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ABSTRACT: Patchy polymeric particles have anisotropic
surface domains that can be remarkably useful in diverse
medical and industrial fields because of their ability to
simultaneously present two different surface chemistries on
the same construct. In this article, we report the mechanisms
involved in the formation of novel lipid—polymeric hollow
patchy particles during their synthesis. By cross-sectioning the
patchy particles, we found that a phase segregation
phenomenon occurs between the core, shell, and patch.
Importantly, we found that the shear stress that the polymer
blend undergoes during the particle synthesis is the most
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important parameter for the formation of these patchy particles. In addition, we found that the interplay of solvent—solvent,
polymer—solvent, and polymer—polymer—solvent interactions generates particles with different surface morphologies.
Understanding the mechanisms involved in the formation of patchy particles allows us to have a better control on their
physicochemical properties. Therefore, these fundamental studies are critical to achieve batch control and scalability, which are
essential aspects that must be addressed in any type of particle synthesis to be safely used in medicine.

1. INTRODUCTION

Patchy particles are a class of anisotropic particle that are
characterized by their one or more surface-exposed domains
with different surface chemistry relative to the rest of the
particle.! Over the past 6 years, there have been significant
theoretical and experimental developments in the study of
patchy particles.””'* These extensive research efforts are fueled
by the hope of exploiting the unique organic or inorganic
anisotropic segregated surface domains that can exist on
organic particles for anisotropic site-specific modifications."*~"
This anisotropic feature is greatly advantageous in several fields,
including drug delivery, diagnostics, sensors, and photonics,
because it allows us to expand, improve, and complement the
functions and designs of the materials used in these areas. For
example, anisotropic particles may enable the (a) formation of
building blocks that can eventually form supraparticular
assemblies,"*"”  (b) development of well-defined discrete
multimodality platforms for drug delivery,"®™>° imaging,'~>!
and diagnostic purposes,”> and (c) synthesis of multihybrid
materials.'®**

Today, patchy particles can be synthesized via at least six
different techniques: template-assisted fabrication,">"”** evap-
oration-driven colloidal assembly,'”*>*¢ particle lithogra-
phy,'”*"*® %lancing-angle vapor deposition,'”***° electrified
jetting,'”'*?° and phase segregation.”’ > The most recent and
notable examples of phase-segre%ated patchy particles include
lipid—polymeric patchy particles, ! jce cream cone particles,32
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and golf ball particles.*® Our patchy particles fall in the first
category. Currently, there is considerable information on the
thermodynamics that cause phase segregation in different
polymer blends;**™*® however, there are no published papers
that report the thermodynamics involved in the phase
segregation of the poly(p,L-lactide-co-glycolide) (PLGA)—
lipid-PEGylated-functional groups (LPFGs) system. Two
years ago, we discovered and published a new class of patchy
particle with a core—shell structure.>’ This particle is formed
from two elements: (1) hydrophobic polymers, such as PLGA,
which form the hydrophobic core that encapsulates a payload,
and (2) 1,2-distearoyl-sn-glycerol-3-phosphoethanolamine
(DSPE)-N-poly(ethylene glycol) (PEG) with amino, methoxyl,
or maleimide terminal groups (DSPE-PEG-NH,, DSPE-PEG-
OCH;, and DSPE-PEG-MAL), which form one or two patches
on the particle’s core. The formation of such patches resembles
the phase segregation phenomenon observed in many polymer
blends® ™ and lipids rafts.*® However, since our polymer
blend system is quite complex because it involves two different
polymers (i.e., PLGA and LPFGs) and a trisolvent composition
(ie., water, ethanol, and ethyl acetate), it is likely that the
formation of patchy polymeric particles is due to an interplay of
thermodynamic, chemical, and physical factors. Here, we report
the mechanisms involved in the formation of these lipid—
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polymeric patchy particles. In particular, we investigated in
detail the solvent—solvent, polymer—polymer, and polymer—
polymer—solvent interactions that take place in each step of the
particle’s synthesis. Therefore, this research contributes to the
polymer thermodynamics field by generating the first
thermodynamic analysis on this particular polymer—lipid—
polymer system.

2. MATERIALS AND METHODS

Materials. Solvents were purchased at analytical grade from Sigma-
Aldrich (St. Louis, MO). DSPE and PEG-based polymers purchased
from Avanti Polar Lipids (Alabaster, AL) and Laysan Bio (Arab, AL).
PLGA was purchased from Lactel (Pelham, AL). Fluorescent dyes,
reactive probes, and biological reagents were purchased from Life
Technologies (USA).

