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Design and Development of Biomimetic Nanovesicles
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The advancement of nanotechnology toward more sophisticated bioinspired
approaches has highlighted the gap between the advantages of biomimetic
and biohybrid platforms and the availability of manufacturing processes to
scale up their production. Though the advantages of transferring biological
features from cells to synthetic nanoparticles for drug delivery purposes have
recently been reported, a standardizable, batch-to-batch consistent, scalable,
and high-throughput assembly method is required to further develop

these platforms. Microfluidics has offered a robust tool for the controlled
synthesis of nanoparticles in a versatile and reproducible approach. In

this study, the incorporation of membrane proteins within the bilayer of
biomimetic nanovesicles (leukosomes) using a microfluidic-based platform
is demonstrated. The physical, pharmaceutical, and biological properties of
microfluidic-formulated leukosomes (called NA-Leuko) are characterized.
NA-Leuko show extended shelf life and retention of the biological functions
of donor cells (i.e., macrophage avoidance and targeting of inflamed
vasculature). The NA approach represents a universal, versatile, robust, and
scalable tool, which is extensively used for the assembly of lipid nanoparticles

Recently, advances in biomimicry, i.e., the
biologically inspired design of materials,!!
has spurred the development of novel
strategies to bestow nano- and micropar-
ticles with multiple functionalities nec-
essary to negotiate biological barriers.?
Current approaches for drug delivery car-
riers include mimicking of leukocytes,!?!
red blood cells (RBCs)* platelets,”! and
cancer cells® to achieve superior delivery
of therapeutics compared to conventional
nanoparticles. These hybrid biomimetic
carriers showed advantageous pharmaceu-
tical properties (i.e., defined size and shape,
physical stability, ability to load and release
chemically different therapeutics) resulting
from the synthetic backbone materials
(nanoporous  silicon,?d  phospholipids,P"!
and poly(lactic-co-glycolic) acid”)) they were
derived from. Furthermore, these biomi-
metic strategies demonstrated innate bio-

and adapted here for the manufacturing of biomimetic nanovesicles.

logical features and intrinsic functionalities
(long circulation, selective targeting toward
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specific biological compartments) typical of the donor cell source.!

When investigating the events occurring at the nano-bio inter-
face, e.g., the protein corona formation,””) a distinctive interaction
of these biomimetic carriers with blood components compared to
their non-biomimetic counterpart can be observed.'% Using this
approach, leukocyte-like nanovesicles showed prolonged circula-
tion and preferential targeting of inflamed vasculature,*® while
platelet-like nanoparticles displayed platelet-mimicking properties
such as adhesion to damaged vasculature and binding to platelet-
adhering pathogens.l’) However, the new biological functionalities
transferred to these hybrid nanomaterials increased their degree
of complexity from a regulatory standpoint. Nanomaterials for
biomedical applications must account for or develop methods to
ensure that final products are standardized, batch-to-batch con-
sistent, scalable, good manufacturing practice (GMP)-compliant,
and amendable to high-throughput assembly methods. As a
matter of fact, the difficulty of producing nanoparticles in a
standardized and reproducible way in sufficient quantities has
hindered their successful translation to clinical applications. How-
ever, despite current protocols addressing several hurdles, such
as (i) retention of biological complexity of cellular membrane on
carrier surface, (ii) control of physicochemical properties over the
final formulation, (iii) customizability, and (iv) stability, a major
challenge remains in the development of adequate protocols for
scaling up the manufacturing of nanoparticles.!!!

