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Abstract

Aqueous two-phase systems (ATPSs) are liquid-liquid equilibria between two aqueous phases that usually contain over 70% water
content each, which results in a nontoxic organic solvent-free environment for biological compounds and biomolecules. ATPSs have
attracted significant interest in applications for formulating carriers (microparticles, nanoparticles, hydrogels, and polymersomes)
which can be prepared using the spontaneous phase separation of ATPSs as a driving force, and loaded with a wide range of bioactive
materials, including small molecule drugs, proteins, and cells, for delivery applications. This review provides a detailed analysis of
various ATPSs, including strategies employed for particle formation, polymerization of droplets in ATPSs, phase-guided block
copolymer assemblies, and stimulus-responsive carriers. Processes for loading various bioactive payloads are discussed, and

applications of these systems for drug delivery are summarized and discussed.

Keywords: aqueous two-phase system, drug delivery, nanoparticle, microparticle, stimuli-responsive carrier

Introduction

Aqueous two-phase system overview

Aqueous two-phase systems (ATPSs) are liquid-liquid phase equi-
libria between two aqueous phases that are formed when the con-
centration of hydrophilic solutes in solution exceeds a critical
concentration (Fig. 1). Due toimmiscibility of the solutes at this con-
centration, phase separation occurs (1-4) in such a way that each
aqueous phase is rich in one of the phase-forming compounds (5).
Martinus Beijerinck first recognized the ATPS phenomenon in
1896 while preparing an aqueous solution of concentrated starch
and gelatin in water for bacterial cultivation (4, 6), and Per-Ake
Albertsson utilized an ATPS for the first time to separate proteins,
viruses, cells, and cell fragments using the preferential distribution
of components between the two aqueous phases (2, 4, 6).

The ATPS approach brings two main advantages to biomaterial
processing. First, because each of the two phases formed typically
contains over 70% water by volume, utilizing this approach for bio-
logical materials is an attractive alternative to liquid-liquid extrac-
tion or fractionation processes that utilize organic solvents. Each
phase in a two-phase ATPS provides a biocompatible environment
(1,2,7,8) that does not cause protein denaturation, stabilizes cells,
and preserves biological activity (3, 5, 9). Beyond water content, an-
other reason for biocompatibility is the low interfacial tension in
aqueous-aqueous systems—about 107*-10"" dyne/cm, which is
significantly lower than water-oil systems (4, 8, 9). The aqueous—
aqueous interface provides a large contact surface in the dispersed

phase, which is permeable and allows the diffusion and exchange
of solvents and small molecules between the two phases (4, 5, 9).

The second advantage is that an ATPS can simultaneously ac-
complish multiple operations—separation, concentration, and
purification—that would otherwise require individual unit opera-
tions (1, 7, 9). This contributes to the overall scalability of the ap-
proach (2, 3, 5, 9), which uses chemicals and equipment that are
common and straightforward to use (5). As mentioned above, re-
duction in organic solvent compared with liquid-liquid extrac-
tions is advantageous from an environmental perspective.

Limitations to the ATPS approach include lack of specificity,
which can be improved to some extent by manipulating compos-
ition, temperature, and other process parameters (10). Some pa-
rameters, such as high cost of some compounds used in ATPSs,
high concentration of phase-forming components, such as salts
in one phase, and high viscosity of polymer/polymer-based
ATPSs, can limit applications to certain materials (3, 11). These
are discussed in more detail below.

Types of ATPSs, applications other than drug
delivery, and scope of the review

Several combinations of solutes have been reported to form ATPSs
(12). The most common are those based on polymer/polymer
(13-16), polymer-salt (17-20), low molecular weight alcohols/salt
(21-23), ionic liquid/salt (24-26), deep eutectic solvent/salt (27-30),
and micellar ATPSs (31-35). Examples of phase-forming
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Fig. 1. Schematic representation of ATPS.

compounds used in these ATPSs are reported in Table S1. Brief de-
scriptions and advantages/disadvantages of these classes are pro-
vided in the Supporting Information.

The distinct characteristics of ATPSs have led to interest in
their application in a variety of fields, including the pharmaceut-
ical, food, and chemical industries. The conventional applications
of ATPSs are process based, e.g. utilizing these systems in separ-
ation, extraction, enrichment, and purification of drugs (36-40),
vitamins (41-44), proteins (45-49), cells and organelles (50-54), en-
zymes (55-59), carbon nanotubes (60-63), and metal ions (64-69).
ATPSs have also been used for biomedical applications, including
neuronal cell differentiation (70), microprinting (71), as well as
particle reactor preparation (72).

The focus of this review is the application of ATPSs for the for-
mulation of carriers, such as micro/nanoparticles, hydrogels, mi-
crocapsules, micelles, and polymersomes for drug delivery or
cell therapy purposes, where the unique benefits offered by these
systems in biological media have warranted significant research.
After an overview of the basic principles of ATPS preparation,
such as the construction of a binodal curve to determine the two-
phase region and compound partitioning, we discuss different
strategies used to prepare particles using ATPSs, and an analysis
of how these particles perform as carriers of pharmaceutics and
cells for drug delivery and cell therapy purposes. The benefits of
binding chemical entities sensitive to endogenous or exogenous
stimuliin the structure of these carriers are also discussed. A sche-
matic representation of the scope of this review is shown in Fig. 2.

ATPS formation, thermodynamics, and
phase diagrams

The equilibrium between gravitational, flotation, and frictional
forces leads to phase separation in ATPSs (7, 8, 73, 74). When two
components in an aqueous solution form an ATPS, three regions
with unique features are formed: two liquid phases (top and bot-
tom) and their interface (Fig. 1). Thermodynamically, the Gibbs
free energy of the system (G) depends on enthalpy (H) and entropy
(S) contributions (AG = AH — TAS). If AG is <0, the mixing process is
spontaneous, and no phase separation occurs. If the entropic con-
tribution is smaller than the enthalpy contribution, AG > 0, and the
mixing process is not spontaneous, a biphasic system will form (4,
6). The biphasic region is unique to each system under specific con-
ditions, such as pH and temperature (2, 7). The boundary between
the concentrations of the two- and single-phase regions is called
the binodal curve and is a function of the concentration of the
two components that constitute the ATPS. A schematic phase dia-
gram is shown in Fig. S1. A typical phase diagram provides

information such as the concentration of (i) components required
to form an ATPS, and (i) components in the upper and lower
phases; as well as the volume ratio of the phases (2, 5). The con-
cepts depicted in a phase diagram, and the procedure for driving
a binodal curve for an ATPS is discussed in the Supporting
Information.

