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Microfluidic synthesis of multilayered lipid\polymer hy-brid
nanoparticles for the formulation of low solubility drugs

Nurila Kambar and Cecilia LeaIT

Hybrid phospholipid/block copolymer membranes where polymers and lipids are molecularly mixed or
phase-separated into polymer-rich and lipid-rich domains are promising drug delivery materials.
Harnessing the chemical diversity of polymers and the biocompatability of lipids is a compelling
approach to design the next generation of drug carriers. Here, we report on the development of a
microfluidics-based strategy analogous to produce lipid nanoparticles (LNPs) for the nanomanufactur-
ing of multilayered hybrid nanoparticles (HNPs). Using X-ray scattering, Cryo-electron, and polarized
microscopy we show that phosphatidylcholine (PC) and PBD-b-PEO (poly(butadiene-block-ethylene
oxide)) hybrid membranes can be nanomanufactured by microfluidics into HNPs with dense and mul-
tilayered cores which are ideal carriers of low-solubility drugs of the Biopharmaceutical Classification

System (BCS) Il and IV such as antimalarial DSM265 and Paclitaxel, respectively.

Introduction
A variety of nanostructures are formed via self-assembly of phos-

pholipids (PLs) and amphiphilic block copolymers (BCPs) 12, the
most eminent phase being planar stacks of one or multiple bilay-
ers, characteristic of the lamellar phase. This has led to the sci-

3-5

entific discovery of polymersomes — liposome analogues that

enabled many advances in drug delivery applications 6*7. Poly-
merosomes are versatile nanocarriers with tunable membrane

properties, such as size, permeability, and functionality 7. Nev-
ertheless, issues of biocompatability, biodegradability, and im-

munogenicity 8 often arise for these fully synthetic systems. In
addition, BCP vesicles have considerably less affinity to cell mem-
branes, unmatched flexibility, and poor fusion ability compared to
PL-based vesicles. Despite the inherent instability and lim-ited shelf
life of PL systems, a considerable number of lipid-based
formulations have received great interest and are FDA-approved

(e.g. Onpattro® (Patisiran) and Vyondys 53® (Golodirsen)) or

undergoing clinical trials 9 Inthe past few years there has been an
explosion of advances in messenger RNA (mRNA) vaccines and
currently two lipid-based mRNA vaccines for the SARS-CoV-2 virus
have acquired emergency use authorization by the FDA and other

international agencies 10. The development of hybrid mem-brane
systems combining the properties of PLs and BCPs could be a
promising approach in drug carrier design. These controlled drug
delivery systems would consist of stabilized nanoscaled hy-
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brid membranes comprising PLs and BCPs 11’11’12. High-
throughput screening (HTS) and combinatorial chemistry
schemes for small-molecule drug discovery and almost always
generate compounds of poor water solubility, high lipophilic-ity, and
high molecular weight making them difficult to formu-late with
conventional drug delivery systems 13-15 The Biophar-maceutics
Classification System (BCS) classifies pharmaceutical commodities
into one of the four categories according to their solubility and
permeability and these four categories are: class | (high
permeability/high  solubility), class Il (high permeabil-ity/low
solubility), class Il (low permeability/high solubility), and class IV
(low permeability/low solubility) drugs 16 Class Il and class IV (low
solubility) categories include many of the newly synthesized drug

molecules 16’17, denoting that the solubility or rate of dissolving in
the gastrointestinal tract are the pronounced constrains for their

absorption 18. Various commonly used sys-tems to increase
bioavailability of these drug candidates include nanoparticle-based

