
study indicated that SLS exhibits poor lubricating properties.
Moreover, none of the tested formulations demonstrated an
improvement in the dissolution rate of the API. This suggests
that different drug systems may yield varying outcomes.109

Regarding other surfactants, Dun et al. conducted a
comprehensive evaluation of poloxamer P188 and P407 to
assess their potential as alternative lubricants.110 When tested
with two excipients that have distinct mechanical properties-
microcrystalline cellulose and lactose-both poloxamers dem-
onstrated satisfactory lubrication efficiency without compro-
mising the tabletability of the formulations. In the develop-
ment of an experimental tablet containing ritonavir, using 2%
of either poloxamer resulted in superior lubrication, improved
tabletability, and more efficient in vitro drug release compared
to using 1% magnesium stearate.110 In another study, it was
found that adding SLS just prior to tableting can enhance
tablet hardness and achieve comparable dissolution perform-
ance to that obtained when SLS is added before the initial
blending step.111 Formulations containing surfactants exhibited
increased susceptibility to matrix crystallization following
mechanical activation. This suggests that incorporating a
surfactant may pose a higher risk in formulation strategies if
milling is required.111 Thus, the use of surfactants has dual

impacts: on one hand, it improves the release rate; on the
other hand, it promotes crystallization.30

The internal and external addition of surfactants can also
affect the performance of ASDs. For instance, in a study, SLS
was either incorporated into the ASDs of two model drugs-
Diazepam and Fenofibrate-or physically mixed with them
separately.112 The impact of these two different incorporation
methods on drug dissolution was then investigated.112 Tablets
formulated from ASDs containing SLS exhibited significantly
enhanced dissolution behavior. Interestingly, the dissolution
rate of tablets composed of physical mixtures of SLS and the
ASD was rapid initially, but then decelerated after approx-
imately 10 min.112

4. THE INFLUENCE OF SURFACTANTS ON THE
PHYSICAL STABILITY OF ASDS UNDER
SOLID-STATE CONDITIONS

4.1. The Influence on Phase Separation. During the
development of ASD formulations, selecting an appropriate
carrier can effectively inhibit drug crystallization.5 However, in
the typical development process, the miscibility between the
additive and the drug should be evaluated before assessing the
influence of the additives on crystallization in ASDs.11,45,113

Ideally, the drug should be completely dissolved in the polymer
material to ensure its thermodynamic and kinetic stability.
However, to meet the therapeutic dose requirements, the
proportion of the drug is often increased. In this scenario, the
drug may be in a region that is thermodynamically unstable but
kinetically stable on the phase diagram. Over time and under
the influence of external factors, phase separation or
crystallization may occur, as shown in Figure 2.114,115,116

When phase separation occurs between the phase separation
curve and the solubility curve, it may further induce
crystallization, thereby affecting the physical stability of the
amorphous drug. Therefore, investigation miscibility of ASDs
is of great importance in guiding the formulation development
process of ASDs.11,45,113

The phase diagrams of ternary ASDs, which incorporate
surfactants, have also been investigated. Trenkenschuh et al.
investigated the impact of a surfactant, TPGS, on the solid-
state properties of HPMCAS-based ASD.21 The phase
diagrams of drug in HPMCAS with or without 10% TPGS
are drawn.21 When 10% TPGS is added, the solubility curve of
the API is only slightly altered and almost coincides with that
of the ASDs without TPGS. However, the � �s are significantly
reduced by TPGS, dropping from 91.2 °C in the ASD without
TPGS to 66.2 °C with 10% TPGS.21 In another study,
Lehmkemper et al. explored how different low molecular
weight excipients such as polyethylene glycol 1500, TPGS, and

Figure 2. Schematic phase diagrams of ASDs. (a) A system where no amorphous phase separation occurs. (b) A system where amorphous phase
separation does occur. Reproduced with permission from ref 114. Copyright 2014 American Chemical Society.
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propylene glycol monocaprylate affect the phase behavior of
naproxen or acetaminophen ASDs.20 The results indicated that
the influence of these additives, including several surfactants,
on the thermodynamic stability of ASDs is relatively minor.20

However, even small amounts of additives can lead to a
substantial decrease in � g and the kinetic stability of ASDs.20

The PC-SAFT model was found to be effective in predicting
the impact of PEG1500 and TPGS on the phase behavior of
ASDs.20

Surfactants have different impacts on the miscibility between
drugs and polymers, depending on their physicochemical
properties. Bhanderi et al. examined the effects of surfactants
on the miscibility of griseofulvin with HPMCAS.117 They used
three different surfactants at varying ratios ranging from 1 to
5%.117 They used the Flory−Huggins model and related
thermal analysis to find that the addition of SLS and cationic
dodecyltrimethylammonium bromide can enhance the mis-
cibility between griseofulvin and HPMCAS by a factor of 2
compared to the binary drug-polymer system.117 This, in turn,
correspondingly reduces the tendency for recrystallization.117

However, there are also cases where the addition of surfactants
leads to deterioration in the miscibility between drugs and
polymers, which are related to the type of polymer carrier
material used. For example, in the study of itraconazole-
Soluplus ASD, surfactant (Poloxamer) of varying ratios
between 9 to 33% were used.118 The addition of Poloxamer
188 caused the drug-polymer miscibility to decrease from as
high as 40% to less than 10%.118 In contrast, the miscibility of
poloxamer 188 with HPMCAS was at least 30% w/w.118 The
differences observed can be attributed to the intense
interactions between HPMCAS and surfactants, which prevent
the crystallization of both drug and surfactants.118

In addition, some studies have investigated the surfactants
effects on phase separation in ASDs from the perspective of
molecular mobility.119 The lower � � and higher molecular
mobility of surfactants can lead to this phenomenon, which
poses a significant threat to the stability of ASDs. Yu et al.
reported that incorporating the surfactants Span and Tween
significantly reduces the � � of amorphous acetaminophen
(APAP).29Figure 3a displays DSC results for APAP containing
Span 80, showing a single � g that continuously shifts with
surfactant concentration.29 In Figure 3b, � g values for different
surfactant−APAP systems are plotted against surfactant
concentration.29 The � g decreases with increasing surfactant
concentration (0−20 wt %). Notably, Span 80 shows the
smallest � g decrease, likely due to its high lipophilicity (lowest
HLB) compared to other surfactants, while APAP is
hydrophilic.29

In a more in-depth investigation, Li et al. employed the
surface grating decay technique to assess the surface mobility
of amorphous indomethacin in the presence of moisture and
Tween 20.43 The research indicated that both moisture and
the surfactant notably enhanced the surface molecular
mobility, and their impacts could be accurately depicted by
the concentration−temperature superposition principle
(CTS)(Figure 4).43 This means that regardless of whether
moisture or Tween 20 was added, the surface mobility
behavior of amorphous indomethacin (IMC) was consistent at
the same � � -normalized temperature.43 The influence of
surfactants on the molecular mobility of amorphous drugs
parallels the plasticizing effect of water.43