Several factors affect phase separationin an ATPS (7, 8, 75). The
interactions among components within an aqueous solution, in-
cluding hydrophobic/hydrophilic interactions, hydrogen bonding,
van der Waals forces, and electrostatic interactions, dictate the ag-
gregation of components and promote the formation of separate
phases as the system achieves an energetically favorable state
(74, 76, 77). Hydrophobic/hydrophilic interactions are of the main
factors in phase separation, as the hydrophobic regions of the
phase-forming components repel water molecules, while the
hydrophilic regions/components interact favorably with water.
This variation in water affinity prompts the formation of ATPS,
with hydrophobic components preferentially partitioning into
one phase and hydrophilic components into the other (78, 79).
Themolecular weight and concentration of phase-forming compo-
nents, particularly polymers, have a significant influence over
phase separation dynamics (80, 81). Increasing polymer molecular
weight and concentration can enhance polymer hydrophobicity
and capacity to form more extensive aggregates, resulting in the
creation of a stable ATPS (20, 82). In ATPSs containing salt as a
phase-forming component, salt concentration and type modify
the ionic strength and solvation properties of the system.
Different salts exhibit distinct salting in/salting-out properties
and impact the system’s osmotic pressure, thereby altering phase
behavior (83, 84). Temperature also significantly influences ATPS
phase separation by modulating the strength of molecularinterac-
tions, density, solubility, and intermolecular forces, consequently
affecting phase equilibria (80, 81, 85). pH alterations can change
the charge state of system molecules, while the ionization of salts
can modify ionic strength and electrostatic interactions, influen-
cing solvation properties, and molecule partitioning between
phases (82, 86). A comprehensive understanding of these factors
isimperative for effectively designing and optimizing ATPSs for di-
verse applications.

The selective distribution of compounds between the two
phases of an ATPS, known as partitioning, occurs when the mole-
cules of an added compound to the system exhibit a tendency to
be in one of the phases after equilibrium. It can be described
with a partition coefficient (K), the ratio of the concentration of
the substance in the top phase to that in the bottom phase. The
main factors known to influence partitioning are the characteris-
tics of the ATPS—molecular weight and concentration of the com-
ponents, presence of hydrophobic groups, ionic strength, pH, and
temperature—and interactions between a compound and the
phase to which it partitions—van der Waals forces, hydrogen
bonding, electrostatic interactions, and structural interactions
(5,6, 8,9, 87). As an example, we recently investigated the parti-
tioning of curcumin as an antiinflammatory drug in a suite of
polymer-salt ATPSs (20), varying the polymer and salt type, poly-
mer molecular weight, and temperature. The hydrophobicity of
the polymer phase increased as polymer molecular weight was in-
creased, and this in turn improved the partitioning of curcumin
into that phase. Polymer composition—i.e. utilizing polyethylene
glycol (PEG) versus polypropylene glycol 400 (PPG) or a three-block
copolymer of PEG-PPG (Pluronic L35) affected partitioning. Finally,
ATPSs formed using salts with greater salting-out effect and at
higher temperatures partitioned curcumin more efficiently than
salts with lower salting-out effect and lower temperatures.
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Fig. 2. Schematicillustration of an ATPS, various particles made using ATPSs, their current application as carriers, and the stimuli used in these carriers.

We will describe below two examples as an illustration. Using
the ATPS approach, Ahsaie and Pazuki (88) studied separation of
6-aminopenicillanic acid (6-APA) from phenyl acetic acid (PAA),
which is a byproduct in the preparation of 6-APA. A suite of
copolymer-salt ATPSs were prepared using Pluronic 10RS5,
Pluronic L35, or PEG-ran-PPG as the copolymers and tri-sodium
citrate, tri-potassium citrate, di-potassium phosphate, sodium
sulfate, or magnesium sulfate as salts. Block copolymers showed
a larger biphasic region compared with random copolymers. The
same results were obtained for sodium sulfate, due to its higher
salting-out effect compared with the other studied salts. In parti-
tioning studies, PAA tended to the copolymer phase (K> 1), and
the partition coefficient for 6-APA was around 1; the selectivity
of Pluronic 10R5/sodium sulfate ATPS employed for separation
of 6-APA and PAA was found to be 53.

Domingues et al. (89) used polymer-salt ATPSs consisting of
polymers, PEG, Pluronic L35 or Pluronic L64, and salts Na,SOy,
LisSO4, MgSO4, Na,CsH4Og, or NasCeHsOy to study the extraction
of steroid hormones present in four medicines: Minesse, Ciclo
21, Diane 35, and Mesigyna. The hydrophobic hormones parti-
tioned to the polymer-rich top phase to different extents depend-
ing on the solubility of each compound in different polymers, and
the use of sulfate-based salts improved this separation due to
their high salting-out ability.

Particle formulation and stabilization

Due to the advantages discussed above, the ATPS approach has
been employed for the formation of microcapsules, hydrogels,

etc., as an alternative to methods such as electrohydrodynamic
jetting (90), co-extrusion (91), and water—oil biphasic emulsions
(92), which suffer from low hydrophilic cargo encapsulation, par-
ticle deformation, nonuniform particle morphology, extensive use
of organic solvents, and incompatibility with biological systems
(93-95). As mentioned earlier, ATPS parameters such as mixture
point and polymer molecular weights must be carefully selected
to control biphasic stability, phase viscosity, compatibility and
partitioning of added compounds (cargo, polymerization initiator,
dyes, etc.), and droplet formation speed (96-99).

Several carriers, including micro- and nanoparticles (95, 100,
101), hydrogels (102-104), and polymersomes (105), have been
prepared using ATPSs. Various techniques have been employed
to create aqueous droplets within these systems (106). Droplets
can be produced either by mechanically stirring the ATPS or by
adding an aqueous solution of one ATPS component into an-
other component’s solution while stirring (94, 95, 107).
Sonication has also been utilized to generate submicron-sized
droplets (96). Microfluidic devices are another technique used
to form droplets for a range of applications (4, 97, 103, 108,
109). In this method, the dispersed phase of one ATPS compo-
nent is injected into the continuous phase of another, forming
droplets within the microfluidic device channel. The size and
morphology of these droplets can be fine-tuned by manipulating
factors such as the composition and concentration of the ATPS
(94, 96), stirring speed (94), concentrations of additives (95,
100), flow rates, and the volume ratio of ATPS components
(103, 108, 109), as well as by crosslinking ATPS components
(94, 96, 107).
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Table 1. Summary of the most common strategies applied for carrier formation in ATPS.