19_22, lipid and polymer-based drug delivery systems

29-31

formulations

23_28, and pro-drugs

Winzen et al. recently demonstrated that, PDMS-b-
PMOXA/cholesterol hybrid vesicles show a drastically increased
bending stiffness compared to pure PDMS-b-PMOXA polymer-
somes and PDMS-b-PMOXA/DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) vesicles which was attributed to a higher pack-ing
density due to the presence of cholesterol in hybrid vesicle

membranes 32. Another study demonstrated that the cell binding

efficacy of nanovesicles can be significantly improved when pre-
pared from PBD-b-PEO (poly(butadiene-block-ethylene oxide)) and
HSPC (hydrogenated soy phosphatidylcholine) blends com-
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pared with pure block copolymer 33. Compared to the exten-
sive current approaches for manufacturing processes of pure
lipid and pure polymer systems, only a few studies have
exploited the preparation of hybrid membranes of PL and BCP
as drug carri-ers. Here, we demonstrate a bench-scale setup
for the synthe-sis of hybrid NPs (HNPs) and low solubility drug—
loaded HNPs in a scale-— independent manner using a
microfluidics platform. Microfluidics nanoparticle synthesis are
based on nanoprecipita-tion and provide a versatile approach
to enable simple and consis-tent assembly of nanoparticles

using a 'bottom-up’ approach 34_37. The NanoAssembIr™ is a

recent microfluidics device development that exhibits high
degree of control over size and polydispersity where staggered
herringbone structures (SHM) induce rapid mix-ing by chaotic
fluid flow (Precision NanoSystems Inc., Vancouver, Canada).

Our goal in this work is two-fold. First, we optimized the pro-
cess of HNP assembly using a benchtop microfluidic device.
Sec-ond, we explored the functionality of HNPs as a promising
low solubility drug delivery platform candidate.

Experimental

Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) suspended in chloroform
were obtained from Avanti Polar Lipids (Alabama, USA).
Amphiphilic diblock copolymer, poly(butadiene-b-ethylene oxide)
(PBD-b-PEO), catalog number P19015-BdEO, was ac-quired from
Polymer Source, Inc. (Quebec, Canada). The polydispersity is 1.06
and its average molecular weight (Mn) is 4000 with PBD block (rich
in 1,4 microstructure) 2500 and PEO block 1500, respectively. In
this study, we chose PBD-b-PEO since the previous work showed

formation of phase-separated hybrid vesicles with domains 3840

Paclitaxel was purchased from Thermo Fisher Scientific (Waltham;
MA, USA). DSM265 was purchased from MedChemExpress
(MedChemExpress LLC; NJ, USA). All chemicals and materials
were used as received.

Hybrid Nanoparticles Synthesis Using a Bench-Scale Device

The self-assemble of NPs by microfluidics was accomplished by
using the NanoAssemblr™ Benchtop platform (Precision Nanosys-
tems Inc.). Pure PL (DOPC and DPPC:Chol (10:5 wt/wt ratio
equivalent to 50 mol%), pure BCP and hybrid NPs with PL:BCP
(4:1 mol ratio) were dissolved in ethanol at specific 8 mg/mL
concentration. Syringe pumps introduce a lipid/ethanol solution
trough one of the two channels on the microfluidics herringbone
cartridge, meanwhile the aqueous phase is fed into the second
channel. Microfluidics optimization can be performed by tuning the
flow rate ratio (the ratio between the organic phase and the
aqueous phase) and the total flow rate (the speed at which the two
channels are administered through the microfluidic chip) us-ing the
NanoAssemblr™ software. Flow rate ratios of 1:1, 2:3, 1:2 and 1:1
were tested as well as total flow rates of 5-15 mL/min. For the
synthesis of drug encapsulated NPs, PTX and DSM265 were
added to the lipid/polymer phase at specific concentrations. All
production was performed in open air, room RH and temper-
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ature.

Sample Purification via Dialysis

Samples were purified using the Maxi 6000 Pur-A-Lyzer kit with
MWCO of 6kD. For removal of solvent (EtOH) and unencapsu-
lated drug, samples were loaded into the Pur-A-Lyzer tube and
then placed in a stirred beaker containing DI water. The dialy-
sis buffer was change 3 times (every 3-4 hrs). All samples were
retrieved at the initial volume.