Due to the high molecular mobility of surfactants, the
addition of surfactants to ASDs can affect phase separation in

kinetically unstable ASDs.44 Yu et al. measured the surface
enrichment rate of polymers in maltitol- PVP ASDs and found
that this rate is controlled by bulk diffusion of the polymer.
The concentration of PVP on the surface is 170 times that in
the bulk phase, and this effect is increased with increasing
molecular weight of PVP.120 This suggests that the surface
composition of ASDs evolves over time, influenced by
molecular mobility. Nevertheless, in the case of a series of
binary drug-surfactant ASDs, Yu et al. utilized X-ray photo-
electron spectroscopy to investigate four surfactants and four
model drugs.29 They found substantial surfactant enrichment
at the surface of the studied systems.29 The study also found
that the surface enrichment is related to the hydrophilicity/
hydrophobicity of the drug and the interactions between the
surfactant and drug, as shown in Figure 5.29 The surface
enrichment effect becomes more pronounced as the drug’s
hydrophilicity increases. Meanwhile, the effect is most

Figure 3. (a) DSC measurements for APAP doped with Span 80 at
the indicated concentrations. (b) � gvs surfactant concentration for
APAP containing different surfactant. Reproduced with permission
from ref 29. Copyright 2022 American Chemical Society.

Figure 4. Surface-grating decay constants (K) for pure or doped IMC
(The surface-grating decay constants are correlated with molecular
mobility.). The curve represents the viscosity of pure IMC.
Reproduced with permission from ref 43. Copyright 2022 American
Chemical Society.
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pronounced when a lipophilic surfactant is used in a
hydrophilic matrix, and it diminishes as the surfactant becomes
more hydrophilic and the matrix becomes more hydrophobic.
These effects can be attributed to the tendency of components
to segregate at the liquid/vapor interface in order to reduce
surface energy.29

In subsequent research, they examined the surface
composition of a ternary ASD comprising drug, surfactant,
and polymer.103 The study found that introducing the polymer
(PVP or PVP/VA) into the binary posaconazole (POS)-Span
80 system further increased the surfactant content at the
surface while reducing the drug concentration at the surface.103

When comparing the enrichment effects of PVP and PVP/VA,
the PVP/Span system has more surface enrichment in
comparison to a PVP/VA/Span system.103 A polymer with
higher hydrophilicity can promote the surface enrichment of a
hydrophobic component, such as Span 80. This phenomenon
was attributed to the interactions among the three
components.103

Surfactants may impact the water - triggered phase
separation of ASDs. A study explored the impacts of four
surfactants on water-induced phase separation in ASDs
containing ritonavir and PVP/VA, employing a variety of
orthogonal analytical techniques.44 The study revealed that the
surfactants substantially modified the kinetics and morphology
of phase separation. Moreover, the surfactants displayed
varying affinities for the drug-rich phase and the water/
polymer-rich phase.44

Additionally, some surfactants themselves have crystalliza-
tion issues, which may lead to more complex instability in
ASDs.121 For example, semicrystalline surfactants such as
poloxamers can exhibit crystallization issues. When present in
low amounts, the crystallization of the surfactant is inhibited,
and it remains in an amorphous state within the ASD.
However, as the amount of poloxamer increases, crystallization
of the surfactant may occur, which can facilitate the
crystallization of amorphous drugs.121−124

4.2. The Influence on Crystallization. Drugs incorpo-
rated into ASDs are often present at concentrations exceeding
their solubility in the polymer matrix. Under these conditions,
kinetically stable ASD formulations can be successfully

developed by carefully selecting appropriate polymer carriers,
optimizing polymer-to-drug ratios, incorporating suitable
surfactants, and fine-tuning process parameters.5 The influence
of additives on crystallization of ASDs has drawn considerable
interest, with the influence of polymer carriers on crystal-
lization being widely studied.97,125−129

As discussed above, surfactants possess plasticizing effects
that can accelerate molecular mobility, thereby speeding up
phase separation in ASDs or causing surfactant enrichment
behavior, which poses a threat to the physical stability of ASDs.
Meanwhile, the plasticizing effect of surfactants can directly
accelerate drug crystallization. The crystallization process
includes nucleation and growth. Based on existing reports,
surfactants have been shown to accelerate both nucleation and
growth of crystallization in ASDs.130

4.2.1. The Influence on Nucleation. Studying the
crystallization process by separating it into nucleation and
crystal growth can be more helpful in understanding the
impact of surfactants on crystallization.18 Yao et al. found that
surfactants, including poloxamer, can accelerate the crystal-
lization of nifedipine by influencing the molecular mobility of
the drug.18 They found that various surfactants exerted similar
effects on the � � of nifedipine. The effects of different
surfactants also showed similarities that were independent of
their structural details.18 Therefore, they attributed the similar
effects of these surfactants on nucleation and crystal growth
processes to their function as mobility enhancers. The
nucleation rate can be predicted based on crystal growth
kinetics.18,131 The nucleation rate can be predicted using the
following formula: 
�
 � 
 ��� � , where � is the growth rate, and

� and �� are the nucleation and growth rates of the drug.131

The measured values are consistent with the predicted values,
as shown in Figure 6.18

Zhang et al. also examined the effect of poloxamer as a
surfactant on the nucleation of amorphous clotrimazole. They
found that the surfactant significantly reduced the � � of
amorphous clotrimazole. Additionally, poloxamer accelerated
the nucleation and growth of crystalline form 1 of

Figure 5. Schematic diagram of a diffusion-based surface enrichment
process. Reproduced with permission from ref 29. Copyright 2022
American Chemical Society.

Figure 6. Observed vs predicted nucleation rates for various systems:
FCZ: Fluconazole ; NIF: Nifedipine. Reproduced with permission
from ref 18. Copyright 2022 American Chemical Society.
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clotrimazole.25 The nucleation rate of crystalline form 1 is
consistent with previous reports, indicating that both
nucleation and growth are processes limited by molecular
mobility.25 As a plasticizer, surfactants enhance this mobility,
thereby similarly accelerating both processes. This suggests
that additives promote nucleation and crystal growth rates in a
similar manner by altering the material’s mobility. However,
when examining the impact of poloxamer on the crystallization
behavior of form 2, it was found that poloxamer accelerates the
growth of crystalline form 2 but inhibits its nucleation.25 The
primary reason is that poloxamer can accelerate polymorphic
transformation, promoting the conversion of form 2 to form 1.
This leads to the observed decrease in form 2 under the
influence of poloxamer.25 The above results indicate that in
drug systems with polymorphism, due to the presence of
complex situations such as polymorphic transformations, extra
caution is needed when discussing the influence of surfactants
on the nucleation of amorphous drugs.