Particle formation strategy

Description

Reference

ATPS-guided particle
formation
Polymerization of droplets in

interactions among components

Partitioning of a compound in an ATPS and formation of micro/nanoparticles based on

Photopolymerization of acrylate functional groups on one of the phase-forming compounds
ATPS in the presence of photoinitiator and UV light

Crosslinking the aqueous droplets by ionic bonding between sodium alginate and Ca** ions
Formation of linkers between compounds present in the ATPS droplets using coupling

95, 100

94, 96, 98, 102, 103,
107, 108, 110

87,97, 109, 111, 112

93,113, 114

reactions and thiol-ene and thiol-yne click reactions

Phase-guided block
copolymers assemblies

Self-assembly of block copolymers into micellar or vesicular assemblies via addition of
them to an ATPS or application of them for ATPS formation

40, 105, 115, 116

Different strategies that were employed to make drug carriers
in ATPSs are included into three categories: (i) ATPS-guided par-
ticle formation, (ii) polymerization of droplets in an ATPS, and
(iii) phase-guided block copolymer assemblies. These are briefly
summarized in Table 1 and described in detail below.

ATPS-guided particle formation

One method of particle formation is to add a copolymer or nano-
particle into an ATPS; the added material partitions into one
phase based on its interactions with ATPS components, and this
process can be used to load biomolecular payloads into the result-
ing particles. Yeredla et al. (95) utilized a Pluronic F127/dextran
ATPS to prepare microparticles for drug delivery applications.
Pluronic F127 is a triblock copolymer with a molecular weight of
12,600 Da, containing 70% PEG and 30% PPG and which shows
thermo-responsive behavior. At temperatures higher than the
critical micelle temperature of Pluronic F127 in the presence of
dextran, an ATPS is formed. Microparticles were prepared by add-
ing poly(lactide-co-glycolide) (PLGA) to the ATPS while stirring.
Due to the hydrophobicity of PLGA, it partitioned to the Pluronic
F127-rich phase, which was dispersed in a continuous dextran
phase. This resulted in ATPS-guided self-assembly of the poly-
mers into microparticles in the size range of 2-10 pm.
Three-color fluorescent micrographs of the microparticles
(Fig. 3) showed that Pluronic F127 was concentrated in the core
of the microparticle, while dextran forms a concentrated shell
around it, and PLGA constitutes the backbone matrix. Increasing
the concentration of PLGA altered the morphology of the particles
and led to the formation of polymer-blended composite struc-
tures due to the insertion of more dextran into the dispersed
Pluronic F127/PLGA phase, which triggered the formation of mul-
tiple emulsions in the dispersed phase (95).

In a recent study (100), silica-based nanocarriers were prepared
using a PEG/lysine ATPS that could partition doxorubicin more ef-
ficiently than previously reported ATPSs (117). The addition of sil-
ica nanoparticles (SiO,) to the ATPS resulted in the surface
modification of SiO,; the silanol groups on the surface of SiO,
formed hydrogen bonds with the ethereal oxygen atoms as well
as terminal hydroxy groups of PEG and amine groups of lysine,
as confirmed using fourier transform infrared spectroscopy and
thermogravimetric analysis. A size increase of the SiO, nanopar-
ticles after addition into the ATPS was observed by transmission
electron microscopy, corroborating nanocarrier loading and sur-
face modification.

Polymerization of droplets in an ATPS

For aqueous droplets formed in an ATPS to be stabilized as micro-
particles, either the droplet core or an outer surface layer, must be

solidified to prevent coalescence. One solidification technique is
polymerization of a crosslinked polymer in the core or on the
droplet surface. Various crosslinking methods have been em-
ployed for droplet stabilization, including ultraviolet (UV) light ir-
radiation, heating, using radical initiators for polymerization, and
click chemistry (93, 118). The three most common crosslinking
methods employed for droplets formed in ATPSs without the
need for organic solvents are summarized below.

Photopolymerization of acrylate functional groups

In this method, at least one of the phase-forming polymers is
functionalized with acrylates, which can be polymerized in the
presence of a photoinitiator and UV light. During polymerization,
the acrylate groups react with other acrylates next to them on the
same polymer (Scheme 1A) or, the groups on other polymeric
macromolecules (Scheme 1B), which leads to the formation of a
crosslinked polymeric network.

Several examples follow. Neffe et al. (94) applied a gelatin/dex-
tran ATPS (water/water emulsion) as an alternative to a water-oil
emulsion for the preparation of microparticles for cell encapsula-
tion. They functionalized the amine groups of gelatin using glycid-
yl methacrylate (GMA) to prepare GMA-gelatin, which formed an
ATPS with dextran. By stirring the ATPS, GMA-gelatin droplets
were formed in the continuous dextran phase (Fig. 4A). The meth-
acrylate groups on GMA-gelatin were photopolymerized by irradi-
ation, and a polymeric matrix of gelatin was obtained (Fig. 4B).
Particle character and the viability of the encapsulated cells var-
ied with dextran molar mass, ATPS mixture point, stirring speed,
and irradiation time. The irradiation duration was selected as 60 s
in this study, and to improve the photopolymerization efficacy
during time duration, irgacure 2959 was added to the system as
a photoinitiator.

Ma et al. (108) fabricated microparticles with complex shapes,
utilizing UV-induced polymerization of acrylate groups of an
ATPS in simple single-emulsion microdroplets prepared in a
poly(dimethylsiloxane)-based microfluidic device. The dextranin-
let of the microfluidic device was inserted into poly(ethylene
glycol) diacrylate (PEGDA) flow containing irgacure 2959 photoini-
tiator. The phase separation of the ATPS consisting of dextran and
photopolymerizable PEGDA led to the formation of core (dextran)-
shell (PEGDA) microdroplets, which formed microgel particles
upon exposure to UV. Variations in the flow rate of the phases
were found to control the size and shape of the particles (108).