Dynamic Light Scattering (DLS)

Polydispersity index (PDI) and particle size (Z-average) of the dis-
persions were determined using a dynamic light scattering equip-
ment (DLS) with a Malvern Zetasizer Nano ZS with a 633 nm
wavelength laser (Malvern Instruments, Worcestershire, U.K.). The
scattering angle was set to 173° and data was processed us-ing
the Stokes-Einstein equation to calculate hydrodynamic radii, and
cumulative analysis of the experimental correlation function. Zeta
potential measurements were also performed on a Malvern
Zetasizer Nano ZS equipment at RT. Electrophoretic calculations of
zeta potential were made using the Smoluchowski approxima-tion.
All solutions were measured using disposable polystyrene cuvettes
and 10x dilution with DI water. A total volume of 1 mL was needed
for each size measurement.

Nanoparticle Tracking Analysis (NTA)

We measured the concentration of the dispersions by a
nanoparti-cle tracking analyzer (NTA), NanoSight NS300
(Quantum Design, Tokyo, Japan). The measurements carried
out in open air, room RH and temperature. Samples were
diluted 1/1000 with DI wa-ter.

Small/Wide-Angle X-ray Scattering (SAXS/WAXS)

SAXS and WAXS experiments were performed to examine the
nanoparticle structure and drug crystallization. Synchrotron
SAXS and WAXS were conducted by using a 13.3 keV X-ray
beam at beamline 12-ID-B of the Advanced Photon Source at
Argonne National Laboratory. For simultaneous SAXS and
WAXS data col-lection, the Pilatus2M (Dectris) and Pilatus300
(Dectris) detec-tors with pixel sizes of 0.172 mm were used,
respectively. The acquired data was radially integrated on-site
using MATLAB™ software developed by beamline 12-ID-B.
Silver behenate pow-der standard was used to calibrate the
sample to detector dis-tance (SDD) and the SDDs for SAXS
and WAXS were 2 and 0.46 m, respectively. All bulk samples at
100 mM concentration were hydrated with MilliQ water in quartz
capillaries (Hilgenberg, Ger-many). Before the hydration step,
samples were vacuum-dried in desiccator for days to remove
all organic solvents. All 25 mM col-loidal NPs were prepared
using NanoAssembIr™ and transferred to quartz capillaries
(Hilgenberg Glas, Germany). Before mea-surements quartz
capillaries were flame sealed and kept hydrated for a couple of
days. Experiments were all conducted in ambient conditions.
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Cryo-EM sample preparation and data collection

Neat lipid, block copolymer and their hybrid samples for cryo-genic
transmission electron microscopy were prepared on a lacey
carbon-coated 200 mesh grid (Electron Microscopy Sciences) us-
ing a Vitrobot Mark IV (Thermo Fisher Scientific). Briefly, 3.5 pL of
sample was applied to the glow-discharged surface of the grid at a
chamber temperature of 25 °C with a relative humidity level of 100
%, and then vitrified in liquid ethane. Before vitrification samples
were blotted for 5 s with a blot force of 1. All Cryo-

EM grids were imaged using a 200 keV Glacios (Thermo Fisher
Scientific) TEM equipped with a Falcon4 direct electron detector.
Images were collected at 120kX magnification (physical pixel size
1.3 A) with a total dose of 6.9 e /A and a defocus of -5 um using
EPU automated acquisition software (Thermo Fisher).

Cross-polarization microscopy

Cross-polarized images were obtained in water at room temper-
ature to check the presence of birefringence from multilayered
structure using a Zeiss Axio Scope Al microscope with 50%/0.75
EC Epiplan HD objective lens (Carl Zeiss Microscopy, NY, USA).
Images were processed using the Zen software (Carl Zeiss AG).

Confocal Laser Scanning Microscopy

Hybrid MLVs were prepared following the gentle film hydration
method. 80 mol% of DPPC PL with 0.1 mol% of 16:0 Liss Rhod PE
, 18 mol% of PBD-b-PEO, and 2 mol% (PBD-b-PEO)-FITC were
mixed in chloroform at a stock concentration of 100 mM. A vol-ume
of 15 mL of each stock solution was pipetted into 1.5 mL amber
glass vial. The chloroform was evaporated under vac-uum
overnight protected from light exposure. For the hydra-tion step, 1
mL of 100 mM sucrose/MilliQ water was introduced to the vial and
incubated in the dark for 3 h at 45°C. Imaging was performed within
2 days. For Confocal Laser Scanning Mi-croscopy (CLSM) imaging
of Giant MLVs, we used a LSM 800 confocal microscope (Carl
Zeiss Microimaging, Jena, Germany) with a Plan-Apochromat
63x/1.40 Oil M27 objective lens. Giant vesicles were transferred to
a coverslip (No. 1.5) before imaging. Images were processed in
Zen Blue software. Two sets of filters were used for detecting
signals from Rhod B (excitation peak at 543 nm/emission peak at
565 nm) and FITC (excitation peak at 495 nm/emission peak at 519
nm).