4.2.2. The Influence on Crystal Growth. Compared to the
impact of surfactants on nucleation, their effects on crystal
growth have been more extensively studied, with the
plasticizing effect showing a more pronounced accelera-
tion.18,26 Yao et al. discovered that surfactants, such as
poloxamer, can speed up the crystallization growth rate of
amorphous nifedipine by increasing molecular mobility.18Fig-
Figure 7 shows the impact of different surfactants on the

crystallization growth rate, revealing similar acceleration effects
regardless of the surfactant type and HLB.18 The acceleration
effect of surfactants diminishes with increasing temperature, as
the difference in molecular mobility between the surfactant and
the drug decreases.18

Mosquera-Giraldo et al. investigated the impact of SLS,
sucrose palmitate, and TPGS on the crystallization growth rate
of amorphous celecoxib.26 The linear crystallization growth
rate of celecoxib was determined via optical microscopy across
a temperature range of 70−120 °C.26 It indicated that these
surfactants increased the crystallization growth rate of
celecoxib, although some differences were observed among
the surfactants. Additionally, the study found that the addition
of PVP helped to mitigate the acceleration effect of the
surfactants. Therefore, during formulation development, it is
crucial to consider the effects of surfactants on the physical

stability of ASDs.26 However, there is currently no effective
method to suppress the influence of surfactants on crystal
growth.

5. THE IMPACT OF SURFACTANTS ON DISSOLUTION
Typically, surfactants are added to further enhance the
dissolution of water insoluble drugs. The impact of surfactants
on ASDs dissolution needs to be carefully evaluated based on
the following aspects: The wettability of ASD particles and
their crystallization behavior upon contact with the dissolution
medium; the influence on the release of the drug and polymer;
the effect on the supersaturation of the drug solution.132

During the ASDs dissolution process, two scenarios can
occur, as shown in Figure 8. If all the amorphous material
dissolves completely, a supersaturated solution can theoret-
ically be formed, provided there is sufficient driving force for
dissolution and no crystallization occurs. This results in a
“spring and plateau” profile, where the drug concentration
remains high and stable over time. However, if crystallization
takes place, the supersaturation will decrease, leading to a
“spring and parachute” profile, where the drug concentration
drops significantly after an initial increase.133−137

5.1. Wettability. Drugs with poor water solubility are
typically highly hydrophobic, and their dissolution in
dissolution media or the gastrointestinal tract can be
challenging. Therefore, improving their wettability is essential.
Since surfactants can reduce surface tension, they enhance the
wettability of ASDs, enabling the dissolution medium to come
into more effective contact with the ASD product. Con-
sequently, they exhibit improved dissolution perform-
ance.11,17,118

When surfactants adsorb at an interface, they tend to alter
the properties of that interface.138 Surfactant molecules
adsorbed at the air/water interface can effectively lower the
surface energy of the liquid (� ��). Similarly, surfactant
molecules can also adsorb onto solid surfaces, thereby
influencing the surface energies at both the solid/liquid
interface (� ��) and the solid−gas interface (� �� ). The wettability
of hydrophobic surfaces by aqueous solutions can be
quantitatively assessed by measuring the contact angle (�) of
a liquid on a solid surface.138,139

It can be calculated using Young’s equation:

=coslg sg sl (3)

A smaller contact angle is indicative of better wettability.
Surfactants improve the wettability of solid surfaces, thereby
increasing the dissolution of water insoluble drugs. Wetting the
surface of a tablet or drug powder is typically the initial and
highly critical step in the drug dissolution and release process.
For example, Meng et al. prepared ASDs consisting of
celecoxib (20%), PVP/VA, and TPGS at various levels (0, 5,
10, and 20%).140 They employed contact angle measurements
to assess the wettability of ASDs. The results indicated that the
contact angles of the drug-polymer-TPGS ASDs at w/w ratios
of 5:15:0, 5:14:1, 5:13:2, and 5:11:4 were 57.7°, 46.4°, 45.4°,
and 31.0°, respectively.140 As the TPGS content increased in
the formulations, the contact angle decreased, demonstrating
that TPGS enhanced the wettability of the ASDs.140

5.2. The Influence on the Drug and Polymer Release.
In ASDs, we typically use surfactants to enhance drug
dissolution in order to achieve rapid release and maintain a
high level of supersaturation. However, when comparing

Figure 7. Growth rates of pure amorphous nifedipine (NIF) and NIF
containing 10% surfactant (� g values of pure amorphous NIF = 315
K). Reproduced with permission from ref 18. Copyright 2022
American Chemical Society.
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different surfactants, not all types can achieve similar
effects.28,30,67,69,83,141−143 Therefore, the appropriate selection
of additives can effectively accelerate drug release while
preventing the maintenance of supersaturation in aqueous
environments is very important.

Selecting suitable polymers is vital for the development of
ASD formulations, as it is necessary to harmonize physical
stability with dissolution rate.144 The addition of surfactants
should follow the same principle. There are two different ways
to incorporate surfactants into the final ASD formulation: one
is to add the surfactant as an external excipient to the particles,
and the other is to add it during the manufacturing process of
the ASD. However, relevant studies have shown that the
addition of surfactants externally to the ASD has the least
impact on drug release.145,146 When surfactants are intimately
mixed with the ASD, that is, when surfactants, drugs, and
polymers are combined during the preparation of the ASD,
they exhibit a more positive effect on drug release.145,146

Although some studies have reported that the external addition
of surfactants to ASDs can facilitate disintegration during
dissolution.112 The more common approach is to incorporate
them directly into the ASD during the manufacturing process.
This method allows surfactants to interact more intimately
with the drug and polymer, thereby improving the overall

performance of the ASD compared to external addi-
tion.14−16,147 Surfactants function as wetting agents, facilitating
the contact between drugs and aqueous media, thereby
effectively increasing the available surface area.148 Yang et al.
found that surfactant was prone to concentrate on the surface
and improved wettability of ASDs, thus influence the drug
release.138 Saboo et al. evaluated the effect of adding the
surfactant TPGS to binary ASDs of felodipine with high drug
loading.149 The study found that the addition of TPGS
promoted the release of the drug compared to the control
binary ASD without surfactant.149 Meng et al. investigated the
effects of TPGS on dissolution rate and supersaturation of
celecoxib (CEL) ASDs through nonsink dissolution testing.
The data show that the release kinetics of CEL are directly
proportional to the TPGS content. In contrast, the super-
saturation level of CEL remained nearly constant for
formulations with CEL, PVP/VA, and TPGS ratios of
5:14:0, 5:14:1, and 5:14:2. However, a substantial increase
was observed in the 5:11:4 formulation, indicating a distinct
dissolution mechanism associated with the higher TPGS
content (Figure 9a).140 They speculate that the drug release
advantage of CEL ASD at the 5:11:4 ratio may be attributed to
the following factors: (1) TPGS enhances the wettability of
CEL ASDs (Figure 9b), (2) TPGS promotes the formation of

Figure 8. Dissolution and crystallization pathways and the resulting idealized dissolution profiles of ASDs. Reproduced with permission from ref
135. Copyright 2023 American Chemical Society.