In response to this need, microfluidics—the science of manip-
ulating fluids at the micrometer or smaller scale in a controlled
fashion!'?—emerged as a promising technique allowing for the
controlled synthesis of nanoparticles providing a versatile method
to accelerate their transition to the clinic.'!) From a technical
standpoint, the concept behind microfluidics is that a change
in solvent polarity can drive the self-assembly of lipids or other
amphiphilic molecules.'®l By controlling the flow rate ratio (FRR)
between the aqueous and organic phases, the total flow rate
(TFR) of the two streams, and the temperature, it is possible to
tune the final size and distribution of resulting nanoparticles!!!14
as well as their drug loading capacity and batch-to-batch repro-
ducibility.’*1 Recently, a microfluidic-based platform, called
NanoAssemblr (NA) (Figure 1a), has been developed for the
manufacture of nanoparticles in a controlled, tunable, low-cost,
and scalable fashion.'l The mixing process in the microfluidic
mixing chamber of the NA is achieved through the combination
of a Y-shaped inlet channel and the inclusion of microstructures,
so-called herringbone mixers.'’l The herringbone micromixer
induces chaotic advection, which allows for the stretching and
folding of fluid streams over the channels’ cross-sectional area.
This, together with the herringbone structures of the channel
floor, increases mass transfer under laminar flow conditions.!®!
The repeated folding of two miscible fluids under laminar flow
allows for extremely fast mixing (millisecond mixing) of the two
fluids under mild conditions (low shear, low heat, and low pres-
sure) and prevents the occurrence of uncontrolled solvent gradi-
ents. The adjustment of mixing ratio, flow rate, and lipid com-
position allowed for the fine-tuning of physical features of lipid
nanoparticles for the delivery of adjuvants and siRNA.!

Herein, we show, for the first time, a continuous-based pro-
cess to incorporate membrane proteins derived from leuko-
cytes within the lipid bilayer of liposome-like nanovesicles (i.e.,
leukosomes) using NA technology. This study represents a
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proof-of-principle investigation of the versatile, reproducible,
robust and high-throughput manufacture of biomimetic nano-
vesicles using a microfluidic-based synthetic protocol. NA-for-
mulated leukosomes (NA-Leuko) have been fully characterized
for their physical and pharmaceutical properties. In addition,
the successful transfer of biological features to NA-Leuko has
been validated using both in vitro and in vivo models.*?!

The first step in optimizing NA-Leuko assembly consisted of
tailoring mixing protocols to generate stable nanovesicles suitable
for additional membrane protein incorporation in terms of average
diameter, size homogeneity, and zeta potential. By tuning FRR
(1:1, 2:1, and 3:1 aqueous-to-organic phase), TFR (1, 3, 6, 9, and
12 mL min™), and operating temperature (room tempera-
ture versus 45 °C, data not shown), we identified that 2:1 FRR,
1mLmin~' TFR, and 45 °C gave the best conditions for membrane
protein incorporation. Liposomes produced with these settings
showed a mean diameter of 118 nm, a polydispersity index (PDI) of
0.13, and surface charge of =12 mV (Figure 1). The incorporation
of membrane proteins at increasing protein-to-lipid ratios (from
1:300, 1:100, to 1:50) induced a slight reduction of the mean diam-
eter of the resulting proteolipid vesicles, i.e., from 118 nm (con-
trol liposomes) to 103, 104, and 94 nm, respectively (Figure 1b),
while significantly affecting their surface charge (Figure 1c).
Contrarily to observations using the thin layer evaporation (TLE)
method,*P protein integration into the lipid bilayer produced
a relative decrease of surface charge (e.g., -9, —21, and —27 mV,
respectively) that, in the case of NA-Leuko, was proportional to the
increase in the protein-to-lipid concentration (Figure 1c). A minor
increase in PDI (<0.2 for all protein-to-lipid ratios) following pro-
tein incorporation, instead, was observed (Figure 1b), revealing a
high size homogeneity for these formulations. Size homogeneity
was also confirmed by low-magnification cryoEM analysis (see
Figure S1 in the Supporting Information). It is worth noting that
the above-mentioned values result from the average of at least
three different batches of independently synthesized particles,
which reveal the high reproducibility of this method, as previ-
ously reported by others.?% To further confirm the small batch-
to-batch variations, we evaluated the reproducibility of NA-Leuko
assembled (i.e., size distribution) by three different operators. As
reported in Figure S2 (Supporting Information), the maximum
variability observed among three individual operators was 2.5%,
indicating consistent reproducibility of NA-Leuko.