Results and Discussion

We study the synthesis mechanism of HNPs by nanoprecipita-tion
and microfluidics which are scalable approaches for use in

nanomedicine 37. Johnson and Prud’homme pioneered bulk

methods to produce nanoparticles with hydrophobic cargo via flash

nanoprecipitation 41’42. Then later, with advancements in

microfluidics technologies, microfluidics-based nanoprecipitation
methods have emerged as other avenues to generate particles with

narrow size distribution 43 The goal of our paper is to de-velop the
co-assembly of multilayers of polymers and lipids at the nanoscale
into hybrid nanoparticles (HNPs) having narrow size distributions
and small (ca 100 nm in diameter) average size. With this in mind,
we employ a well-established bottom-
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up microfluidic approach having a staggered herringbone mixer

(SHM) chip by Precision NanoSystems (Figure 1) 44 we
charac-terized the HNPs size and size distribution using light
scattering and nanoparticle analysis systems, the HNPs
structure with X-ray scattering, as well as microscopy (electron
and polarized). Fi-nally, we studied their potential as
formulations of BCS Il and IV drugs to optimize loading and
suppress drug aggregation and crystallization.

Microfluidic Synthesis

T ' n Lipid

/ <

{ ﬁ %)

\ % PBD-b-PEO

¢ Drug

Fig. 1 Schematic drawing of hybrid nanoparticles microfluidic synthesis.
Water and lipid/polymer/ethanol supplying fluids are concurrently ad-
ministered in two separated channels. A herringbone pattern is used to
stimulate the chaotic advection of water and lipid/polymer/ethanol lami-
nar streams. Produced monodisperse ethanol-in-water emulsion
droplets are stabilized by a lipid layer. Consecutive removal of ethanol
from the emulsions by dialysis (at RT for 24 hrs) produces
monodisperse and small nanoparticles. Flow conditions and
composition enable the formation of multi-layered nanostructures.

We have previously implemented microfluidics synthesis to
manufacture LNPs with intricate nanostructures such as cu-

bosomes 36. In this study, Kim et al. discovered that the

structures obtained in the bulk phase diagram of judiciously
chosen lipid mixtures in excess water could be stabilized in
nanoparticle and colloidally stable forms. One important as-pect
was to control the physical-chemical properties of the emulsion
droplets developed through the microfluidics process. These
cubosomes, termed cuboplexes, were able to encapsu-late

siRNA in their aqueous domains 36’45. In this work, we focus

on developing an analogous manufacturing method for the
production of hybrid nanoparticles (HNPs) with structures
optimized to formulate low water-solubility drugs. Firstly, we set
out to optimize the following working parameters: i) the choice
of lipid and polymer molecular systems, ii) lipid/polymer
compositions, iii) initial stock concentration, iv) flow rate ra-tio
(FRR), and v) total flow rate (TFR). To achieve this, two
phospholipid systems and two hybrid polymer/lipid formula-
tions were prepared. We chose molecular systems that have
been previously characterized for phase and structural behav-

ior in our lab 38’46_49. This includes DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine), DPPC:Chol (1,2-dipalmitoyl-sn-
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glycero-3-phosphocholine:Cholesterol), DOPC:PBD-b-PEO,
and DPPC:Chol:PBD-b-PEO. Pure PL (DOPC and DPPC:Chol
(10:5 wt/wt ratio equivalent to 50 mol%), pure BCP and hybrid
NPs with PL:BCP (4:1 mol ratio) were dissolved in ethanol at
specific 8 mg/mL concentration. NPs were produced at 1:1
FRR and 15 mL/min TFR and the effect of the hybridization on
the resulting NP size, polydispersity index (PDI), and
concentration was inves-tigated post solvent removal (Figure
2). Vesicle size range was characterized by Dynamic Light
Scattering (DLS) and concentra-tion of the particles was
validated by Nanoparticle Tracking Anal-ysis (NTA).