Particle Synthesis and Characterization. Particles were
prepared by a single-emulsion method. The aqueous phase of the
mixture was prepared by dissolving LPFGs, labeled or unlabeled, to a
concentration of 1 mg/mL in 4% ethanol. To this solution 6 mL of 4%
ethanol was added, and the solution was homogenized at 1000 rpm for
1S s. 4 mL of PLGA solution (15 mg/mL in ethyl acetate) was
immediately added to the aqueous phase. The mixture was
homogenized at 4000 rpm for 1 min using a LSM-A high shear
mixer and 5/8 in. tubular mixing assembly. 50 mL of deionized water
was added dropwise to the emulsified mixture, and the volatile solvent
was allowed to evaporate overnight. Particles were centrifuged at 2000
rpm, using Millipore Amicon Ultra centrifugal filter units with a
MWCO of 100 kDa. Particles were examined with a FE-SEM (Zeiss)
operating at 1.00 kV accelerating voltage.

Focused lon Beam Cross Sections. Patchy microparticles were
cross-sectioned using a FEI FIB with a gallium ion source operated at
1 kV, SE mode, and 25000X magnification. Patchy microparticles were
previously coated with gold—palladium alloy to protect particles from
the ion beam.

Studies on Surface Tension While Varying the LPFGs’
Concentration. The surface tension of LPFGs while varying their
concentration was taken with a Ramé-Hart tensiometer—goniometer,
using the pendant drop method. LPFGs solutions were considered the
droplet phase, and air was taken as a reference. 15 mg of DSPE-PEG
(2000)-NH, was dissolved in S mL of 4% (v/v) ethanol to a
concentration of 3.0 mg/mL. This concentration was subsequently
diluted to prepare the other concentrations. A S uL drop was
suspended from a syringe needle, and the ST was measured. Each
measurement was taken in triplicate.

Interfacial Surface Tension Studies Varying the Ethanol
Concentration. The interfacial surface tension between the aqueous
and organic phases was measured with a Ramé-Hart tensiometer—
goniometer using an inverted pendant drop method. PLGA solution
was considered the organic drop phase while ethanol or ethanol/
LPFGs solution was taken as a reference in the aqueous phase. 75:25
PLGA (IV of 0.55—0.75 dL/g in CHCl;) was dissolved in ethyl acetate
to a concentration of 15 mg/mL for the droplet phase. Ethanol—water
mixtures were prepared by volume percent. For ethanol/LPFGs
reservoirs, 20 mg of DSPE-PEG-NH, was dissolved in 200 mL of
ultrapure water to a concentration of 1 mg/mL. 20 mL solutions of
each ethanol concentration were prepared by adding S mL of 1 mg/
mL LPFGs solution to a vial. To this vial, additional water and ethanol
were added to reach the desired percent ethanol (for 2% ethanol, 400
uL of ethanol and 14.6 mL of deionized water were added). Additional
water and ethanol were added to this solution to obtain a LPFGs
concentration of 0.25 mg/mL and the desired percent ethanol by
volume.

Colorimetric Method. For each 1 mg of DSPE-PEG-NH, in
solution, 10 pug of Alexa-633 carboxylic acid succinimidyl ester was
dissolved in N,N-dimethylformamide and allowed to react with the
LPFGs for 1 h. The resulting solution was transferred to Spectra/Por
dialysis tubing with a MWCO of 2000 Da and dialyzed in deionized
water overnight at 4 °C. PLGA of the desired viscosity was dissolved at
a concentration of 15 mg/mL in ethyl acetate. 2 mL of the lipid
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solution were added to a beaker or vial, and an additional 6 mL of 4%
ethanol was added for a pre-emulsification step. Then, 4 mL of the
PLGA solution was added to above the aqueous phase. Samples in
vials were shaken vigorously for 30 s by hand, and samples in beakers
were homogenized at 4000 rpm for 1 min and then transferred to glass
scintillation vials. The phases were allowed to separate for 1 h, and
then the phases were syringed off into separate open vials and allowed
to evaporate overnight, recording the initial volume. Evaporated
samples were then reconstituted to their initial volume with 4%
ethanol, and any PLGA residue was filtered using Millipore Amicon
Ultra Centrifugal Filter Units with a MWCO of 100 kDa. The
fluorescence of the Alexa Fluor 633 was read with an excitation
wavelength of 600 nm and an emission wavelength of 640 nm using a
Biotek Synergy 2 plate reader. A calibration curve for the system was
prepared by conducting serial dilutions of the labeled 0.25 mg/mL
DSPE-PEG-NH,-A633 solution in 4% ethanol. The percentage of
unreactive LPFGs was determined based on the difference between
the initial mass of LPFGs used in the synthesis and the mass of
detected fluorescent LPFGs divided by the initial mass of LPFGs
multiplied by 100% (i.e, [(Miia — Mdetected)/ Minitial] X 100%). The
same rationale was used to determine the percentage of LPFGs that
interacted with PLGA.

Differential Scanning Calorimetry Measurements. Thermal
analyses of the materials were run on a TA Instruments T100
differential scanning calorimeter from —90 to 90 °C, at a rate of 10
°C/min. Samples were lyophilized prior to thermal scans. Enthalpies
of transition were calculated by normalizing the transition peak of the
thermogram and integrating with Origin software.