Next, we performed the extrusion assay to determine the
successful incorporation of membrane proteins within the lipid
bilayer. As previously described by our group,” we observed
a direct correlation between the bilayer transition temperature
(T;n) and its physical deformability, following protein integration
within a lipid bilayer. We found that the increase of T, which
is directly related to the increase of membrane protein incor-
poration, corresponded to a reduction of bilayer deformability.
In other words, the higher the protein incorporation, the more
rigid the lipid bilayer, and the less deformable the vesicles. As
shown in Figure 1d, we observed a reduction of vesicle deform-
ability, expressed as the deformability index (DI), proportional
to the increase of protein concentration in the following order:
1:50 < 1:100 < 1:300. While statistical significance was calcu-
lated upon increasing protein-to-lipid ratio from 1:300 to 1:50,
we found the most optimal ratio to be 1:50, as a plateau was
eventually reached at higher concentrations, indicating minimal
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Figure 1. Continuous-based process for the assembly of biomimetic nanovesicles using NanoAssemblr platform. a) Schematic representation of
leukosomes microfluidic synthesis (not to scale). b) Dynamic light scattering (DLS) analysis shows average diameter, polydispersity index (PDI), and
c) zeta potential of liposomes (Lipo) and NA-Leuko after membrane protein incorporation at 1:300, 1:100, and 1:50 protein-to-lipid ratios. d) Deformability
index shows vesicles’ flexibility following to membrane proteins incorporation at 1:300, 1:100, and 1:50 protein-to-lipid ratios, and identifies the 1:50
ratio as the highest level of protein incorporation. Results represent the average of at least three different batches of particles + standard deviation.
e) High-magnification cryoEM analysis of 1:50 NA-Leuko reveals spherical shape, unilamellar vesicles, and validates DLS analysis. f) Liposome and
g) NA-Leuko surface profile using atomic force microscopy (AFM) analysis. **p < 0.1; ***p < 0.01; ****p < 0.001.

gain from the increased protein composition. Taken together,
these findings reveal that 1:50 protein-to-lipid ratio represents
the highest level of protein incorporation and, as per these
results, 1:50 protein-to-lipid ratio was selected as the best ratio
for further studies. The evaluation of the percentage of protein
incorporation into the bilayer of three independently assembled
NA-Leuko revealed that, compared to the TLE method*"
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(protein incorporation efficiency of 63%), around 90% of the
membrane proteins initially added to the aqueous stream are
associated with the final formulation (see Figure S3 in the Sup-
porting Information). In addition, theoretical calculations based
on established criteria performed on NA-Leuko versus TLE-
Leuko (see the Supporting Information) showed (i) a 2.18-fold
increase of the total number of nanovesicles per gram of lipid;
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Figure 2. Physical stability of biomimetic NA-Leuko. Transmission (AT%) and backscattering (ABS%) profiles of a) liposomes and b) NA-Leuko using
Turbiscan Lab. The analysis was performed at 20 °C. Data are reported as a function of time (0-1 h) and sample height (from 2 to 15 mm). c) DLS
analysis of NA-Leuko stored in solution at 4 °C up to 24 d reveals no significant change in size and homogeneity.

(ii) a 14-fold increase of membrane proteins into the NA-Leuko
bilayer with respect to TLE-Leuko; and (iii) a 22.7-fold increase
of membrane proteins per um? of surface area for NA-Leuko
compared to TLE-Leuko (see Figure S4 in the Supporting Infor-
mation). Inspection of cryoEM images of NA-Leuko at this
ratio revealed spherical shape and unilamellarity (Figure 1le).
Atomic force microscopy (AFM) analysis validated the size of
the particles as measured with dynamic light scattering (DLS)
and cryoEM (Figure 1f,g). Additional AFM analysis showed
increased roughness and elasticity for NA-Leuko compared to
control liposomes (see Figure S5 in the Supporting Informa-
tion), but similar to TLE leukosomes (TLE-Leuko).l*?!