A TFR Increase B FRR Increase
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Fig. 2 Microfluidic parameters that affect the z-average particle size (blue
circles), PDI (pink squares) and NTA nanoparticle flow (snapshots). (A) The
effect of TFR for DOPC LNP formulations (2 mg/mL initial PL con-centration,
1:1 FRR). (B) The effect of FRR for DOPC LNPs (2 mg/mL initial
concentration, 5 mL/min TFR). The effect of adding PBD-b-PEO for (C)
DPPC/Chol (1/1 mol ratio) PL (8 mg/mL initial PL concen-tration, 5 mL/min
TFR, 1:1 FRR), and (D) DOPC PL formulations (2 mg/mL initial PL
concentration, 5 mL/min TFR, 1:1 FRR). Results rep-resent mean +/-
standard deviation (SD), n = 3. Scale bar: 1 um.

Figure 2 DLS and NTA data obtained for NPs prepared at differ-ent
compositions and microfluidics flow conditions. We observe that as
TFR increases (Figure 2A), DOPC at 2 mg/mL initial con-centration and
constant 1:1 FRR (blue circles), LNP size decreases while maintaining
a reasonably low PDI (pink squares). The NTA data suggests
(snapshot images) that increasing TFR results in a NP concentration

11 NPs/imL to 1.3 x 1011 NPs/mL. NP size and

TFR negative correlation trend is in line with previously reported studies
36,45

increase from 0.5 x 10

where our lab investigated cubosome LNPs . To assess the

effect of FRR on NP size and concentra-tion (Figure 2B), we tested the
same PL (DOPC) at 2 mg/mL and 5 mL/min TFR. DLS data revealed
that NP size decreases from 315.9 nm to 39.7 nm as the FRR (lipid
channel to buffer channel) decreases and NTA particle count also

11 NpsimL to 1.2 x 101! NPs/mL. As with TFR,

FRR variation does not seem to significantly affect the PDI. In
summary, the flow ratio affects NP size and concentration much more
effectively than the

decreases from 3 x 10
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total flow rate. With this experiment, we were able to set
optimal flow conditions to prepare PL NPs at a FRR of 1:1 and
a TFR of 5 mL/min.

To consider how incorporation of BCP will affect the properties of
HNPs, we compared samples using two lipids with different alkyl
chain: DOPC having a double bond on the 9th carbon of each
hydrocarbon tail (melting temperature Tm of -17 °C) and fully
saturated DPPC ( Tm of 41 °C). The ability to nanomanufac-ture

LNPs at ambient conditions using high Tm lipids is important as it
endows thermal stability to LNPs. To account for this, we in-
corporated cholesterol (Chol) to facilitate the production of LNPs.
The incorporation of 50 mol% cholesterol has been displayed to
unite the phase transition temperatures of PLs (lowering the ef-

fective Tm of saturated lipids and raising that of unsaturated ana-

logues) 50_52. Using the optimized microfluidics flow conditions

(FRR of 1:1 and TFR of 5 mL/min), we prepared DPPC LNP for-
mulations containing Chol (50 mol%) at ambient conditions of
temperature and humidity.