Okur et al. (107) prepared functionalized PEG hydrogel nano-
particles by using a prepolymer PEG solution in which one of the
acrylate functional groups of PEGDA was covalently bound to
the thiol group of CREKA peptide (cysteine-arginine-glutamic
acid-lysine-alanine). Photocrosslinking initiator (eosin Y), co-
initiator (triethanolamine, TEA), and accelerator (1-vinyl- 2-pyrrolidone)



Baghbanbashietal. | 5

Fig. 3. The confocal microscopic images of the obtained microparticles in the Pluronic F127/ dextran ATPS in the presence of PLGA (0.0625% CyS-PLGA,
2% fluorescein isothiocyanate (FITC)-pluronic/10% TRITC-dextran). A) TRITC-dextran, B) FITC-Pluronic F127, C) Cy5-PLGA, D) Pluromc F127-dextran
core-shell morphology of particles, and E) PLGA backbone matrix. Scale bar 10 um. Reproduced with permission from Ref. (95).

were added to the prepolymer solution. Upon mixing with a dex-
tran phase, the droplets were covalently crosslinked when ex-
posed to green light, leading to the formation of submicron-
sized hydrogel particles. In another study, Liu et al. (103) reported
self-orienting crescent-shaped hydrogel microparticles produced
using a PEG/dextran ATPS-based microfluidic device and photo-
crosslinking. Dextran aqueous phase containing cyclo(Arg-Gly-
Asp-D-Phe-Cys) (RGD) peptide for functionalizing the inner sur-
face of the particles, PEGDA aqueous phase with the photoinitia-
tor (lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate), and
the surfactant solution in hexadecane were the inner, middle,
and oil phases of the microfluidic device, respectively. These
phases were injected into the device separately, and the acrylates
of obtained microdroplets were crosslinked through UV irradi-
ation. The hexadecane phase was removed by washing, and pour-
ing the crescent-shaped hydrogel microparticles into a petri dish
led to the spontaneous orientation of the microparticles due to
the gravitational force while settling, as illustrated in Fig. S2A.
This behavior provides means to control the microparticles as
cell carriers (Fig. S2B).

Erkoc et al. (96) applied a polymer-salt ATPS, gelatin/potassium
phosphate (K,HPOy,), to generate hydrogel microspheres. They pre-
pared three different mixtures, including 40, 20, and 15% K,HPOy,,
to study the effect of using an ATPS for hydrogel preparation. The re-
sults show that since the separated phases were more concentrated
in their main compounds at higher K,HPO, amounts (40 and 20%),
the gelatin phase exhibited high viscosity that led to larger aggre-
gates. The ATPS with 15% K,HPO, led to the formation of submicron
to nano-size aggregates. The resulting emulsion was crosslinked

utilizing two different methods, UV crosslinking of acrylates,
and chemical crosslinking using N-(3-dimethylaminopropyl)-N
"-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysucci-
nimide (NHS). For UV crosslinking, a prepolymer aqueous solu-
tion of methacrylic anhydride-conjugated gelatin, eosin Y, TEA, and
1-vinyl-2-pyrrolidinone was added slowly to K,HPO, solution, and the
emulsion was exposed to UV. In order to chemically crosslink the
hydrogel droplets, EDC and NHS were added to the fluorescein isothio-
cyanate (FITC)-gelatin/K,HPO, ATPS, and the results showed that both
methods were capable of crosslinking the hydrogel microspheres.

Ionic crosslinking

In the ionic crosslinking method, polymers in aqueous droplets
obtained from ATPSs are crosslinked through ionic bonds most
commonly using sodium alginate and Ca®* ions (Scheme 2) for sta-
bilization (119).

In such an approach, sodium alginate and Ca** were added in
different phases. Abbasi et al. (97) fabricated pollen-like spiky mi-
croparticles using a PEG/dextran ATPS and ionic crosslinking of al-
ginate with calcium chloride (CaCl,). Partitioning of alginate was
studied in three mixture points with varied dextran concentra-
tions, and the mixture point with the highest dextran concentra-
tion, which could partition alginate to the dextran phase more
efficiently, was selected for droplet generation. The dispersed
phase of dextran-alginate droplets was generated in a continuous
PEG phase using a flow-focusing microfluidic device and exhibited
a size range of 50-80 um. The droplets were flowed to a PEG-CaCl,
bath to trigger ionic polymerization and spike formation. Due to
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Scheme 1. Schematic representation of crosslinking of acrylate functional groups (A), which can result in a crosslinked polymeric network (B).
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Fig. 4. A) GMA-gelatin microparticle preparation procedure. B) Optical microscopy image of the microparticle. Reproduced with permission from

Ref. (94).

the concentration gradient across the PEG-dextran interface,
CacCl, and water molecules diffused toward PEG in the continuous
phase. This altered the equilibrium of dextran-alginate droplets,
which resulted in alginate and dextran diffusion outward in the
form of spikes. The dextran-alginate and CaCl, molecules initi-
ated the ionic polymerization, which terminated the spike growth
and the pollen-like spiky microparticles were fabricated. The
presence of alginate both in the continuous phase and inside the
droplets is necessary for spike formation. Higher PEG concentra-
tions were found to reduce the length of spikes, due to the en-
hanced CaCl, gradient between the PEG-CaCl, bath and PEG
phase, which accelerated both the CaCl, diffusion and
dextran-alginate equilibrium disruption.

Alternately, sodium alginate and Ca®* ions can be added to the
same phase simultaneously. Wang et al. (109) applied a microflui-
dic ATPS for the fabrication of multicompartment hydrogel

capsules using ionic crosslinking. In order to generate dual-core
capsules, two core flows containing a dextran phase, a shell flow
of a PEG solution containing sodium alginate and calcium disodi-
um ethylene diamine tetraacetate (Ca-EDTA), and a continuous
phase flow of mineral oil containing acetic acid were introduced
to the orifice of a flow-focusing microfluidic device. This formed
droplets in the final laminar flow, released Ca®* ions from
Ca-EDTA in the shell of the droplet due to the presence of acetic
acid, and led to ionic crosslinking of sodium alginate. The size
and morphology of the hydrogel capsules was controlled by ad-
justing the flow rates and acetic acid concentration, as well as util-
izing chitosan as an additive.