The physical stability of NA-Leuko was evaluated for phar-
maceutical purposes through Turbiscan Lab.?! Widely used
in the pharmaceutical field, this method uses the multiple
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light scattering principle to detect any instability phenomena
of colloidal systems (e.g., flocculation, sedimentation, and
coagulation) through the analysis of photons scattered (delta
backscattering, ABS) or transmitted (delta transmittance, AT)
from the sample over time.?!?2l We observed that ABS and
AT profiles are lower than + 5% for both control liposomes
and NA-Leuko at 20 °C, thus indicating long-term shelf lifel2’]
(Figure 2a,b). To support this finding, NA-Leuko were stored in
solution at 4 °C up to 24 d and their size was measured over
time. DLS analysis revealed minimal changes in diameter and
size homogeneity (Figure 2¢). In addition, the evaluation of the
turbiscan stability index revealed similar profiles between the
two formulations at both 20 and 37 °C, thus confirming that
proteins incorporation had no unfavorable effect on the stability
of NA-Leuko (see Figure S6 in the Supporting Information).
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Figure 3. Orientation of membrane proteins within the bilayer of NanoAssemblr-derived leukosomes (NA-Leuko). Flow cytometry analysis performed
on liposomes and NA-Leuko revealed a) the presence and correct orientation of LFA-1 and CD47 on NA-Leuko surface, b) the absence of signal from
intracellular domains CD3z of membrane proteins, and c) the presence of glycosylated domains on NA-Leuko surface and self-assembled membrane
proteins (positive control). d) The coarse-grained model represents 3D structure of the integral protein MHC | in the orientation OUT, i.e., glycosylated
domain oriented outside NA-Leuko bilayer, and €) IN, glycosylated domain oriented inside NA-Leuko bilayer, respectively. f) Total energy calculated
as difference between the energies relative to the outside and inside orientations, identified as OUT and IN, respectively, of the glycosylated domain
of the integral protein MHC I. The energy values are reported in k| mol™, indicated in a range between —4649 and —4653 x 10° k] mol™'. **p < 0.1;

#kp < 0.01; and ***%p < 0.001.

To evaluate the impact of microfluidic manipulation on the ori-
entation of proteins within NA-Leuko bilayer, we confirmed the
exposure of the extracellular domains of LFA-1 and CD47 on the
surface of NA-Leuko (Figure 3a). In addition, analysis of CD3z*
revealed the absence of intracellular domains of membrane pro-
teins exposed on the outer leaflet of NA-Leuko bilayer (Figure 3b).
As for control liposomes, no significant difference was observed
in CD3z signal, while after bilayer permeabilization using 0.01%
Tween 80, we observed an increase in CD3z signal only for NA-
Leuko (Figure 3b). Further assays were carried out to detect the
presence of any contaminants in NA-Leuko formulation. Flow
cytometry analysis did not detect p62 and COX IV markers, repre-
sentative of nuclear and mitochondrial contaminants, respectively
(see Figure S7a in the Supporting Information). In addition, no
statistically significant difference between liposomes and NA-
Leuko was observed after 4’,6-diamidino-2-phenylindole (DAPI)
incubation, confirming the absence of contamination from
nucleic acids (see Figure S7b in the Supporting Information).
Wheat germ agglutinin assay revealed the presence of glycosylated
domains of membrane proteins (Figure 3c), suggesting both the
retention of post-translational modifications as well as the correct

Adv. Mater. 2018, 1702749
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orientation of the surface proteins. While proteins incorporation
within a lipid bilayer may at first appear random, we proposed
that various factors, like glycosylation,®>?4l the steric hindrance of
the protein extracellular domain versus the intracellular domain,
and relative to vesicle curvature, are critical factors that drive their
correct orientation. We tested our hypothesis performing in silico
analysis using a simplified system that simulates the thermody-
namic profile of an integral protein within the lipid bilayer of a
leukosome. The computational analysis does not directly dem-
onstrate the dynamics beyond the orientation of the membrane
proteins into the NA-Leuko bilayer, but supports theoretically the
experimental findings obtained through physical characterization
and flow cytometry analysis. In this scenario, the use of coarse-
grained (CG) models has proven to be a valuable tool to probe the
time and length scales of systems beyond what is feasible with the
traditional computational models (e.g., all atomistic models).?*’!
CG simulations allowed for calculating free energy barriers with
similar accuracy as those from the full atomistic ones, while accel-
erating 500-fold the simulation, and preserving the biological rele-
vance of the interactions.” In order to discriminate the energetic
component that most likely stabilized the system in one of the two