Figure 9. (a) Dissolution performance of CEL ASDs of various compositions in phosphate buffer solution. (b) Contact angle of CEL ASDs.
Reproduced with permission from ref 140. Copyright 2019 Elsevier.
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nanoaggregates, or (3) TPGS micelles augment the solubility
of CEL.140

The release behavior of the polymer from the ASDs can also
significantly impact the release of the drug. The boundary at
which the release rate of the drug plummets is referred to as
the limit of congruency (LoC).28 When the drug loading (DL)
is low, the drug and polymer are released at a similar rate to
that of the pure polymer.28 However, above the LoC, the
release of the drug usually lags behind that of the polymer. In
ASDs with higher DL, when exposed to the dissolution
medium, the drug tends to accumulate at the tablet surface.28

This enriched drug layer then acts as a barrier, impeding the
release of both the drug and the polymer.28 For PVP/VA
ASDs, most examples show that the rate of drug release will be
largely the same as pure polymer in the drug loading regime
below LoC.144,150−153 In a study of an ASD system containing
bicalutamide and copovidone, the two-phase system of drug
and polymer was observed to exhibit different release rates for
the drug and polymer in the 20% DL ASD formulation. This
indicates that the formulation displayed incongruent release
behavior.30 However, upon incorporating surfactants into the
system, distinct outcomes were observed. Two surfactants were
examined: SLS and TPGS. When an ASD was formulated with
a 30% DL, the addition of 1.5% SLS enabled congruent release
of bicalutamide and copovidone. This formulation achieved a
release of over 80% within 30 min. Under same conditions for
TPGS, an incongruent release of bicalutamide and PVP/VA
was observed. However, bicalutamide was released at a slightly
faster rate compared to the binary ASD, and a higher degree of
supersaturation was achieved. This study demonstrates that
surfactants can effectively enhance the drug release rate, but
there are significant differences among different surfactants.30

In a study of ternary ASDs containing ritonavir, PVP/VA, and
surfactants (formulated at a 30:70:5 w/w/w ratio), several
surfactants were evaluated. All surfactant-containing ASDs
demonstrated superior performance compared to the binary
ASD.142 Specifically, Span 85 and TPGS enabled complete
drug release without any amorphous phase separation or
crystallization.142 Conversely, Span 20 and Tween 80 showed
drug release of less than 50%, accompanied by AAPS, and Span
20 additionally induced solution crystallization.142 SLS
exhibited rapid but incomplete release (∼80%), with no
AAPS observed; however, crystallization was noted on the
dissolving surface. Overall, the release profile was dictated by
the interplay between the dissolution rate and the extent of
phase transformation within the ASDs.142 The same system,
but with different drug loadings being investigated. Yang et al.
investigated the impact of surfactants on drug release from
RTV ASDs and their distinct release-enhancing mecha-
nisms.154 They prepared ternary ASDs containing ritonavir,
PVP/VA, and surfactants (SLS, Tween 80, Span 20, or Span
85).154 For binary RTV-PVP/VA ASDs (drug-polymer ASDs),
the LoC was found to be 25% DL. When the drug load was
25% or lower, a congruency release of the drug and polymer
was observed.154 However, when the drug load exceeded 30%,
neither the drug nor the polymer was released.154 While all
surfactants improved drug release at a 30% drug load, while
only SLS and Tween 80 enhanced drug release at higher drug
loads.154 They concluded that surfactants in ASDs increased
the miscibility between the drug, polymer, and water, and
disrupted the drug-enriched barrier at the gel−solvent interface
through plasticization.154 Correa-Soto et al. used atazanavir
(ATZ), a drug with a high � � , as a model to investigate the

impact of surfactants on drug release from ASDs.83 The
maximum LoC in the PVP/VA based ASD was found to be 5%
DL.83 Adding 5% (w/w) surfactant to the binary PVP/VA-
based ASDs increased the LoC to varying degrees.83

Surfactants such as SLS, Span 80, and CTAB notably increased
the LoC (from 5 to 10% DL), thereby achieving over a 30-fold
improvement in total drug release compared to the
corresponding binary ASDs, as shown in Figure 10.83 The

study found that the addition of surfactants lowered the � � of
the ASDs and increased their water uptake. The authors
hypothesized that surfactants could function as plasticizers,
potentially aiding in the release of polymers from ASDs that
contain high � � drugs.83

In another study, similar conclusions were drawn.155 This
research aimed to assess a variety of plasticizers, such as
glycerol and citrate derivatives, as additives to boost drug
loading in PVP/VA-based ASDs while preserving effective drug
release.155 The focus was on high � g drugs, specifically
atazanavir (ATZ) and ledipasvir (LED).155 For ATZ ASDs,
drug release was very poor at loadings of 10% w/w and above
without plasticizers.155 However, incorporating plasticizers
significantly improved release, achieving good performance
up to a drug loading of 25%. For LED, the improvement
enabled good release from 5% to 20% drug loading.155

Interestingly, for a low �� compound like ritonavir, plasticizer
incorporation resulted in relatively smaller improvements in
release depending on drug loading.155 The mechanism by
which plasticizers enhance dissolution performance at high DL
may be achieved by increasing the rate of polymer chain
disentanglement.155

5.3. The Influence of Surfactants on Solubility and
Supersaturation. Upon dissolution from ASDs, the drug
concentration in the solution often initially reaches a
supersaturated state following addition to aqueous media.4
Maintaining this supersaturated state is crucial for enhancing
drug absorption.156 The presence of surfactants can also affect
the crystallization tendency of the drug in supersaturated
solutions, potentially either promoting or inhibiting crystal
growth and nucleation.3,157,158

Smith-Craven et al. developed binary amphotericin B
(AmB) ASDs (drug: HPMCAS or drug: surfactant) and
ternary ASDs (drug: HPMCAS: surfactant). By conducting
experiments to achieve the maximum AmB concentration
during dissolution, a comprehensive series of surfactants were

Figure 10. Percentage of ATZ (blue) and PVP/VA (green) released
at 90 min, as determined from tests were conducted on an ATZ ASD
with a DL of 10%, incorporating 5% of various additives. Reproduced
with permission from ref 83. Copyright 2022 Elsevier.
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investigated for their solubilization effects.159 The results
showed that the ternary ASD containing surfactants increased
the solubility of drug by 90-fold compared to crystalline AmB.
Meanwhile, the binary ASDs composed solely of the drug and
surfactant could enhance the dissolution concentration of drug
by approximately 40-fold.159 In this study, the concentration of
SLS in both the binary and ternary formulations is below its
critical micelle concentration (CMC), suggesting that micelle
formation is unlikely to be responsible for the increased
dissolution concentration. Furthermore, HPMCAS alone has
only a modest effect on improving AmB concentration.
Instead, it appears that the surfactant and polymer may
interact synergistically with AmB to prevent the formation of
insoluble poly aggregates.159 Although it is widely accepted
that surfactants can increase the wettability of poorly soluble
drugs to achieve solubilization, many studies have shown that
for specific surfactants, such as SLS, predicting their exact
impact on solubility and supersaturation is challeng-
ing.28,30,67,69,83,141,142,154,155,160