Dumas et al. (111) applied a Pickering-like emulsion technique
to stabilize the droplets of a dextran phase dispersed in a continu-
ous PEG phase in a PEG/dextran ATPS. They added lipid nanocap-
sules (LNCs) or chitosan-grafted LNC (LNC-CS) to a specific mixture
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Scheme 3. The mechanisms of thiol-ene and thiol-yne click reactions.

point of the ATPS near the binodal curve, and used confocal mi-
croscopy to study the stability of dextran droplets over 28 days or
through centrifugation or dilution. The ATPS (without additive)
was separated into two phases by centrifugation: a dextran-rich
phase at the bottom and PEG-rich phase on the top. Dilution moved
the mixture point to the single-phase region of the phase diagram.
The time stability study showed the coalescence of dextran drop-
lets from day 7 onwards. The addition of LNC or LNC-CS to the
ATPS led to the formation of clusters of LNC or the spread of
LNC-CS around the droplets, respectively. Although LNC and
LNC-CS were unable to stabilize the droplets over time and no pel-
lets were observed after centrifugation, some small dextran drop-
lets were formed after dilution of LNC-CS samples, demonstrating
the potential of LNC-CS for stabilization of the droplets. Using the
polyelectrolyte complexation ability of chitosan and alginate, a
thick shell of LNC-CS was formed around the dextran droplets
through ionic crosslinking (Fig. S3). The gelled ATPS-LNC-CS mi-
croparticles were stable over 28 days, and even after centrifugation
or dilution of the droplets.

Click reaction crosslinking

Click chemistry has also been used for crosslinking in ATPS drop-
lets; this approach uses a stepwise growth route of polymeriza-
tion, and a linker with high stability is formed between
orthogonal compounds (120-122). The thiol-ene and thiol-yne
click reactions (Scheme 3) are most commonly used to prepare mi-
croparticles from ATPS (123, 124).

Mytnyk et al. (113) used an ATPS to prepare microcapsules with
an aqueous PEG-based core and a dextran-based hydrogel shell,
using the thiol-yne click reaction for photocrosslinking. To pre-
pare a stream of cross-linkable dextran, alkyne-functionalized
dextran (dextran-glycidal propargyl ether, dextran-GPE) and
thiol-functionalized dextran (dextran-SH) were prepared and
mixed. Four streams were fed to a microfluidic device: an aqueous
PEG solution used as the core phase, two cross-linkable dextran
solutions as the shell, and an outer PEG solution (Fig. 5A). The
high concentration of PEG in the latter stream was selected to in-
crease viscosity, preventing droplets from contacting the bottom
of the channel and reducing fouling. For the click reaction be-
tween the thiol and alkyne groups (Fig. 5B), the droplets were irra-
diated at one of the channel bends to increase the UV-exposure
time. The photoinitiator (irgacure 2959) was added to all streams
in equal concentrations to hinder its partitioning out of the cross-
linkable phase.

—

S—R
R—SH —— /_/
R

Tae et al. (114) prepared B-glucan-incorporated PEG (PEG/SPG
hybrid) microgels via a PEG/dextran ATPS and the thiol-ene
photo-click reaction. They functionalized a four-arm-PEG and
schizophyllan (SPG, a water-soluble B-glucan) to prepare four-
arm-PEG-norbornene (PEG4NB) and SPG-norbornene (SPG-NB).
A network structure was prepared utilizing thiyl radicals and the
vinyl bonds of functional groups on PEG arms in the precursor so-
lution via photopolymerization and UV exposure; the resulting
material was subsequently added to the dextran solution. The
mixture was emulsified using ultrasonication and then exposed
to UV light. PEG microgels were formed and then incubated with
functionalized SPG, followed by UV exposure. Figure S4A shows
the presence of SPG (labeled by rhodamine B, red fluorescence) in
the structure of 5(6)-carboxyfluorescein-labeled bovine serum al-
bumin (FAM-BSA)-loaded microgels (green fluorescence). The
size of PEG/SPG microgels was adjusted through concentration of
the dextran phase. Further control over the particle size was ob-
tained by optimizing the duration and power of ultrasonication.
The effective incubation time for SPGincorporation in the microgel
structure was investigated by measuring the surface charges of
microgels and flow cytometry, which indicated that increasing in-
cubation time did not increase SPG content. In addition, the nega-
tive surface charge and the fluorescence intensity of microgels
were constant after incubation of the microgels with SPG at all in-
cubation times (Fig. S4B and C).

Phase-guided block copolymers assemblies

Self-assembly of amphiphilic block copolymers has been exten-
sively studied for drug carrier preparation (122, 125, 126).
Nanoparticles can be prepared from amphiphilic copolymers
through solvent-free self-assembly (127, 128), solvent switching
(129, 130), and emulsification (122, 125, 131). Depending on the
hydrophilic fraction of the copolymer, various morphologies can
be constructed, including micelles and bilayer vesicles. These
methods encapsulate the desired cargo based on the volume frac-
tion (105), which is low compared with the continuous phase, and
do not provide the possibility of preparing asymmetrical struc-
tures. In addition, the need for organic solvents for particle forma-
tion, the application of postprocessing techniques, such as rotary
evaporation, centrifugation, sonication, and filtration for solvent
removal and size distribution control, can be time and energy in-
tensive and difficult to scale (105, 116).

ATPSs have been considered as an alternative for polymersome
and micelle preparation; assemblies are formed by the
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Fig. 5. A) Schematic representation of microfluidic device for PEG/dextran microcapsule preparation using ATPS. B) Thiol-yne click reaction and
photocrosslinking of dextran phase. Reproduced with permission from Ref. (113).

aggregation of hydrophilic blocks of the copolymers around the
ATPS droplets and the aggregation of hydrophobic blocks to de-
crease interactions with water. This leads to the formation of a
core-shell structure with an aqueous core and a three-layered
membrane. For example, a PEG/GMA-dextran ATPS has been ap-
plied to construct asymmetric polymersomes with different
chemical properties in the inner and outer layers of the mem-
brane (105). Employing ATPSs in asymmetric polymersome self-
assembly leads to encapsulation of biomolecules based on
thermodynamic partitioning.

Zhang et al. (105) added PEG-b-PCL and dextran-b-PCL diblock
copolymers to a PEG/GMA-dextran ATPS. The dextran-b-PCL co-
polymers formed aggregates at the interface of the ATPS around
droplets of the dextran dispersed phase. The PEG-b-PCL copoly-
mers formed an outer leaflet such that the PEG blocks were in con-
tact with PEG continuous phase (Fig. 6). The aqueous core, which
was based on the GMA-dextran phase, was solidified through free
radical initiated catalyzed methacrylate crosslinking. The asym-
metry of the polymersomes was confirmed through confocal mi-
croscopy, as demonstrated by the diffusion of Nile red dye into
the membrane of polymersome after bleaching. 2D-NOESY-NMR
showed that no cross-peaks and spatial correlations between
PEG and dextran blocks were formed.