Transmission Electron Microscopy Studies To Determine
the Critical Micelle Concentration of DSPE-PEG-NH, and DSPE-
PEGm. A S mg/mL stock solution of DSPE-PEG-NH, (Avanti Polar
lipids) in 4% ethanol was diluted to a concentration of 1 X 107> M,
and serial dilutions were made to prepare LPFGs at 0.00084, 0.0028,
and 0.028 mg/mL concentrations. From these concentrations, TEM
samples were prepared by pipetting 10 yL of LPFGs solutions onto
TEM sample copper grids. Samples were then stained with 10 uL of
uranyl acetate (2% v/v), tapped to remove excess stain solution, and
allowed to dry overnight. One sample was prepared with DSPE-PEGm
at a concentration of 1 X 107> M, loaded in a copper grid, stained with
uranyl acetate, and analyzed with TEM. In addition, we prepared three
more samples to be analyzed with TEM. The first solution was
prepared only with LPFGs at a concentration of 1 mg/mL in 4%
ethanol. The second solution contained 2 mL of LPFGs (1 mg/mL) in
4% ethanol and 6 mL of 4% ethanol. Therefore, the final concentration
of LPFGs after adding 6 mL of 4% ethanol is 0.25 mg/mL. The third
solution was prepared with 2 mg of LPFGs (1 mg/mL) dispersed in
4% ethanol, 6 mL of 4% ethanol, and mixed with PLGA (60 mg)
dissolved in 4 mL ethyl acetate. After adding PLGA dissolved in ethyl
acetate, the final concentration of LPFGs in this solution is 0.16 mg/
mL. The samples were analyzed with TEM. 10 uL of each prepared
sample was placed on a copper grid. Subsequently, 10 yL of uranyl
acetate (2% v/v) was added to the copper grid. All the samples
mentioned were examined a TecnaiG* Spirit BioTWIN transmission
electron microscope at 80 kV, and images were recorded with an AMT
2k CCD camera.

Scanning Electron Microscopy Studies. Microparticles were
placed after the emulsification, during and after the evaporation step
on a silicon wafer and mounted on a stub to be analyzed with FE-SEM
(Zeiss). The FE-SEM was operated at 1 kV accelerating voltage and
using a secondary electron detector.

Computational Fluid Dynamics. In order to demonstrate the
dependence of the fluid shear stress on the size of the gap between the
inner diameter of the homogenizer tubular assembly’s workhead and
the rotor shaft, computational fluid dynamics (CFD) simulations were
carried out for varying gap sizes. The numerical solutions of 3D
incompressible Navier—Stokes equations were obtained with an edge-
based finite element solver developed in-house. Unstructured grids
composed of tetrahedral elements were generated and locally refined
near the inner wall to obtain at least two points within the gap. The
resulting mesh had approximately 3 million elements. We modeled the
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rotating piece using immersed boundary methods based on
unstructured grids. The rotor shaft was set in rigid-body rotation
around its axis at 4000 rpm. No slip boundary conditions were applied
at all body surfaces, including the rotating rotor shaft. The polymer
fluid density was set to 1.0 g/cm® and the viscosity to 0.031 dyn s/cm?
The viscosity of the polymer solution was measured using a MCR702
theometer (Anton Paar GmbH) with a double-gap configuration. We
used an explicit three-stage Runge—Kutta scheme with CFL = 0.6 and
a maximum time step of § X 107 to advance the flow solution. All
simulations were carried out in parallel on shared memory computers
using OpenMP and were run on 16 processors. We saved results at 1.5
X 107* s intervals and created animations of the wall shear stress in the
gap region.

3. RESULTS AND DISCUSSION

To investigate to what extent the phase segregation
phenomenon was involved in the patchy particle’s formation,
the focused ion beam (FIB) technique was used to cross
section a patchy particle as shown in Figure 1B. The cross

Figure 1. External and internal morphology of a patchy particle. (A)
SEM image of particle with a core—shell—patch structure. (B) FIB
cross section of the patchy particle exhibiting a patch—shell—core
morphology. The outermost layer of the cross section is a metal
coating layer to prevent damage of the particle by the FIB. (See
Supporting Information for a movie of the cross section of patchy
particles.)

sections exhibit two different contrasts, which suggest the
segregation of PLGA and LPFGs. The LPFGs show higher
contrast than PLGA. The observed indentation in the internal
interface of the core—shell does not explicitly reveal the origin
of the phase segregation of the polymers. Thus, the cross
section studies led us to believe that other factors may be
involved in the formation of the patch including the interplay of
chemical (solvent—solvent, polymer—polymer, and polymer—
polymer—solvent interactions) and physical (shear stress)
factors.