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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orientations, we simulated the potential scenario having the gly-
cosylated domain exposed outside the bilayer (orientation “OUT,”
see Video SV1 in the Supporting Information) or inside, toward
the vesicle core (orientation “IN,” see Video SV2 in the Supporting
Information). The CG model (Figure 3d,e) was very useful to eval-
uate the generated system not only for the low number of par-
ticles, but also for the low potential energy background, which
allowed us to explore longer time lapses. The system showed the
most advantageous energy profile (variation of Total Energyoyr
v of =868.5 k] mol™!) when the glycosylated extracellular domain
was directed outside the vesicle (orientation OUT) compared to
its IN orientation (Figure 3f; Figure S8, Supporting Information).
In addition, we calculated the Lennard-Jones (L]) and Coulomb
potentials (see Figures S9 and S10 in the Supporting Informa-
tion) to determine the most favorable orientation. We discovered
a variation of LJoypy and Coulombgyry potentials of —1,041.1
and —36.8 k] mol!, respectively, for the glycosylation domain ori-
ented outside the vesicle (OUT) with respect to the inside (IN) ori-
entation (see Figures S9 and S10 in the Supporting Information).
From an energetic standpoint, these findings support the correct
orientation of membrane proteins within NA-Leuko bilayer, and
suggested that the driving forces of the process were the steric
hindrance of the glycosylated domain and the significant reduc-
tion of the energetic profile when the glucidic moiety was oriented
outside the vesicle.

We and othersi®®”! have previously showed that the physical
transfer of membrane proteins to synthetic carriers results in
the acquisition of novel biological functions.[’% Here, we evalu-
ated whether our microfluidic-driven synthesis preserved the bio-
logical functions of transferred membrane proteins both in vitro
and in vivo. We tested in vitro the ability of NA-Leuko incorpo-
rating macrophage-derived membrane proteins to delay phago-
cytosis when incubated with syngeneic macrophages. Compared
to control liposomes, we observed a significantly reduced uptake
for NA-Leuko at 6 and 24 h using both confocal microscopy and
flow cytometry (Figure 4a,b). Next, we explored if the microflu-
idic approach had an effect on the adhesion of human leukocyte
membrane proteins toward human umbilical vein endothelial
cells (HUVECs), a biological function that was conserved for
TLE-Leuko.*" Proteomic analysis on human NA-Leuko revealed
the presence of adhesion markers responsible for NA-Leuko tar-
geting of inflamed endothelium and identified the leukocyte
trans-endothelial migration as the best represented pathway (see
Figure S11 in the Supporting Information). When incubated in
flow conditions with a reconstructed monolayer of tumor necrosis
factor o (TNFo)-activated HUVECs, NA-Leuko showed a threefold
increased adhesion compared to control liposomes (Figure 4b). No
statistically significant difference in the adhesion between control
liposomes and NA-Leuko groups was observed on resting (i.e., not
inflamed) HUVECs (Figure 4c), thus highlighting the selectivity
of NA-Leuko targeting. To evaluate if this selective inflamed tar-
geting was conserved during systemic administration in mice,
and to have a direct comparison with the biological activity of
TLE-Leuko, we created a localized inflammation model by sub-
cutaneously injecting lipopolysaccharide (LPS) into the right ear
of Balb/c mice, and used the contralateral ear as an internal con-
trol permitting inspection of the selective binding of NA-Leuko to
inflamed vasculature. While control liposomes did not exhibit any
preferential targeting toward inflammation with no difference in
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accumulation observed between the inflamed and control ears,"!

NA-Leuko preferentially targeted the inflamed ear at both 1 and
24 h demonstrating an increase from 8- to 13-fold in accumula-
tion compared to non-inflamed ears, respectively (Figure 4d). In
addition, targeting properties of NA-Leuko were retained over
time and could translate to similar drug delivery features as TLE-
Leuko. Taken together, these findings reveal the crucial contribu-
tion of membrane proteins to the biological properties of these
biomimetic nanovesicles in terms of both delay of macrophage
uptake and targeting of inflamed endothelium.