Micellar carriers can be prepared from block copolymers using
the same method as polymersome formation, provided the co-
polymers have smaller hydrophilic fractions. Kurnik et al. (116)
prepared polymeric micelles from Pluronic L35, a triblock

PEG,-PCL,,
/// DEX,,-PCLe

> Biomolecules are ™.
[ partitioned in )
ermodynamically

| PEG continuous phasE
Dextran dispersed phase

Fig. 6. The Preparation of asymmetric polymersomes using ATPSs.
Reproduced with permission from Ref. (105).

copolymer with thermo-responsive behavior comprised of PEG
and PPG (PEG11-PPG16-PEG4). Pluronic L35 is well-known to self-
assemble into micelles during phase separation at concentrations
higher than critical micelle concentration and at temperatures
higher than lower critical solution temperature (LCST). The parti-
tioning of curcumin as a model hydrophobic drug in an ATPS
based on Pluronic L35 and various cholinium-based ionic liquids
including cholinium hexanoate [Ch][Hex], cholinium butanoate
[Ch][But], cholinium propanoate [Ch][Pro], cholinium acetate
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[Ch][Ac], and cholinium chloride [Ch]C] was studied. The hydro-
phobic drug partitioned into the polymer-rich phase, where it
loaded into the micelles. The drug partitioning increased as the
hydrophobicity of the ionic liquid increased. In addition, the
hydrodynamic diameter of the micelles increased due to en-
hanced hydrophobic interactions between the PPG block and alkyl
chain of the anion. The micelles were separated from the ATPS us-
ing freeze drying, and their stability was studied at three temper-
atures over 30 days; the micelles remained colloidally stable at all
temperatures for 30 days, but mean size increased at 37 °C relative
to 4 and 25 °C.

ATPS-based particles as drug carriers

Various microparticles and nanoparticles constructed using
ATPSs have been studied as carriers for drug delivery (87, 94-96,
98, 100, 102, 103, 105, 107-110, 114-116). Drug encapsulation is
usually carried out by dissolving the cargo into the aqueous solu-
tion of one of the phase-forming compounds (105), direct addition
to the ATPS (110), or incubation of the obtained carriers with the
cargo (107).

For example, encapsulation of drug-loaded liposomes into the
hydrogel network of an ATPS microparticle was reported to in-
crease drug bioavailability at the target site (110). Preformed lipo-
somes have been encapsulated into hydrogel microspheres of
PEG/methacrylated-dextran ATPSs via two routes: the addition
of liposomes into the phase separated ATPS or the addition of lip-
osomes to the dextran feed solution. Liposomal encapsulation ef-
ficiencies of 88 and 94% were reported for the two approaches.
After 17 days in pH 7.2 media, 10% of liposomes were released
and were found to be in an intact form (110). The degradation of
carbonate esters of crosslinked microspheres, which significantly
increased after day 17, led to mesh size growth that in turn sub-
stantially increased liposome cumulative release.

Another study investigated protein encapsulation and stabiliza-
tion potential using asymmetric bilayered polymersomes prepared
inan ATPS (105). Recombinant human erythropoietin was added to
a dextran solution before ATPS formation, and block copolymers
were added to the ATPS to form polymersomes, which were subse-
quently solidified. The encapsulation efficiency of erythropoietin
into the asymmetric polymersomes was 89%, significantly higher
than the protein encapsulation efficiency of the previously re-
ported symmetric polymersomes (5%) (132), and protein bioactiv-
ity was preserved. This could be attributed to the chemically
different interior medium of asymmetric polymersomes and the
thermodynamic tendency of the protein to partition in the dextran
phase, which formed the aqueous core of the polymersome.

Okur et al. (107) loaded doxorubicin into CREKA-functionalized
microparticles prepared in the PEG/dextran ATPS described in the
section above on photopolymerization of acrylate functional
groups. Loading was carried out by shaking the microparticles
with an aqueous solution of the drug. The drug release profile in
physiological pH was investigated, and a saturated cumulative re-
lease was obtained after 144 h. The doxorubicin-loaded CREKA-
functionalized microparticles were found to internalize into
Hela cells more efficiently than free doxorubicin; the reported
mechanism involved targeting of CREKA peptide to collagen IV in
fibrin, which HeLa cells secrete as an extracellular protein (107).

The PEG/SPG hybrid microgels prepared via a PEG/dextran
ATPS and thiol-ene photo-click reaction (114) were loaded with
BSA by adding BSA to the PEG4NB precursor solution prior to pho-
topolymerization, and an 83% loading efficiency was reported.
The microgels showed no cytotoxicity on RAW264.7 and NIH3T3

cells and were internalized only by the RAW264.7 cells (both
naive and lipopolysaccharide (LPS) activated; Fig. S5). Treating
the RAW264.7 cells with LPS activates phagocytosis, by which
the cells uptake the microgels. These macrophages can distin-
guish the SPG incorporated in microgels through their receptors,
which leads to particle internalization. The release profile of
BSA was investigated at pH 7.4 and 5. An initial burst release
was observed in the first 24 h, and <15% of loaded BSA was re-
leased after 432 h. The slower release at pH 5 compared with pH
7.4 was attributed to the protonation of carboxylic groups in the
SPG structure at pH 5, which slowed the BSA diffusion into the mi-
crogel network. FAM-BSA was shown to escape from the microgels
internalized in RAW?264.7 cells (114).

Simultaneous surface modification of SiO, nanoparticles and
doxorubicin loading were reported using a PEG/lysine ATPS
(100). Since preferential partitioning of doxorubicin and SiO, to-
ward the PEG phase was observed, the PEG-rich top phase was iso-
lated and the resulting nanoformulations were used for
subsequent drug release studies. The encapsulation efficiency of
doxorubicin into SiO, nanoparticles increased significantly after
SiO, surface modification. Encapsulation into nanoparticles
slowed the release of doxorubicin at pH=7.4 compared with
free drug, with bare SiO, nanoparticles also showing a 16% higher
cumulative release after 72 h compared with doxorubicin-loaded
into surface-modified SiO, nanoparticles (Fig. 7) (100).