Solvent—Solvent Interaction. Our initial step to further
understand the polymer phase segregation phenomenon
observed in our patchy particles was to study the solvent—
solvent interaction. Three solvents were used in the synthesis of
these patchy particles: ethyl acetate, ethanol, and water. Each
solvent has a certain degree of miscibility with each other, as
shown in a ternary phase diagram for this solvent system.*' The
interaction between these solvents can be summarized using
Hansen solubility parameters, using the principle of “like
dissolves like.”** Although all three solvents have similar
dispersion forces, differences in their polarity and hydrogen
bonding make them immiscible between each other to a certain
extent. Water is the most polar with the greatest degree of
hydrogen bonding; ethyl acetate is the least polar of the
solvents, with less hydrogen bonding; and ethanol has values
intermediate to the other two solvents. Nevertheless, it is well-
known that ethyl acetate and water are miscible to a
concentration of 8.3 g/100 mL (8.3 mass %). Because this
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miscibility is not insignificant, it might play an important role in
the solvent—solvent interaction. In our synthesis, the ratio of
the organic to aqueous phase is 1:2. The aqueous phase is
composed of 4% ethanol, which ultimately contributes 2.67% of
the total solvent volume used in the emulsification step. At this
solvent composition, very distinct phases are formed after
mixing the solvents. To further investigate the role of solvent—
solvent interaction in the formation of patchy particles, we
investigated the interaction between LPFGs and 4% ethanol by
conducting surface tension (ST) and transmission electron
microscopy (TEM) studies. By conducting this type of study,
we wanted to know if lipid-based structures were formed during
the pre-emulsification step.

Polymer—Solvent Interaction. To determine if a lipid-
based structure was formed during the pre-emulsification step,
we investigated if there were changes in the surface tension of
the LPFGs’ solution due to their concentration. Indeed, we
found that there were two abrupt changes in the ST of the
LPFGs prepared at different concentrations as shown by the
graph in Figure 2. These abrupt changes in the ST could
indicate the formation of different lipid-based structures (e.g.,
liposomes, bilayers, or micelles). TEM studies corroborated the
formation of lipid-based structures with distinctive morpholo-
gies at different concentrations of LPFGs (Figure 2A—F). Two
prominent abrupt changes in ST are observed at 0.0028 and
0.25 mg/mL. At 0.0028 mg/mlL, flower-like structures are
formed (Figure 2B). It is not surprising that these structures are
formed at this concentration because the critical micelle
concentration of DSPE-PEGm is approximately 0.00281 mg/
mL, as reported in the literature™ and observed with TEM
(Figure 2, right side). At this concentration of DSPE-PEGm,
micelles are formed. Although round micelles are not formed
with 0.0028 mg/mL of DSPE-PEG-NH,, it is clear that the
critical micelle concentration (CMC) of DSPE-PEG-NH, is
close to that concentration. At or above CMC, we would expect
to see well-formed spherical phase boundaries between the
micelles and the surrounding solution. According to the TEM
studies, complex structures such as rod-shaped micelles can be
formed above the CMC of DSPE-PEG-NH, (Figure 2C).
Below this concentration, DSPE-PEG-NH, begins to form
lipid-based structures, but these structures are not fully formed,
giving rise to nonspherical arrangement of lipids, as shown in
Figure 2A,B.

We also observed the formation of a lipid-based structure at
the concentration used for the synthesis of patchy particles (1
mg/mL) (Figure 2D). TEM studies of LPFGs dispersed in 4%
ethanol and subsequently mixed with PLGA dissolved in ethyl
acetate indicate the formation of liposomes (Figure 2D—F). We
found that the physical integrity of these liposomes relies on
the interaction between LPFGs and the solvent system. For
example, well-structured liposomes are formed at the
concentration of 1 mg/mL of LPFGs in 4% ethanol (Figure
2D). We observed that the physical integrity of liposomes is
compromised when an extra 6 mL of 4% EtOH was added to 2
mL of LPFGs (1 mg/mL) (Figure 2E). This phenomenon
might be due to the fact that the interaction between the PEG-
NH, fragment of the LPFGs and the additional molecules of
4% ethanol is greater than the interaction among the LPFGs
molecules that already formed liposomes. The additional 4%
ethanol molecules incorporated in the solvent system attract or
disperse the PEG-NH, fragment of LPFGs causing the
disruption of liposomes. The incorporation of PLGA dissolved
in ethyl acetate enhances the disruption of these liposomes as
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Figure 2. Polymer (1)—polymer (2)—solvent interaction. The graph shows changes in the ST of DSPE-PEG-NH, while increasing its concentration.
For practical purposes, DSPE-PEG-NH, is named as LPFGs in the figure. The TEM micrograph on the right side of the figure shows the formation
of micelles at the CMC of DSPE-PEGm, which occurs at 0.0028 mg/mL. The CMC of DSPE-PEG-NH, seems to takes place around 0.0028 mg/mL
(B). Above this concentration, DSPE-PEG-NH, tends to form distinctive lipid-based structures. (C) Formation of rod-like shape structures. (D)
Formation of well-defined liposomes at the concentration of 1 mg/mL. (E) Disrupted liposomes are observed at 0.25 mg/mL because the
incorporation of extra 4% ethanol, which dilutes the LPFGs’ concentration (1 mg/mL) and thus affects their physical stability. (F) Further disruptive
liposomes are formed at 0.16 mg/mL due to the addition of extra 4% ethanol and PLGA dissolved in ethyl acetate.

shown in Figure 2F. A higher number of fragmented liposomes
are observed in the polymer—solvent mixture after adding
PLGA previously dissolved in ethyl acetate (Figure 2F). These
experimental observations indicate that the solvent—solvent
interaction plays a significant role in the polymer—solvent
interaction, and therefore it seems that the solvent—solvent
interaction drives the phase segregation phenomenon of the
polymer blend (ie., LPFGs and PLGA).