Biomimetic nanoparticles represent promising new generation
of drug delivery systems.?%! In this scenario, assembly methods
shifted from the manipulation of the whole cell membrane,?! to
its fragmentation in patches® or single membrane proteins,*’!
up to the formulation of hybrid particles by combining cell
membranes from two different cells.””) However, despite several
attempts to establish an assembly method capable of formulating
clinical-grade nanoparticles, the scale-up manufacturing process
still represents a major challenge for their clinical translation.l2l
The approach we report herein meets this increasing interest
in the field and provides a promising tool for overcoming those
limitations. Microfluidic platforms offer a high-throughput, low-
cost, and scalable tool for the design and production of nanopar-
ticles in a reproducible and standardizable fashion.™ For the
first time, we have successfully adapted the microfluidic-based
NanoAssemblr platform for the reproducible, robust, and ver-
satile synthesis of biomimetic nanoparticles. The use of this
platform includes several advantages such as: (i) accessibility
and ease of use, (ii) extensive validation with respect to batch-to-
batch reproducibility, (iii) automation, which allows for an easy
transfer of synthetic protocol, and (iv) scalability which allows the
manufacturing of nanoparticles under current GMP conditions.
The resulting formulation revealed suitable pharmaceutical fea-
tures, i.e., high size homogeneity, unilamellarity, as well as phys-
ical stability both at shelf-life and body temperature conditions.
Membrane proteins derived from leukocytes were successfully
incorporated in their correct orientation and glycosylated, post-
translational status. In silico conformational analysis supported
our hypothesis that glycosylation sites are responsible for the cor-
rect protein orientation within the lipid bilayer of nanovesicles.
In addition, in vitro and in vivo biological analyses revealed how
NA manufacturing protocols did not affect the function of the key
membrane proteins, permitting the avoidance of macrophage
uptake and promoting the adhesion to inflamed endothelium.
In particular, compared to the previous TLE method,’" the NA
procedure allowed for 14-fold increase of protein concentration
on the surface of leukosomes, enabling a 1.6-fold increase in vivo
accumulation of NA-Leuko at the site of inflammation. Taken
together, these findings support the use of this system for the
scalability of biomimetic nanovesicles, thus reducing manufac-
turing-related costs while increasing yield and consistency.

Experimental Section

Materials: The NanoAssemblr platform (Precision NanoSystems, Inc.,
Vancouver, Canada) was used for incorporating leukocyte membrane
proteins in lipid nanovesicles (Figure 1a). The lipids used in this study,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC),  1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), and cholesterol, were purchased

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. In vitro and in vivo biological properties of NA-Leuko. In vitro uptake studies of control liposomes and murine NA-Leuko following incubation
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reduced phagocytosis for the biomimetic nanovesicles. Scale bar is 25 um. Green: cell membranes stained with FITC-labeled wheat germ agglutinin;
Blue: nuclei stained with DAPI; Red: particles labeled with rhodamine. c) Dynamic flow chamber experiments study the adhesion of control liposomes
and NA-Leuko toward human umbilical vein endothelial cells (HUVECs). d) In vivo inflammatory targeting of NA-Leuko in a localized (i.e., ear) inflam-
mation model (n = 8-12 images from three mice, graphs represent the means £ s.e.m.). Representative IVM images show preferential accumulation
of NA-Leuko in inflamed ears at 1 and 24 h with minimal accumulation observed in healthy ears. Vessels are shown in green and NA-Leuko in red;
scale bar is 200 um. Quantification revealed an 8- and 13-fold increased accumulation of NA-Leuko into the inflamed ear compared to healthy ears at
both 1 and 24 h after injection, respectively. *p < 0.5; **p < 0.1; and ****p < 0.001.

from Avanti Polar Lipids, Inc., (Alabaster, AL, USA) (purity > 99%). HPLC-
grade solvents were purchased from Fisher Scientific (Leicestershire,
UK). Antibodies for flow cytometry (FITC-labeled anti-LFA-1, PerCP-
labeled anti-CD45, COX IV, p62, and WGA) were obtained from BD
Biosciences. CD3z antibody was purchased from Santa Cruz.