One important characteristic of surfactants is their
propensity to form self-assembled structures in solution.
When surfactants are added to water, the initial “monomer”
molecules first adsorb onto available surfaces to decrease the
interaction between the hydrophobic tails and water. Once the
CMC is exceeded, the available interfaces are saturated with
surfactant monomers. This saturation prompts the remaining
monomers to self-assemble into larger molecular structures,
thereby reducing the interaction between the hydrophobic
groups and water. These structures include micelles and
vesicles. Micelles can typically be regarded as having a
hydrophilic shell surrounding a hydrophobic core.161 This
process is illustrated in Figure 11. The CMC is determined by

the surfactant’s molecular structure and serves as a key
indicator of its micelle-forming efficiency. A lower CMC value
typically signifies a more effective surfactant in promoting
micelle formation.141 Hydrophobic materials or drugs can be
incorporated into or “dissolved” within the micelle interior.69

The amorphous solubility of drugs is inherently complex,
especially when other substances are introduced. Ueda and co-
workers have summarized this complexity and categorized it
into three distinct scenarios:74

Case I: Formation of a drug/additive complex in the
aqueous phase.
Case II: Significant partitioning of the additive into the
drug-rich phase.

Case III: Concurrent formation of a drug/additive
complex in the aqueous phase and significant partition-
ing of the additive into the drug-rich phase (a
combination of Case I and Case II).

Surfactants, which form micelles capable of solubilizing
drugs, can also partition into the drug-rich phase and interact
with the surface of nanodroplets. Therefore, surfactants may
lead to either Case I or Case III outcomes in terms of drug
amorphous solubility. Ternary ASDs, which include polymers
and surfactants, are more likely to conform to Case III
scenarios.

When the system reaches equilibrium with the crystalline
drug, the free drug in the aqueous phase stays the same as the
initial concentration. This is because the additive does not
interact with the drug crystals (Figure. 12a).74 In the absence
of the drug-rich phase, drug molecules are distributed between
the aqueous phase and the drug/additive complex, even in a
supersaturated state. When the additive is a surfactant, the
term ″complex″ refers to the formation of micelles that can
solubilize the drug. For the drug amorphous solubility for ASD
containing surfactant, once the drug-rich phase forms, the
additive may partition into this phase, thereby altering the
partitioning ratio of the drug into the drug/additive complex
(Figure. 12b).74 Additionally, the incorporation of additives
into the drug-rich phase can lead to a decrease in the free drug
concentration in the aqueous phase.74 For ternary ASDs
containing surfactants, interactions between the polymers and
surfactants may occur, thereby influencing solubility, the drug-
rich phase, and supersaturation, and consequently adding
complexity to the overall situation.

In a given supersaturated solution, the formation of micelles
leads to a reduction in the free drug concentration within the
bulk water phase. This reduction, in turn, diminishes the
crystallization driving force, thus enabling the stabilization of
supersaturation or mitigating the drug’s propensity to
precipitate under supersaturated conditions. Bertoni et al.
investigated the effect of different concentrations of surfactants
on the crystallization of supersaturated ketoconazole (KET)
solutions and found that changes in surfactant concentration
had a pronounced effect.51 For Gelucire, the impact on drug
precipitation from a supersaturated state depended on its
micellar behavior: monomeric forms (below 50 �g/mL)
promoted crystallization, whereas premicellar aggregates
(50−500 �g/mL) and solubilizing micelles (above 500 �g/
mL) retarded drug crystallization.51 At low concentrations,
Gelucire interacts with the drug-rich phase, reducing
amorphous solubility and accelerating drug crystallization.51

In contrast, at higher concentrations, Gelucire components
begin to self-aggregate into micelles, and concentrations
exceeding 500 �g/mL, the drug is incorporated into these
micelles, enhancing drug solubilization and thereby inhibiting
crystallization.51

However, exceeding the CMC of the surfactant does not
always ensure the maintenance of a supersaturated state.
Indulkar et al. explored how the SLS affects the nucleation
induction time (NIT) of supersaturated solutions of the model
compound atazanavir (ATZ).141 The NIT can be used to
evaluate the ability of surfactants to maintain supersaturated
solutions. The study found that when the concentration of SLS
reached a certain minimum value, SLS promoted crystal-
lization.141 Moreover, when the SLS concentration exceeded
its CMC, the NIT did not decrease further, as shown in Figure

Figure 11. Schematic illustration of surfactant molecules aligning at
the water/air interface before and after reaching the CMC threshold.
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13a.141 The fluorescence studies strongly indicated that SLS
hemimicelles adsorbed on the nucleation/crystal surface

accelerated the crystallization of the amorphous drug, which
was the mechanism responsible for the shortened nucleation
induction time of ATZ.141 These adsorbed SLS hemimicelles
were able to reduce the interfacial energy between the crystal
and water, thereby promoting nucleation. The specific
mechanism is illustrated in Figure 13b.141

Different combinations of surfactants and polymer carrier
materials can also affect the precipitation of supersaturated
solutions. Some studies are based on supersaturated solutions.
Qi et al. investigated the impact of interactions between SLS

and Tween 20 with a hydrophilic polymer (HPMC E5) on the
dissolution of Elvitegravir.147 The results indicated that
complexes formed between the polymer and anionic
surfactants exhibited high encapsulation capacity for the poorly
soluble drug. In contrast, no enhanced solubilization effect was
observed for the systems containing the nonionic surfactant.147

The study highlights that complexes formed between polymers
and surfactants can significantly impact the dissolution and
stabilization of supersaturated solutions, and these interactions
should be carefully considered during formulation develop-
ment.147 In another study, Pui et al. investigated the influences
of interactions between surfactants and polymers on the
supersaturation of Nimodipine (NMD).66 In the ASD of NMD
with PVP, a small amount of SLS severely disrupted the
supersaturation of NMD maintained by PVP.66 This
phenomenon can be attributed to the strong hydrophobic
interactions between SLS and PVP. These interactions
compete with those that NMD could form, thereby hindering
the hydrophobic interactions between PVP and NMD,
particularly when the concentration of SLS is below its critical
aggregation concentration (CAC) (Figure 14a).66 The CAC
refers to the specific concentration at which micelle-like
aggregates begin to form and attach to the polymer chain.
Since sodium taurocholate (NaTC) does not form strong
hydrophobic interactions with PVP, its effect on PVP is merely
a weak additive effect (Figure 14b).66 However, due to its
unique structure, NaTC can act as a crystallization inhibitor in
supersaturated solutions.66 The hydrophobic part of NaTC can
form hydrophobic interactions with the drug, while its
hydrophilic part can form hydrogen bonds or van der Waals
forces with the drug, thereby enhancing the supersaturation of
the drug.66

The CMC of surfactants is crucial for the stability of
supersaturated solutions, but it may be affected by the addition
of polymers. Deshpande et al. chose itraconazole (ITZ) as a
model drug to study how different polymer/surfactant
combinations affect the CMC, and to explore their influence
on the solubility of ITZ.162 However, only a weak correlation
was actually observed between them.162 In test based on
supersaturated solutions, it has been found that the
crystallization tendency of ITZ generally depends on the
degree of supersaturation and the type of polymer/surfactant
combination used, while its relationship with the CMC is
relatively weak.162 Surfactants were observed to offset the

Figure 12. Diagram depicting the equilibrium state of the drug and additives in solution at (a) the crystalline solubility (Sc) and (b) the amorphous
solubility (Sa) (Sa

0 is the amorphous solubility; Sc
0 is the crystal solubility in the absence of additives). Reproduced with permission from ref 74.