After the pre-emulsification step, the polymer mixture
solution is emulsified at 4000 rpm with a high shear mixer.
By examining the emulsified solution at different times, we
found that the patches are formed quite rapidly within a second
time frame. The SEM image in Figure 3A shows the formation
of patches after emulsifying the polymer blend for 1 min.
Although the patch is already formed after the emulsification
step, the patchy particles need to undergo a hardening process
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in which the solvent is evaporated, and water is added to the
emulsified solution to diffuse the solvent out. After we
evaporated and filtered out the solvent using a centrifugal
filtration device, patchy particles were obtained. Next, we
investigated if the evaporation time is a parameter that has an
effect on patch formation. SEM images show that the
evaporation time does not have an effect in the formation of
patches, as shown in Figure 3B,C. Well-defined patches are
formed on the particle’s surface after the emulsification step and
after 8 and 16 h of solvent evaporation.
Polymer—Polymer—Solvent Interaction. To investigate
the polymer (1)—polymer (2)—solvent interaction, we
determined the percentage of the reacted LPFGs with PLGA
by using an in-house colorimetric method based on
fluorescence spectroscopy. Such interaction was determined
by comparing samples vigorously shaken manually for 30 s with
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Figure 3. SEM studies after the emulsification, during and after the solvent evaporation step. (A) The SEM image shows the formation of the
particle’s patch immediately after the emulsification step and before the solvent evaporation step. This means that the formation of the patch takes
place during the emulsification step and not in other steps of the particle’s synthesis. (B) Patchy particles after 8 h of solvent evaporation. (C) Patchy

particles after 16 h of solvent evaporation.

samples in which the polymer blend was emulsified using a high
shear mixer, allowing the emulsions to segregate. After the
segregation step, the amount of LPFGs in each separated phase
was determined by detecting the fluorescence signal of a
covalently bound fluorophore. A control experiment containing
LPFGs, ethanol, and ethyl acetate without the presence of
PLGA was conducted to determine both the LPFGs—solvent
interactions and the extent to which PLGA affects the fate of
LPFGs during the synthesis. The colorimetric method revealed
the way the LPFGs behave without the influence of PLGA.
After the phase segregation of the organic and aqueous phases,
a considerable amount of LPFGs was found in the aqueous
phase as illustrated in Figure 4. The amount of LPFGs in the
aqueous phase increases when PLGA is absent (i.e., control
experiments). Also, a notably larger amount of LPFGs was
detected in the organic phase of the separated emulsion in the

2.00
= LPFGs in agueous phase
175 L + LPFGs in organic phase
5150 - 1 i
g i
5; 1.25
m
=
o 1.00 |
£ l 1
w L 1
o 0.75
w
% o.50 F
= 2
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. i
I 1 1 1 L L
75258 75:26 50:508 50:50 ControlS Control
PLGA Copolymer Ratio

Figure 4. Quantification of LPFGs in the aqueous and organic phases
after phase segregation. Black squares represent LPFGs present in the
aqueous phase of the emulsion, and red diamonds represent LPFGs
present in the organic phase of the separated emulsion. S indicates
samples that were manually shaken rather than being homogenized.
50:50 PLGA has a similar degree of polymerization to 75:25 PLGA.
Control samples contained no PLGA. In the polymer blend that is
emulsified at 4000 rpm less LPFGs were detected in the organic phase,
which suggests that LPFGs have interacted with PLGA to form shells
and patches. The presence of PLGA in the organic phase limits the
solubility of LPFGs, as indicated by the higher LPFGs concentration in
the organic phase of the control samples than the ones determined in
the test samples.
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absence of PLGA, contrary to the small amount of LPFGs
detected when PLGA is present in the polymer blend.
Polymer—Polymer Interaction When Varying the
PLGA Copolymer Ratio. We conducted a series of experi-
ments similar to the ones described above. We observed the
same trend with particles synthesized with PLGA of 50:50
copolymer ratio. This result indicates the role PLGA plays in
the solubility of LPFGs in the organic solution. This means that
PLGA may block or mediate the migration of lipids into that
phase upon mixing. In addition, through the colorimetric
method we determined the polymer—solvent interaction
percentage as shown in Table 1, assuming any undetected