The results (Figure 2C) suggests that inclusion of cholesterol
yields DPPC LNPs of small size (around 200 nm) and confined size
distribution (PDI = 0.1). These results confirm that microflu-idics
can be used in ambient environment to assemble NPs com-prising
lipids with transition temperatures above room tempera-ture. Figure
2C shows that incorporation of 20 mol% PBD-b-PEO reduces the
average HNP size to around 100 nm and concentra-tion (from 6.5 x

1011 10 38 x 1011 NPs/mL, presented in Table 1). Analogous
results are obtained for DOPC-based HNPs (Fig-ure 2D). We have
previously shown Figure 3H that a composition of 20 mol% PBD-b-
PEO BCP and 80 mol% DPPC (or DOPC) PL results in well-mixed
hybrid membranes in micron-scaled vesi-cles. An increase in PDI
of HNPs is noted which can arise from non-hybridized BCP
aggregates circling through the microfluidics set-up. It is noteworthy
that the size of the DOPC-based HNPs is around 268 nm versus
100 nm for DPPC-based HNPs. Particle size in the range of 50—
250 nm is required for the use of nanomedicine in nano-scaled

therapeutics 53. This could be attributed to the fact that DPPC-
Chol based particles are more stable against NP-NP fu-sion leads
to bigger particles and wider size distribution. Indeed we observe
that HNPs are more polydisperse having considerably higher PDI
(PDI = 0.6) compared to DPPC HNPs (PDI = 0.2). Table 1 shows
how the concentration of nanoparticles is affected for LNPs
prepared with DOPC versus DPPC, as well as the effect of
hybridization with DPPC/PBD-b-PEO (4:1 mol ratio). In ad-dition to
the concentration of particles, size and PDI (Figure 2) blue circles
and pink squares, respectively) we also measured the Zeta
potential of the NPs. The zeta potential values are within the range

of what is recommended for LNPs 54,55 but we note that as NPs

are hybridized with PBD-b-PEO, the zeta potential decreases from
around -29 to -32 mV (DOPC) and -12 to -17 mV (DPPC) wich is
consistent with what has been observed previously on the effect of

adding polyethylene glycyol (PEG) to NPs 55 This con-firms that

the PBD-b-PEO is indeed hybridized in the phospholipid (DOPC
and DPPC/chol) LNP membrane.
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Table 1 Effect of mixing block copolymer with different types of PL
(DOPC vs DPPC) on zeta potential and concentration of NPs. DOPC,
hybrid DOPC/PBD-b-PEO (4:1 mol ratio), DPPC, and hybrid
DPPC/PBD-b-PEO (4:1 mol ratio) were manufactured using microflu-
idics at optimal flow rates and ratios. Results represent mean +/- SD, n
=3

Sample Information { Potential [mV] Conc. [# of NPs/mL]

DOPC LNPs -29.4+0.7 (05+0.3)x10 1
DPPC LNPs -12.3+0.2 (6.5+0.1)x 10 1
DOPC HNPs -31.6+0.5 (0.4+£0.1)x 10 1
DPPC HNPs -16.7 £ 0.3 (3.8+0.1)x 10
Structural Characterization of Lipid—Polymer Hybrid

Nanoparticles

To elucidate structural properties of PBD-b-PEO and DPPC/DOPC
molecules within the hybrid membrane of nanoparticles, we im-
plemented Small Angle X-ray Scattering (SAXS). Figures 3A and
3E show an | vs. g 1D SAXS profiles for the equilibrium highly
concentrated (100 mM) bulk lamellar phase in excess water as
controls. The SAXS data for pure BCP and pure DOPC (Figure 3A)
demonstrates a sequence of peaks at equivalent interpeak

distances noted as LOOn’ where n indicates the diffraction order.

The expected SAXS motif emerges from multilamellar arrange-
ment of repeated self-assembled bilayer stacks inside the capil-

lary. The equation d = 2mn/gn, where qn corresponds to the lo-

th

cation of the n™" order diffraction peak, was used to determine the

interlayer spacing of the lamellar structure. According to this, the d-
spacings of the multilamellar structure in BCP (blue line) and PL
(magenta line) are 174 and 65 A, respectively. In hy-brid
membrane (green line) lamellar phases arising from both domains
are still apparent. Our lab has previously discovered this in the
same PL-BCP system and noticed that it emerges as the
consequence of correlation between the BCP-rich and the PL-rich

domains across many layers 38’46’47. Analogous structures can
be obtained for other BCPs such as methoxy-poly(ethylene glycol)-