Copyright 2025 Elsevier.

Figure 13. Schematic illustration showing the arrangement of SLS
molecules alongside ATZ crystals various SLS concentration ranges.
No decrease in NIT is noted when SLS concentrations are up to 0.05
mg/mL (region I). In region II, NIT declines as the SLS
concentration increases. Above the CMC of SLS (region III), no
additional reduction in NIT is seen. Reproduced with permission
from ref 141. Copyright 2020 American Chemical Society.
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stabilizing effects of polymers.162 This phenomenon may arise
from interactions between surfactants and polymers, which
interfere with the stabilizing action of polymers on ITZ,
thereby affecting the precipitation of the drug.162 Overall,
instead of merely concentrating on reducing the CMC, it is
more advantageous to systematically explore various polymer
and surfactant combinations that can sustain high levels of ITZ
supersaturation.162

Wang et al. systematically investigated the impact of various
surfactants on the supersaturation of nifedipine.163 The results
showed that six surfactants, including SLS, had different
solubilizing effects on the drug and abilities to maintain
supersaturated solutions.163 Different polymer−surfactant
combinations exerted diverse effects on the supersaturation.
For example, combinations like PVP/VA/SLS and PVP/VA/
NaTC showed improved drug supersaturation at higher
surfactant concentrations.163 This was attributed to increased
drug solubility or synergistic interactions between the polymer
and surfactant.163 In contrast, other combinations, such as
HPMC/SLS and HPMC/Tween 20, exhibited reduced drug
supersaturation at lower surfactant concentrations. This could
be attributed to the competitive interactions occurring between
the surfactant and either the polymer or the drug, which in
turn disrupted the initial interactions between the drug and the
polymer.163

Chen et al. also found that when surfactants affect
supersaturated solutions, the addition of SLS can actually
decrease the ability of ASDs containing HPMCAS to maintain
supersaturation. This is because SLS can self-assemble around
HPMCAS to form micelles, and the interaction between SLS
and HPMCAS weakens the crystallization-inhibiting effect of
HPMCAS.27 Similar phenomena have also been observed in
other studies, where ionic surfactants like SLS might lead to
the formation of insoluble drug-surfactant precipitates.71,164,165

The impact of surfactants on supersaturation may further
influence bioavailability. Many of the aforementioned studies
have highlighted the adverse effects of SLS on supersaturation.
Whether this is a general commonality and the conditions
under which it occurs are worth further investigation.

The liquid−liquid phase separation (LLPS) event emerged
as the supersaturation increased, leading to the formation of
drug-rich phases, and served as a precursor to crystalliza-
tion.11,45,82,134 For LLPS, the size of the drug-rich phase,
detected immediately after formation using dynamic light
scattering, is typically in the range of 100−500 nm.16,134 The
stability of drug-rich nanodroplets has been extensively
investigated and is closely correlated with the degree of

supersaturation.134,166,167 Taylor and colleagues demonstrated
that drug-rich drops act as as a reservoir to sustain the
maximum free drug concentration.166,168 This finding high-
lights the importance of LLPS in enhancing the oral absorption
of water insoluble drugs by maintaining high drug concen-
trations in the gastrointestinal tract for extended periods.166,168

The drug in the reservoir continuously replenishes the aqueous
phase, maintaining a stable level of activity even after a portion
of the drug has diffused through the membrane.168 Addition-
ally, LLPS may also enhance the supply of free drug molecules
near the membrane through phenomena such as particle
drifting, thereby influencing the extent of drug absorp-
tion.169,170 Additives in ASDs play a crucial role in inhibiting
drug crystallization and controlling particle evolution, and are
capable of stabilizing nanodroplets.171,172 Surfactants may also
influence LLPS.16,44,160,173 Correa et al. investigated how
surfactants influence the processability and release rate of
clopidogrel ASDs.160 Their study showed that nonionic
surfactants preferentially migrate to the drug-rich phase,
while ionic surfactants interact at the interface of the
nanodroplets.160 In another study by Ueda et al., the effects
of HPMC and three surfactants with different chemical
properties-SLS (anionic), CTAB (cationic), and Tween 80
(nonionic)-on the particle size and stability of ketoprofen
(KTP)-rich phases formed during LLPS were evaluated.82

Solution NMR spectroscopy revealed that HPMC partitions
into the drug-rich phase, reducing the thermodynamic activity
of KTP and thereby decreasing the maximum achievable
concentration of KTP in the aqueous phase.82 Additionally,
CTAB and Tween 80 extensively partition from the aqueous
phase into the drug-rich phase, while SLS remains predom-
inantly in the aqueous phase.82 When HPMC was combined
with CTAB or Tween, the thermodynamic activity of KTP was
further reduced compared to HPMC alone, due to the
combined effect of HPMC and surfactants in the drug-rich
phase.82 In contrast, adding SLS did not lower the
thermodynamic activity of drug, likely due to its limited
distribution into the drug-rich phase.82 The decrease in KTP’s
thermodynamic activity led to reduced supersaturation, which
in turn led to a lower maximum achievable membrane flux.82

The mechanisms by which different surfactants affect LLPS are
illustrated in Figure 15.82 This study highlights the intricate
influence of surfactants and polymers on drug thermodynamic
activity, factors that must be taken into account when
optimizing ASDs to maximize oral drug absorption.82

It is important to recognize that using the crystalline/
amorphous solubility ratio to estimate supersaturation might

Figure 14. CMC/CAC values of surfactant and surfactant/PVP: (a) SLS; (b) Sodium taurocholate(Fluorescence spectroscopy was employed with
an excitation wavelength of 334 nm. The intensity ratio of the emission peaks at 372 and 383 nm was used for determining the CMC and CAC.).
Reprinted with permission from ref 66. Copyright 2018 American Chemical Society.
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not be suitable when additives are present. This method may
not always represent the true maximum supersaturation based
on thermodynamics.74 The membrane transport rate is
determined by the solute’s thermodynamic activity rather
than its total concentration.74 This finding underscores the
importance of considering the underlying thermodynamic
principles when evaluating drug solubility and supersaturation
in complex systems.