Table 1. Percentage Loss of LPFGs after the Polymer Blend
(i.e., PLGA and LPFGs) Was Emulsified

inherent
copolymer viscosity % of undetected % of interacted
ratio (dL/g) LPFGs in both phases LPFGs with PLGA
75:25 0.55—-0.75 43 + 4.0 57 + 4.0
50:50 0.55-0.75 60 + 11 40 + 11
50:50 0.95—-1.20 47 + 22 53 +22
no PLGA 72+ 12

lipids from the amount used in the synthesis are interacting
directly with PLGA. This table shows that when particles are
synthesized with PLGA (75:25), 57% of the starting weight of
LPFGs used for particle synthesis is utilized to form the shell
and patch. Second, the extent of miscibility between the
polymers seems dependent not only on the shear stress applied
to the polymer blend but also on the copolymer ratio. Particles
synthesized with PLGA (50:50) influence the extent of
miscibility between PLGA and LPFGs. The lower the ratio of
lactic acid monomer in the copolymer, the lower the miscibility
of the polymers because PLGA with a higher glycolic acid ratio
is generally less hydrophobic.** Remember the DSPE is the
fragment of LPFGs by which the miscibility takes place. Despite
the fact that the molecular weight of DSPE is smaller than
PLGA, its hydrophobic nature makes the interaction between
the PLGA and LPFGs possible.

Polymer—Polymer Interaction When Varying the
Copolymer Ratio and Inherent Viscosity of PLGA. To
further analyze the role of the copolymer ratio of PLGA in the
miscibility with LPFGs, we investigated the effect of the
PLGA’s inherent viscosity (IV) on such miscibility. To achieve
this task, we determined the interaction of PLGA (50:50) and
LPFGs by varying the IV of the copolymer. The inherent
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viscosity is related to the number-average molecular weight
(M,) of the polymer; thus, a higher IV indicates a longer chain
length.*® The chain length is related to the free energy of
mixing for the system: each monomer occupies a certain
volume, which affects the miscibility of the PLGA and LPFGs.
Hence, we hypothesized that changing the PLGA chain length
would affect the mobility of PLGA chains based on the lattice
model proposed by Flory—Huggins.*® Longer-chain molecules
would occupy more lattice positions, thereby excluding other
molecules. However, our experimental results do not fit within
the simplified parameters of Flory—Huggins theory and show
that the intrinsic viscosity played a negligible role in the
miscibility between PLGA and LPFGs as shown in Figure S.

80

i + Percent of LPFGs interacting with PLGA

Percent Yield (%)
5 &8 & 8 8 3

-
(=]
T

0 L 1 1 1
015025 026054 055075 065085 085120
Inherent Viscosity of PLGA (dL/g in HFIP)

Figure S. Effect of the inherent viscosity in the miscibility of PLGA
and LPFGs. Taking into consideration the standard error of the data,
there is not a correlation between the inherent viscosity and LPFGs-
PLGA interactions, which suggests that the monomer volume fractions
do not play a major role in the degree of miscibility between these

polymers.

Each of the PLGA samples with different IV exhibited similar
ranges of percent yield of lipids to PLGA, revealing that the IV
and molecular weight of PLGA do not heavily influence patch
formation. 50:50 PLGA with an IV of 0.95—-120 dL/g in
hexafluoroisopropanol (HFIP), based on stoichiometric calcu-
lations, has the most similar degree of polymerization to the
75:25 PLGA of the selected viscosities (0.55—0.75 dL/g). The
higher ratio of lactic acid in our 75:25 copolymer system allows
for unique miscibility between the DSPE-PEG-NH, and the
PLGA. Nevertheless, the solvent—solvent interaction seems to
drive the phase segregation phenomenon of the polymer blend.

In addition, we synthesized particles with PLGA of different
inherent viscosities 0.55—0.75 and 0.76—0.94 dL/g to
investigate if the molecular weight of PLGA has an effect in
the formation of patchy particles. As it is known, the molecular
weight of the polymer can be obtained based on the inherent
viscosity of the polymer. We found that the molecular weight of
PLGA and therefore the inherent viscosity do not have a role in
the formation of patchy particles. Figure 6 shows that well-
defined patches are formed at two different inherent viscosities.

Role of Solvent Composition in Polymer Behavior. To
study in depth the role of the solvent composition in polymer’s
behavior, we conducted a series of experiments where we varied
the solvent composition. The SEM micrographs in Figure 7A
confirm that the solvent composition has a strong influence on
the behavior of the LPFGs. This behavior might determine the
particles” final morphology. Particles with a patch—core—shell
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PLGA(0.76-0.94 dI/g)

PLGA(0.55-0.75 di/g)

Figure 6. Effect of the inherent viscosity and molecular weight of
PLGA in the formation of patchy particles. Patchy particles were
synthesized with two different inherent viscosities 0.55—0.75 and
0.76—0.94 dL/g. It was found that these factors do not have an effect
in the formation of patchy particles because there is no difference in
the morphology of the particles.

structure are formed when the ethanol is present at 3 wt %.
Particles synthesized at different volume percentages of ethanol
were analyzed using a differential scanning calorimeter (DSC).
These samples exhibited similar enthalpies of transition to
other particles studied (Figure 7B). Interestingly, there was no
direct correlation between the percentage of ethanol used in the
synthesis and the magnitude of the enthalpy of transition. An
increase in ethanol composition does not predictably affect the
particles” thermodynamics. This result suggests that a more
complex phenomenon is driving the different patch morphol-
ogies shown in Figure 7A.