b-poly(e-caprolactone) (MPEG-b-PCL) hybridized with DPPC 48
The lamellar d-spacing of DOPC in the hybrid system increased to
78 A and that of PBD-b-PEO increased to 232 A. The adjustment
of the d spacing is a good indication of the fact that BCPs and lipids
are hybridized within the bilayer. Specifically, stretching of
hydrophobic domains arise to minimize the interfacial tension be-
tween BCP-rich and PL-rich domains and expansion of hydration
layers are expected due to the fact that PL and BCP hydrophilic

moieties have preferential hydrogen bonding networks 96,57

Figure 3B shows the 1D SAXS profiles obtained for the equi-
librium colloidal DOPC PL NPs, BCP NPs, and their hybrid HNPs
(20 mM concentration). This consists of various diffraction peaks
located at g positions with good correspondence with what was
obtained for more concentrated bulk systems (as shown in Figure
3A). Sharp diffraction patterns from lipid-only NPs resulted in
lamellar spacing d = 64 A. Even though optical imaging does not
have the resolution to image individual NPs, by applying cross-
polarized optical microscopy (POM) we could see the character-
istic birefringence signal for a multilayered lipid NP. Suspended

BCP NPs showed a dominant form factor signal and a broad LOOl,

(002 003

and peaks with 146 A d-spacing. The calculated lattice

Soft Matter

spacing of NPs decreased compared to that of the bulk BCP. HNPs
yield sharp diffraction peaks from the lipid lamellar phase and the
first small diffraction peak from the BCP lamellar phase. In HNPs

the d-spacing for lipid domains increased to 79 A (dDoOPC = 64 A),

while the BCP domain increased to 224 A (dPBD-b-PEO = 174 A).
Colloidal NPs are expected to have higher water contents com-
pared to highly concentrated bulk samples.

SAXS experimental results obtained for DPPC-based NPs are
shown in Figure 3E and F. From the 1D SAXS profiles (Figure 3E),
the d-spacing of the multilamellar structure in concentrated DPPC
bulk samples (magenta line) was calculated to be the same as for
DOPC (d = 64 A). Also in this case the POM image indi-cates the
presence of a multilamellar NP. When mixed in a hybrid
membrane, the lamellar d-spacing of DPPC and BCP increased to
d =77 A and d = 209 A respectively. From Figure 3F, we were able
to extract a lamellar spacing for colloidal samples lower con-
centration. DPPC-based NPs maintained the same d = 64 A as in

the bulk sample, while the spacing for BCP NPs decreased to

d=141 A (@®%__ = 174 A). The scattering intensity of peaks
PBD b PEO

obtained for low concentration HNPs was not sufficient to deter-
mine d-spacing but it should be expected that the values are
sim-ilar to those obtained for more concentrated samples as
seen for all other systems discussed here.

The SAXS and POM data clearly indicates that pure polymer,
lipid, and hybrid NPs can be synthesized to adopt a multilamel-lar
structure at low and high concentration. However, SAXS is an
average method so we can not extract the structure of indi-vidual
particles. For this we need to resort to higher resolution electron
microscopy methods. Figure 3C and D show Cryo-EM data
obtained for NPs synthesized by microfluidics. Cryo-EM im-ages
indicate that microfluidic synthesis yields monodisperse NPs with
average diameters of 100-200 nm (depending on the molec-ular
system) which is consistent with DLS measurements as well as
multilamellarity indirectly observed by SAXS and POM. DOPC NPs
(Figure 3C) in general larger (200 nm) than DPPC NPs (100 nm)
(Figure 3G) but DOPC NPs are denser comprising more lay-ered
bilayers. Average d-spacing values calculated from SAXS of DOPC
NPs (d = 64 A) and DPPC NPs (d = 64 A) agree well with the
distances measured from Cryo-EM images of individual DOPC NPs
(d = 63 A) and DPPC NPs (d = 60 A). This indicates that NPs are
rather uniform structurally throughout the solution. The d-spacing
estimated by Cryo-EM image of hybrid DPPC/Chol/PBD-b-PEO NP
is 78 A. In SAXS, the intensity of the peaks for hybrid NPs is not
strong enough to resolve d-spacing but the values agree well with
d-spacing of the hybrid DPPC/PBD-b-PEO bulk compo-sition
(textitd = 77 A for PL and textitd = 209 A for BCP). In bulk SAXS,
two d-spacings can be resolved but not in Cryo-EM. Further in-
depth analysis of d-spacing variation from Cryo-EM images could
convey nano-scale domain formation information that is beyond the
scope of this paper. The differences in size and number of bilayers
in a membrane stack is likely to be deter-mined by membrane
elasticity and viscosity properties which are expected to be different
for lipid systems in the fluid state (DOPC) or liquid order-state