Ideally, in vitro dissolution tests should be designed to
accurately predict the in vivo bioavailability of drug
formulations. Human intestinal fluids are known to contain a
wide array of bile salts and phospholipids.74 Therefore, when
assessing supersaturation, the in vitro testing medium should
ideally incorporate the most biorelevant composition and
endogenous surfactants content.31−34,81 Bile salts and
phospholipids have garnered increasing attention because
they play a crucial role in both biorelevant dissolution media
and in vivo, where they significantly impact the solubility and
supersaturation of amorphous drugs.75 Serials of bile salts have
been reported to increase the amorphous solubility of two
drugs by facilitating micellar solubilization.80 However, differ-
ent bile salts show different maximum supersaturation ratios
for drugs.80 Elkhabaz et al. assessed and compared the effects
of various simulated media on the phase behavior of
supersaturated solutions of atazanavir and posaconazole.78

These media exhibited differences in bile salt and phospholipid
content.78 They found that the progression of crystallization
were highly dependent on the medium used.78 Lecithin was
also found to influence solubility.76 Careful consideration
should be given to the choice of bile salts in biorelevant

dissolution media, since they cannot be used interchangeably
with respect to their ability to inhibit crystallization.35−37,76,81

6. THE IMPACT OF SURFACTANTS ON THE
ABSORPTION OF DRUGS FROM ASDS

Given the increasing incorporation of exogenous or endoge-
nous surfactants in ASD formulations, the effect of surfactants
on the dissolution and in vivo absorption of ASDs cannot be
ignored. Understanding the underlying reasons for how
surfactants affect the dissolution of ASDs can aid in selecting
appropriate surfactants during formulation design and help
predict the in vivo absorption behavior of ASDs. The ultimate
goal of ASDs is to enhance the bioavailability of water
insoluble drugs. Therefore, in addition to evaluating the
crystallization and in vitro dissolution of ASDs, it is essential to
ultimately consider their in vivo absorption.79,174−177

In general, the passive permeability of a drug tends to rise as
the concentration of dissolved drug molecules increases.11,45

An increase in the amount of dissolved drug in the
gastrointestinal tract may lead to enhanced absorption, thereby
improving drug absorption and bioavailability.11,45,94,156,178−180

The addition of surfactants to ASDs further improved their
dissolution, thereby potentially enhancing their bioavailability.
A study by Guan et al. explored a ternary ASD utilizing
Lacidipine (LCDP) as the model drug, combining Soluplus
(SOL) and SLS to enhance dissolution rate and in vivo
absorption. The results showed that the ternary system
(LCDP/SOL/SLS) significantly increased the drug’s dissolu-
tion rate and bioavailability compared to the binary system
(LCDP/SOL), maintaining stability even under accelerated
conditions, highlighting SLS’s potential as a solubility and
bioavailability enhancer.177

In another study, a ternary system of itraconazole with
polymer and surfactant, formulations containing surfactants
achieved 1.8 times higher bioavailability compared to the
commercial product Sporanox and 1.3 times higher than ASD
formulations without surfactants (Figure 16).181 The incorpo-
ration of TPGS in the ASD formulation notably enhanced
bioavailability compared to F1 and Sporanox, a result that
corresponds to the in vitro dissolution data. The authors
attributed these findings to the interplay of the following
factors: The transformation of ITZ into an amorphous state,

Figure 15. Schematic illustration depicting the distribution of HPMC
and surfactants between the aqueous phase and the KTP-rich phase.
Reproduced with permission from ref 82. Copyright 2021 Elsevier.

Figure 16. Plasma concentration−time curves of ITZ after oral
administration of the commercial capsules and the formulations F1
(ITZ-polymer) and F3 (ITZ-polymer-15% TPGS). Reproduced with
permission from ref 181. Copyright 2018 MDPI.

Crystal Growth & Design pubs.acs.org/crystal Review

https://doi.org/10.1021/acs.cgd.5c00417
Cryst. Growth Des. XXXX, XXX, XXX−XXX

O



enhancing its dissolution rate. The ability of HPMCAS to
retard the generation of supersaturation, thereby preventing
precipitation in the stomach. The synergistic effect of TPGS
and HPMCAS, which prevented precipitation in the gastro-
intestinal tract. The decreased elimination of ITZ, attributed to
TPGS inhibiting intestinal P-glycoprotein - mediated drug
efflux.

In addition to increasing the bioavailability of ASDs by
enhancing gastrointestinal dissolution, the impact of surfac-
tants on drug transport across the gastrointestinal mucosal
barrier should also be considered. In a study on the absorption
of ASDs, an ASD of a poorly soluble compound (AK100) was
investigated to assess the effects of different surfactants on its
solubility, supersaturation, and membrane transport.59 The
solubility of both crystalline and amorphous forms of AK100
increased linearly with the concentration of surfactants.59

Membrane transport experiments showed that the membrane
flux of AK100 was higher in ASDs than in crystalline powders
and further enhanced with the addition of TPGS.59 Based on
Caco-2 cell studies, the supersaturation ratio calculated based
on activity was consistently higher than that calculated based
on concentration, demonstrating that surfactants can signifi-
cantly enhance drug absorption in vitro.59 In oral drug
formulations, surfactants can influence the function of
transporters. A study with gastrodin as the model drug
explored the impact of two surfactants-Poloxamer 188 and
Tween 80-on intestinal absorption in SD rats, using
pharmacokinetics and in situ single-pass intestinal perfusion
methods.42 The results showed that 0.5% Tween 80
significantly increased the expression of intestinal glucose
transporters (IGTs) and enhanced the AUC (0-∞) by
approximately 32%.42 However, within the recommended
usage range, Poloxamer 188 had little effect on the drug
transport capacity of IGTs.42

The solubilization effect of surfactants in vitro may not fully
translate into increased bioavailability in vivo due to the
complex environment within the body. Schittny at al. used
HME to prepare efavirenz ASDs with HPMCP and
surfactants.16 ASD were successfully produced using HPMCP
as the model polymer, and the addition of surfactants sucrose
palmitate and Tween 80 was found to significantly influence
both the in vitro and in vivo performance of the ASD.16 In
vitro studies showed enhanced dissolution compared to pure

efavirenz and the marketed formulation, and also revealed the
effects on drug-rich particles during the dissolution process.16

Similar to the formation of nanodroplets during ASDs
dissolution, the drug-carrier particles exhibited an average
size in the hundreds of nanometers. However, no hindrance to
drug absorption from these particles was detected.16 The
incorporation of surfactants into the formulation appears to
promote the formation of particles. However, the addition of
surfactants led to a significant but still incomplete release. A
potential cause could be the recrystallization of efavirenz, as
observed in vitro.16 This study reveals the mechanism by which
surfactants enhance the in vivo absorption of poorly soluble
ASDs. However, there are certain differences between in vivo
and in vitro conditions. The crystallization behavior of
surfactant-containing ASDs following in vivo administration
is a phenomenon that warrants further investigation.