Interfacial Surface Tension (IST). Examining further the
role of ethanol in the formation of patches, we measured the
interfacial surface tension (IST) of the polymer—lipid—
polymer—solvent mixture while varying the volume percentage
of ethanol in the presence and absence of LPFGs. We found
that as the volume percent of ethanol increases in the aqueous
phase, the IST between the organic and aqueous phases of the
solvent system decreases. This trend is observed in the absence
and presence of LPFGs, as illustrated in Figure 8. Ethanol in
particular influences the lipids’ behavior. For example, particles
synthesized in the absence of ethanol display formation of
multiple and randomly distributed lipid-based nanostructures
on the particle’s core, as shown in Figure 7A.

Role of the Shear Stress in the Formation of Patchy
Particles. After the solvent—solvent and polymer—polymer—
solvent analyses, we reached the conclusion that the formation
of patchy particles was strongly dependent on a physical
parameter such as the shear stress. We studied this parameter in
detail during the emulsification step. During this step, the
aqueous and organic phases are emulsified with a high shear
mixer; thus, the polymer blend solution undergoes a shear
stress. We found that the shear stress was indeed a physical
parameter that is critical for the formation of patchy particles.
This statement is based on the fact that the shear stress
promotes and enhances the mutual miscibility between PLGA
and LPFGs (Figure 9B—D). Particles with a core—shell
structure are formed when the polymer blend solution
undergoes low shear stress (Figure 9A). On the contrary,
particles with a core—shell—patch structure are only formed
when the polymer blend undergoes high shear stress during
emulsification step (Figure 9C). Furthermore, we observed that
when the shear stress is low, LPFGs form a very thin shell on
the polymeric core as observed in the cross section of the core—
shell particles (Figure 9B) and as shown by the differential
scanning calorimetry (DSC) thermograms (Figure 9E).
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Figure 8. Effect of ethanol in the interfacial surface tension of PLGA in
the presence and absence of LPFGs. Red diamonds indicate samples
containing 0.25 mg/mL of LPFGs in the aqueous phase, while black
diamonds indicate samples containing only the stated ethanol
percentage dissolved in water. As the volume percentage of ethanol
increases in the solvent mixture, the IST between the organic and
aqueous phases decreases. The decrement of the interfacial surface
tension in the solvent mixture has a strong influence on the behavior
of the LPFGs. Lipid-based nanostructures are formed in the absence of
ethanol whereas a patch—shell—core structure is formed when 3%
ethanol is present in the solvent mixture.

The partial miscibility of the polymers gives rise to the
formation of the particle’s shell. The DSPE fragment of LPFGs
interacts with PLGA via hydrophobic interactions, which makes
possible the formation of the particle’s shell. The shell indicates
the extent of the phase segregation phenomenon between these
two polymers with a certain degree of miscibility, allowing for
two distinct but adhered phases. Also, polymers undergo phase
transitions at characteristic temperatures, including melting
temperatures for crystalline polymers (T,,) and glass transition
temperatures (Tg) for amorphous materials.*” Miscible
polymers exhibit phase transition temperatures in between
the phase transitions of the component polymers in the
mixture. The phase transition temperature can be used to
distinguish miscible and immiscible materials.***® In our
studies, PLGA had a glass transition temperature of 56.48 °C,
while the LPFGs had a melting point of 54. 48 °C (Figure 9E).
A mixture of PLGA and LPFGs would exhibit a phase transition
endotherm that shares the characteristics of the component
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polymers, whereas the phase-segregated patch would exhibit
both phase transitions separately. Thermograms of both the
core—shell particles and the patch—shell—core particles were
recorded. Core—shell particles have a phase transition at 55.44
°C, and patchy particles have a phase transition at 55.32 °C.
These numbers do suggest a certain degree of miscibility,
although these temperatures are very close. What is more
interesting is the enthalpy of transition, which is the integral of
the phase transition endotherm.*” LPFGs have a large enthalpy
of transition in the characteristic shape of a T, while PLGA has
a relatively shallow phase transition. Referring to the shape and
integration of the particle endotherms, we can see a clear
difference between the core—shell particles and the patchy
particles, as shown in Figure 9E, inset. The core—shell particles’
thermogram very closely matches with the PLGA endotherm,
with a similar enthalpy of transition. Patchy particles, on the
other hand, exhibit a glass transition endotherm that has a
higher change in enthalpy than the PLGA. The glass transition
shape, coupled with the larger change in enthalpy, suggests
unique phase transitions occurring between the phase-separated
patch and particle, which are only miscible to a slight degree.