Membrane Protein Extraction and Incorporation within Lipid Bilayers
Using Microfluidic Mixer: Biological studies aimed to prove that NA-Leuko
biological properties were performed in syngeneic conditions. Leukocytes
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from human blood and immortalized 774 murine macrophages®! were
used to assemble human and murine nanovesicles (NA-Leuko) for
studies involving either human (in vitro) or murine (in vitro and in vivo)
settings, respectively. While murine membrane proteins were obtained
from the immortalized ]774 macrophage cell line as previously shown,l!
human membrane proteins were extracted from whole blood leukocytes,
isolated following RBC lysis and centrifugation as reported from other
investigators.[?°]

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Phosphocholine-based phospholipids (DPPC and DOPC) and
cholesterol (4:3:3 molar ratio) were dissolved in ethanol at a final
lipid concentration of 9 X 1073 m and loaded in the organic phase inlet
(Figure 1, ethanol solution syringe). Membrane proteins, instead,
were resuspended in aqueous buffer at 1:50, 1:100, or 1:300 protein-
to-lipid concentrations and loaded in the second inlet (Figure T,
aqueous solution syringe). Before to proceed to membrane proteins
incorporation, aqueous buffer and the ethanol solution of lipids were
mixed at different flow rates (TFR) and flow ratios (FRR) between the two
inlet streams to identify the conditions leading to the most consistent
formulations in terms of size, size homogeneity, stability, and protein
incorporation. Once prepared, formulations were purified from ethanol
content by either dialysis or ultracentrifugation methods. Control
liposomes were assembled with the NanoAssemblr Benchtop platform
using the following settings: 2:1 FRR, 1 mL min~' TFR, and 45 °C; see
the Supporting Information for physical characterization of NA-Leuko
and computational model analysis. Experiments were performed on at
least three different batches of independently synthesized particles.

In Vitro Adhesion of Human NA-Leuko to a Reconstructed Endothelium
in Flow Condition: Adhesion experiments using HUVECs were carried out
using human NA-Leuko.

Rhodamine-labeled NA-Leuko and liposomes, resuspended in EBM-2
media, were then infused into the slides containing HUVECs using
a Harvard Apparatus PHD 2000 Infusion syringe pump at a speed of
100 uL min~' for 30 min. After infusion, cells were washed in PBS then
fixed for 10 min using 4% paraformaldehyde at room temperature. The
nuclei were stained for 1 min with a PBS solution containing DAPI and
washed to remove any free DAPI. Cells were imaged using an inverted
Nikon Eclipse Ti fluorescence microscope equipped with a Hamamatsu
ORCA-Flash 2.8 digital camera.

In Vivo Inflamed Endothelium Targeting of NA-Leuko: All animal
experiments were performed in accordance with the guidelines of the
Animal Welfare Act and the Guide for the Care and Use of Laboratory
Animals approved by The Houston Methodist Institutional Animal
Care and Use Committee guidelines (Houston, TX, USA). 6-8 week-old
Balb/c mice (Charles River Laboratories, Wilmington, MA, USA) were
injected in the right ear with 10 pL of LPS (5 mg mL™" solution, 50 ug per
ear). 100 pL of rhodamine-labeled Leuko-NA was administrated 30 min
after LPS injection. Mouse ears (healthy and inflamed) were prepared
for intravital microscopy (IVM) imaging at 1 and 24 h after injection
to assess nanoparticles accumulation. Before IVM imaging, mice were
injected with a 70 kDa FITC-dextran (50 uL in PBS, Invitrogen) to identify
the vasculature in the ear. IVM was performed with an upright Nikon
ATR laser scanning confocal microscope equipped with a resonance
scanner, motorized and heated stage, and Nikon long-working distance
4x and 20x dry Plan-Apochromat objectives and was housed within the
Intravital Microscopy Core at Houston Methodist Research Institute.

Statistical Analysis: GraphPad statistical software (La Jolla, CA) was
used to assess statistical significance between groups. Student’s t-test
and one-way ANOVA test were applied to compare differences between
groups. A value of p = 0.05 was considered statistically significant.
For inflamed ear targeting, unpaired two-tailed t-tests assuming both
population have equal SD were used to compare means of fold change
in accumulation at 1 and 24 h.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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