In numerous studies, the incorporation of surfactants in ASD
formulations has been shown to influence the in vitro/in vivo
correlation.27,182 The addition of surfactants to ASDs does not
always enhance absorption and bioavailability. In special cases,
the results can even be completely opposite. Chen et al.
explored the impact of SLS on the dissolution and
bioavailability of an ASD of posaconazole and HPMCAS.27

Despite improved in vitro dissolution, the SLS-containing
formulation exhibited lower bioavailability compared to the
ASD without SLS. In vitro experiments showed that SLS
increased drug solubility and enhanced the wettability of the
ASD.27 However, in vivo, surfactants like SLS may engage in
competitive interactions with the polymer, potentially weak-
ening the polymer’s ability to inhibit crystallization and thereby
leading to reduced bioavailability, as shown in Figure 17.27

Similar observations were reported by Tung et al., who
investigated the impact of surfactants on the absorption of
ASDs.182 In their study, the addition of a surfactant
(Poloxamer 188) below its critical micelle concentration to
an ASD of l-tetrahydropalmatine (l-THP) led to precipitation
during dissolution. The formulation containing 1.5% surfactant
resulted in a nearly 2.4-fold reduction in bioavailability
compared to the ASD without surfactant.182 Moreover, even
if surfactants are not incorporated during the development of
ASD formulations, the impact of endogenous surfactants on
the in vivo dissolution and absorption of ASDs should still be
considered.

Figure 17. Pharmacokinetic data in dogs of two PSZ/HPMC-AS ASDs with or without SLS. Reproduced with permission from ref 27. Copyright
2016 American Chemical Society.
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The studies mentioned above highlight the complexity of
evaluating the influence of surfactants on the in vivo
absorption of ASDs. Identifying effective methods to establish
in vitro-in vivo correlations and to screen for suitable
surfactants will be key considerations for future research.
Therefore, biorelevant in vitro testing is of great importance.75

Bile salts present in the human gastrointestinal tract can delay
the crystallization of supersaturated solutions. Additionally, the
selection of bile salts for biorelevant dissolution media is
crucial, as they differ in their ability to inhibit crystallization
and thus cannot be used interchangeably.35,80,81 Some studies
have made efforts.76,77 For instance, Lu assessed the capacity of
both binary and ternary combinations of bile salts to sustain
supersaturated aqueous solutions of telaprevir.77 The crystal-
lization was also assessed in more complex media containing
the lecithin. It was found that lecithin diminished the
inhibitory effect of bile salts on crystallization.77 The media
evaluated included fasted-state simulated intestinal fluid
(FaSSIF), a commonly used formulation testing medium
containing sodium taurocholate, as well as media comprising
multiple endogenous bile salts.77 It is important to note that
the combination of mixed bile salts with lecithin also
constitutes a simplified biorelevant testing medium.77 The
membrane flux was evaluated by monitoring the concentration
changes in the receiver compartment of the side-by-side
diffusion cell experiments after adding ASD powder to the
donor compartment. Biorelevant media are capable of
reflecting the dissolution and permeability characteristics in
various media. ASDs exhibited significantly different release
and flux profiles when tested in FaSSIF and aspirated human
intestinal fluid.79 Nunes et al. explored the application of two
distinct cell-free in vitro dissolution/permeation (D/P) setups:
BioFLUX and PermeaLoop.34 The newly introduced Per-
meaLoop system is an innovative flow-through prototype,
comprising a custom-designed permeation cell with a spiral-
shaped channel.34 This design more closely mimics in vivo
conditions, enhancing the system’s relevance for studying drug
release mechanisms. BioFLUX, on the other hand, is a
commercial D/P system developed by Pion Inc.34 These
systems were employed to evaluate the interplay between
dissolution and permeation during drug release from
itraconazole-HPMCAS ASDs with varying drug loads.34 The
BioFLUX overestimated the difference between the in vivo
AUC of ASDs. The AUC observed in the intestinal donor
compartment and FaSSIF, as well as the permeation flux
obtained using the PermeaLoop setup, were strongly correlated
with the AUC observed in dog studies.34 The findings
indicated that free drug is the only driving force for
permeation. At the same time, drug-rich colloids act as drug
reservoirs, keeping the levels of free drug in solution
consistently high. This ensures that free drug is readily
available for immediate permeation, thereby prolonging the
duration of active permeation.34

Surfactants are specifically incorporated into oral formula-
tions at particular concentrations to modulate the fluidizing
and integrity of the epithelial barrier, thereby enhancing
intestinal permeability.41 This strategy is employed as a means
of improving the absorption of macromolecules.41 However, its
application in ASDs is relatively limited. The influence of
commonly used surfactants in ASDs on modulating the fluidity
of the intestinal epithelium warrants in-depth investigation.

7. CONCLUSIONS AND OUTLOOK
Surfactants, as additives in ASDs, have garnered increasing
attention. While surfactants can effectively enhance the
processability or in vivo performance of ASDs, they may also
introduce risks of phase separation and accelerated drug
crystallization. During dissolution, surfactants can accelerate
drug and polymer release but may also interact with polymers,
thereby affecting the supersaturation and bioavailability of
ASDs. Effectively maximizing the advantages of ASDs while
mitigating potential negative risks is a topic that warrants in-
depth investigation. Despite extensive research on surfactants
in ASDs, this strategy has only been applied in a few ASD
products. Therefore, the potential for using surfactants to
improve the processability and dissolution performance of
ASDs remains largely untapped. Due to their unique properties
and their role as a third component in ASDs, surfactants can
interact with drugs or polymers, leading to complex dissolution
and in vivo absorption profiles that may result in poor in vitro-
in vivo correlation. Meanwhile, ASDs may be influenced by
endogenous surfactants, such as bile acids, which can
complicate the absorption process. Identifying the impact of
exogenous and endogenous surfactants on ASDs, and
constructing in vitro methods to simulate in vivo absorption,
is of great significance.

Different types of surfactants exhibit significant differences
when used for solubilization or plasticization. Analyzing
whether there are discernible patterns based on the structure
of the drug or additive is an area that needs further exploration.
The incorporation of surfactants into downstream formulations
of ASDs, compared to their inclusion in ASDs themselves,
presents distinct advantages and challenges that merit in-depth
investigation. The development of more novel surfactants,
including the introduction of new materials and the innovative
application of existing surfactants in formulation development,
is also an important direction for future research, particularly in
achieving both biocompatibility and enhancement of ASD
properties. In oral pharmaceutical dosage forms, surfactants are
deemed safe for human consumption by regulatory authorities
when utilized within established acceptable dose limits.
However, safety concerns should not be overlooked, especially
the side effects caused by disruption of biological membranes.
These issues should be taken into consideration when novel
surfactants are applied to ASDs.
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