An area of growing interest is the encapsulation of live cells such
as stem cells in carriers for applications in cell therapy (133). The
sensitivity of cells to temperature, pH, and chemical species present
in the environment limits the suitable methods for the preparation
of cell-loaded carriers with controlled size. The preparation of
water-in-oil emulsions (W/0O) (134), water-oil-water emulsions (W/
O/W) (135), and oil-in-water emulsions (O/W) (136) require surfac-
tants (137), can introduce cells into direct contact with organic sol-
vents, and need subsequent workup to remove any organic
solvents. Therefore, there are limitations in using these emulsions
for live cell encapsulation. ATPS-based approaches are an attractive
alternative for cell encapsulation in an all-aqueous system (87, 94,
103, 109). Pseudomonas aeruginosa bacteria were encapsulated in mi-
crocapsules prepared in a PEG/dextran ATPS, which were sur-
rounded by a polyelectrolyte-based shell (87). The bacteria were
mixed along with nutrients in the dextran phase prior to micropar-
ticle formation. A live/dead assay (Fig. 8) indicated nutrients present
in the microcapsules, and the permeability of the microcapsule shell
enabled nutrient transport required for cell growth.

In another study, Wang et al. (109) prepared multiaqueous core
hydrogel capsules using a microfluidic ATPS with PEG and dextran
as the shell- and core-forming phases, respectively. The shell was
crosslinked using calcium alginate. These multicore hydrogel cap-
sules were employed to encapsulate human liver cells (HepG2),
which were suspended in one of the core flows (Fig. 9) during
microparticle formation. The live/dead assay showed high cell via-
bility (>95%) after 7 days of culture, representing the biocompatibil-
ity of the applied ATPS process and the utilized polymers.
Microparticle permeability enabled the movement of nutrients,
oxygen, and metabolites that helped cells survive. As shown in
Fig. 9, the multiaqueous core hydrogel capsules could encapsulate
two different cell cultures, HegG2, and human umbilical vein endo-
thelial cells (HUVECS), separately in their compartments (109).

Stimuli-responsive ATPS-based carriers

In addition to loading the druginto the carrier with high efficiency,
itis essential to deliver the cargo to relevant pathological site and
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Fig. 7. Doxorubicin release profile from surface-modified SiO, nanoparticles. Reproduced with permission from Ref. (100).
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Fig. 8. Confocal microscopic images of P. aeruginosa-loaded microcapsules with a polyelectrolyte-based shell, analyzed through live/dead assay. Cells
were stained with SYTO 9 (all cells) and propidum iodide (dead cells). A) t=0h, B) t=24 h. All scale bars =100 um. Reproduced with permission from

Ref. (87).

release it at the target site (138-140). This can be addressed by de-
veloping stimuli-sensitive carriers that, in the presence of an ap-
propriate stimulus, undergo changes in their shape, structure,
or chemical properties (122). To prepare stimuli-sensitive carriers,
a precise understanding of the target’s biological environment is
of particular importance. The stimuli used in the design of these
carriers are divided into two major categories: endogenous and
exogenous. Endogenous stimuli include redox, pH, enzyme, ionic
strength, and glucose, which are based on the intrinsic conditions
of the target site and act based on the difference in the pathologic-
al properties of diseased and healthy tissue. Endogenous stimuli
are advantageous due to their self-controlled drug release from
carriers and facile clinical application (138, 139, 141, 142).
Exogenous stimuli, such as temperature, light, ultrasound,

magnetic fields, and electrical pulses, can be applied externally,
and their advantages include the ability to accurately control
the spatial and temporal release of the drug and the dose of the re-
leased drug (138, 139, 141). Various stimuli-responsive carriers
prepared using ATPSs are summarized in Table 2.

pH

PH is one of the most common stimuli utilized in drug delivery
(100, 143-145), as pH varies by organ and organelle. For example,
the pH range in the endosome and lysosome are 5-6.5 and 4.5-5,
respectively, while the physiological pH is 7.4. The pH range in
cancerous tissue is 6.5-7.2, due to the application of aerobic and
anaerobic glycolysis metabolism in cancerous cells (138, 141,
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146). This pH difference can be used to develop pH-sensitive drug
delivery systems. SiO, nanoparticles surface-modified in an
ATPS using hydrogen bonding have been shown to exhibit pH-
responsive behavior (100). As reported elsewhere (147, 148),
hydrogen bonding responds to pH changes and can be broken in
acidic pH. The hydrogen bonding between the silanol groups on
the surface of SiO,, the ethereal and terminal OH groups of PEG,
and phenolic and amine groups of doxorubicin were broken faster
in acidic media, which resulted in increased drug release in com-
parison with physiological pH (Fig. 7). Drug release in the presence
of 10% fetal bovine serum at pH 7.4 versus 5.5 indicated that the
presence of proteins in the medium could slightly slow down
the drug release rate. This effect was more evident at acidic me-
dium where the hydrogen bonds were broken and in the absence
of the stealth property of PEG, the interactions between nanopar-
ticles’ surface and proteins increased and the formed protein co-
rona affected the drug release profile (100).

Temperature

Temperature-responsive drug delivery has been widely investi-
gated (149-151), and a common method for preparing such car-
riers is utilizing polymers with an LCST near to physiological
temperature 37 °C. Above the LCST, the polymer becomes insol-
uble, which can be used for drug release. Adjusting the nature
and composition of the polymer is crucial for drug release at the
target site, so thatits LCST is higher than the body’s temperature
(139, 146). As previously discussed, Pluronic F127/PLGA micropar-
ticles (95) exhibited temperature-responsive behavior due to the
presence of PPG in the copolymer structure. As temperature in-
creases, the solubility of PPG decreases, leading to faster phase
separation at lower concentrations. This results in smaller micro-
particles (Fig. S6). Studying the effect of temperature on cargo re-
lease showed an elevated drug release at 37 °C, which is in the
range of LCST of PPG, compared with room temperature and 4 °C.
This temperature facilitated phase separation, which caused the
Pluronic F127 to shrink and expel water and water-dissolved
compounds from the carrier. Similar results were obtained for

drug release from curcumin-loaded Pluronic L35 micelles pre-
pared in an ATPS (116). At temperatures below the LCST, the
hydrophobic drug (curcumin) was stabilized in the hydrophobic
core of the micelle and cannot diffuse through the corona.
However, the hydrophobicity of the corona increased at tempera-
tures higher than LCST, which facilitated drug diffusion from the
hydrophobic corona and its adjacent aqueous media.