The magnitude of the shear stress is determined by the
distance between the homogenizer’s workheads and the rotor
shaft. The smaller the gap, the higher the shear stress that the
polymer solution undergoes during the particle’s synthesis, as
observed experimentally and corroborated with computational
fluid dynamics (CFD) simulations (Figure 10A—G) (see
Supporting Information to play the movie of this CFD).
These experimental and computational results show that when
the gap between the inner diameter of the workhead and the
rotor shaft is greater than 0.137 mm in each side of the rotor-
shaft, only particles with a core—shell structure are formed
(Figure 9A,B). Patchy particles are formed in the presence of
high shear stress, which is generated with a gap size below 0.1
mm (Figure 9C,D). The shear stress determines not only the
morphology of the particle (ie., core—shell—patch and core—
shell) but also the thickness of the shell (Figure 9B—D). The
higher the shear stress, the thicker the particle’s shell, as shown
by the cross sections of these particles (Figure 9D). Thus, the
shear stress is the most important parameter for the formation
of patchy particles. Further studies on CFD will be useful to
further understand the formation of patchy particles and to
tune the external and internal properties of these polymeric
particles.
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Figure 9. Effect of the shear stress in particle’s morphology. (A) SEM image and (B) FIB cross-section of a particle with a core-shell structure under
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scanning calorimetry (DSC) thermograms: (black) thermogram derived from particles that have a core—shell structure; (blue) thermogram derived
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shear stress enhances the miscibility between PLGA and LPFGs. As a result, a thick shell is formed in patchy particles.
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On the basis of the results obtained through the study of the
chemical (solvent—solvent, polymer—solvent, polymer—poly-
mer—solvent interaction) and physical (shear stress) factors
that are involved in the synthesis of patchy polymeric particles,
we suggest the following mechanism for the formation of
patchy polymeric particles. During the pre-emulsification step,
the LPFGs form liposomes (e.g., multilamellar and unilamellar
vesicles) because the concentration of LPFGs used in the
particle’s synthesis is above the critical micelle concentration
(CMC) of DSPE-PEGm (1a) (i.e ~0.0028 mg/mL). However,
because of the incorporation of extra ethanol, ethyl acetate and
PLGA, the physical integrity of these liposomes is affected (1b).
When previously dissolved PLGA in ethyl acetate is
incorporated into the aqueous phase, a phase segregation
phenomenon takes places initiated by the solvents (i.e., water—
ethanol and ethyl acetate). The DSPE fragment of LPFGs
interacts favorably and rapidly with the PLGA during the pre-
emulsification step. The polymer blend undergoes a high shear
stress during the emulsification step, which promotes the
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miscibility between PLGA and LPFGs giving rise to a droplet
with a core—shell structure (2a). The presence of high shear
stress enhances the miscibility of the polymer blend inducing a
pronounced phase segregation phenomenon that results in the
formation of the core—shell structure followed by the formation
of the patch. That is, during these chemical and physical
conditions, droplets coated with LPFGs having an indentation
are formed, and the remaining LPFGs start forming the patch
(2b). The patch may be formed by a pile-up of lipid-based
structures (2c). The patchy particles that result from this
process have a hollow core, as shown by the cross sections of
these particles (see Supporting Information), a shell formed by
PLGA-DSPE-PEG-NH,, and a patch formed by a pile-up of
LPEGs. The entire mechanism of the formation of patchy
particles is summarized in Figure 11.

4. CONCLUSIONS

In summary, we have elucidated the mechanisms involved in
the formation of patchy polymeric particles by analyzing each
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Figure 11. Mechanisms of the formation of patchy polymeric hollow
particles. In the pre-emulsification step, the solvent system (H,O,
EtOH, and EtOAc) and polymers (LPFGs and PLGA) interact with
each other (lab). In the emulsification step, patchy particles are
formed in the presence of high shear stress conditions. The particle’s
core—shell structure is formed (2a) followed by the formation of the
patch (2b). The patch is likely to be formed by a pile-up of LPFGs
(20).

step in their synthesis. We found that the shear stress is the
most important parameter that causes the formation of lipid—
polymeric patchy particles. Also, the interplay of solvent—
solvent, polymer—solvent, and polymer—polymer—solvent
composition and shear stress render particles with lipid-based
structures on their surfaces. These key results allow us to have a
much better understanding of the formation of hollow
polymeric patchy particles and therefore to acquire high
control of the physicochemical properties of these particles.
Because today LPFGs have been extensively used in engineer-
ing drug delivery systems (DDS),**”* the results reported in
this article allow us to understand their unexpected behavior
under different shear stress conditions. In addition, this paper
contributes to the particles field by revealing that the shear
stress is a physical parameter that can be useful to synthesize
particles with different external and internal morphologies and
thermal properties, as shown by DSC thermograms. By
understanding the formation of patchy particles, we can control
their internal and external physicochemical properties, which
can potentially revolutionize medicine and fields including
electronics, energy, and environmental chemistry, among
others. Future research at the experimental and computational
level is needed to further understand the role of shear stress in
the formation of patchy particles and to elucidate the
arrangement of the LPFGs in the particle’s patch.
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