Ultrasound

Ultrasound is a noninvasive exogenous stimulus with good pene-
trating power into tissue, and its thermal or mechanical effects
can cause drugrelease. For example, cavitation caused by ultrasonic
irradiation can destabilize carriers and trigger drug release (141,
146). Forinstance, Field et al. (98) prepared core-shell microparticles
with a dextran-based core and PEGDA as the shell (Fig. S7). They ac-
tuated the microparticles using focused ultrasound, which caused
cavitation due to the formation, oscillation, and collapse of bubbles.
This internal cavitation ruptured microparticles (Fig. S7A and B), re-
sulting in elevated drug release (Fig. S7C and D).

Ionic strength

In vivo ionic strength and osmotic pressure gradients have also
been investigated for stimulus-sensitive drug delivery using poly-
electrolytes (152-154). Carriers based on these polymers swell in
an environment with low ionic strength due to repulsion between
charged groups. In an environment with high ionic strength, ion
exchange occurs with the medium, the charge of the carrier is
neutralized, and relatively less expansion occurs. By increasing
theionic strength to high levels, the osmotic pressure gradient be-
tween the carrier and the environment leads to carrier shrinkage
(142, 155). Hann et al. (87) prepared ionic strength/osmotic
pressure-responsive microcapsules using poly(diallyl dimethy-
lammonium chloride) (PDADMAC) and poly(sodium 4-styrene
sulfonate) (PSS) polyelectrolytes in a PEG/dextran ATPS. The mi-
crocapsules comprised dextran droplets in the outer PEG phase,
and the polyelectrolytes formed complexes at the droplet inter-
face. As shown in Fig. S8A and B, by changing the PSS:PDADMAC
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Table 2. Reported stimuli-responsive drug carriers prepared in ATPS.

Stimulus/targeting agent Carrier Cargo Reference
pH Surface-modified SiO, nanoparticles in a PEG/lysine ATPS Doxorubicin 100
Temperature 95, 116
Pluronic F127/PLGA microparticles in a Pluronic F127/dextran ATPS Rhodamine B, Coumarin-6
Micelles based on Pluronic L35 in a Pluronic L35/ionic liquid ATPS Curcumin
Ultrasound Core-shell microparticles based on a dextran/PEGDA ATPS FITC-dextran 98
Ionic strength and osmotic Microcapsules based on a PEG/dextran ATPS surrounded by a Rhodamine B-tagged 87
pressure change membrane based on polyelectrolytes dextran (RD70)
CREKA peptide CREKA-functionalized PEG nanoparticles prepared in a PEG/dextran Doxorubicin 107

ATPS

ratio from 0.07:1 to 4:1 and dialyzing the resulting microcapsules
against pure water to subject them to negative osmotic pressure,
the permeability of the microcapsules changed and they lost their
integrity, which led to release of rhodamine B-tagged dextran
(RD70). Additionally, changing the ionic strength of the solution
at a higher concentration of NaCl led to a significant size shrink-
age of the microcapsules due to the altered permeability of the
shell, which led to increased cargo release (Fig. S8C and D).

The drug delivery systems reviewed so far have been based on
passive targeting, in which the drugis released based on the patho-
logical conditions at the target site. Another optionis active target-
ing, in which ligands such as peptides, aptamers, antibodies, etc.
are embedded in the carrier structure (138, 139, 156). Active target-
ing can significantly improve carrier internalization into the cell.
CREKA peptide is a tumor-homing peptide that has been applied
for targeting tumor blood vessels (107). The targeting ability of
the CREKA-functionalized microparticles prepared using the
PEG/dextran ATPS was studied through binding affinity investiga-
tions (107). CREKA shows a specific affinity toward fibrin, a tough
protein involved in blood clotting. The fibrin-binding ratio of free
CREKA, nanoparticles without CREKA, and CREKA-conjugated
nanoparticles were 70, 45, and 94%, respectively. This shows that
functionalizing the carrier using targeting agents can increase
the accumulation of the particles at the desired tumor site.

Conclusion and future prospects

ATPSs have gained attention in diverse applications, including sep-
aration and purification processes, and more recently, as carriers
for drug delivery. Their appeal lies in their facile constructability,
cost-effectiveness, scalability, and compatibility with biological
and pharmaceutical compounds within a biocompatible aqueous
environment. Prudent selection of phase-forming compounds
and precise control of mixing conditions are critical to customizing
ATPS characteristics to suit specific requirements. Of particular
note is how broadly the approach can be applied in drug delivery:
the ATPS approach has been used toload a broad range of bioactive
materials, including small molecule hydrophobic drugs, small mol-
ecule hydrophilic drug, proteins, and evenintact cells. The possibil-
ity for co-loading multiple compounds from different chemical
classes for therapeutic synergy and encapsulating nucleic acids
which are rapidly being developed for therapeutic applications is
an attractive prospect as the field continues to develop.

In the context of ATPS-based particle formation, several meth-
odologies have been devised to fabricate micro- and nanopar-
ticles, utilizing the unique properties inherent to ATPSs.

1. ATPS-guided particle formation involves introducing a com-
pound into an ATPS, leading to its preferential partitioning

into one phase and initiating particle formation through in-
tercomponent interactions.

2. Polymerization of droplets in ATPSs utilizes processes, such
as photopolymerization of acrylate functional groups and
ionic crosslinking within distinct ATPS droplets, resulting in
the production of polymer-based particles.

3. Phase-guided block copolymer assembly leverages hydro-
philic/hydrophobic interactions between amphiphilic block
copolymers present in an ATPS, facilitating the assembly of
particles with predetermined structural characteristics that
are otherwise difficult to produce.

Multiple routes exist for loading pharmaceutical compounds
into these carriers: dissolving the cargo into the aqueous solution
of phase-forming compounds, direct addition to the ATPS, orincu-
bation of carriers with the cargo. This flexibility enables loading of
payloads with a broad range of physical chemistries highlighted
above. Additionally, stimuli responsiveness can be introduced
into ATPS-based carrier structures through responsive linkers or
polymers, which enables the development of particles responsive
to diverse endogenous and exogenous stimuli. ATPS-based car-
riers with active targeting ligands have also been engineered.

There are still unmet challenges that persistin the use of ATPSs
for drug delivery applications, and these should be the focus of fu-
ture work in the field. These include processingissues, e.g. efficient
retrieval of formed particles, particularly in dilute systems, and
scale-up beyond the used microfluidic mixers. Additionally, the
overall lack of in vivo data in the literature limits the extent to
which common biological mechanisms can be determined and
generalized to streamline formulation development and clinical
translation.
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