(DPPC with cholesterol) 50_52. Significantly, HNPs comprising

DPPC PL and PBD-b-PEO BCP are also smaller (around 80 nm in
diameter) and we observe that a large portion
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Fig. 3 Structural characterization of polymer—lipid HNPs (1:4 molar ratio of polymer to lipid). (A) SAXS profiles obtained for hydrated neat PBD-b-
PEO (denoted as polymer, blue line), DOPC (pink line), and their mixture (denoted as hybrid, green line). (B) SAXS profiles obtained for
corresponding microfluidically synthesized PBD-b-PEO, DOPC, and their mixture NPs. POM image of DOPC NPs in included in the inset. (C,D)
Cryo-EM images of (C) DOPC and (D) hybrid DPPC/Chol/PBD-b-PEO NPs. (E) SAXS profiles obtained for hydrated neat PBD-b-PEO (blue line),
DPPC/Chol (pink line), and their mixture (green line). (F) SAXS profiles obtained for corresponding microfluidically synthesized PBD-b-PEO,
DPPC/Chol, and their mixture NPs. A POM image of DPPC/Chol NPs is included in the inset. (G) Cryo-EM image of DPPC/Chol (50/50, mole ratio)
NPs. (H) Cross-sectional CLSM image of a DPPC/PBD-b-PEO (80 mol% DPPC and 20 mol% PBD-b-PEO) hybrid giant multilamellar vesicle
(HGMV). (PBD-b-PEO)-FITC and 16:0 Liss Rhod PE were used to label polymer-rich and lipid-rich domains, respectively.Rhod B fluorescence signal
in magenta (excitation wavelength at 561 nm and detection wavelength 558—-700 nm) and FITC fluorescence signal in green (excitation wavelength
at 488 nm and detection wavelength 400-544 nm) are in the merged image of two channels. Scale bar: (C,D,G) 50 nm, (B) 3 um, (F) 1 um, and (H)

5 pm.
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of the HNPs readily developed multilamellar bilayer stacks (Fig-ure
3D) with a number of layers comparable to DPPC-based LNPs.
BCPs are expected to indeed have membrane bending rigidity and
viscosity that are higher than fluid lipid membranes as recently

shown by Faizi et al. 58 10 the best of our knowledge this is the

first direct imaging proof of multilamellarity in HNPs. These results
are important because it indicates that the equilibrium structure of
hybrid polymer/lipid membranes derived by SAXS and POM is
conserved from the bulk to the nanoscale. Interest-ingly, preparing
a micron-sized hybrid giant multilamellar vesicle (HGMV)
comprising DPPC and PBD-b-PEO also results stacking of hybrid
bilayers that are denser at the rim. Figure 3H shows confocal laser
scanning microscopy (CLSM) images of a HGMV comprising RL-
FITC labeled BCP domains (green) and RL-Rhod B labeled lipid
domains (magenta). We observe the co-localization of PBD-b-PEO
and DPPC fluorescence across layers indicating in-deed the
presence of a system of hybrid bilayer stacks. Fluores-cence
intensity variations due to the inherent susceptibility of the dyes to
undergo bleaching, dye polarizability, and phase separa-tion into
PL-rich and BCP-rich domains can result in higher in-tensity of the
green or magenta signal in certain vesicle regions. Nevertheless, it
is clear that the fluorescence co-localization is uniform across
layers and the HGMV is indeed hybrid and not comprised of BCP-
only or PL-only individual membranes.

In previous work 38,46-49 we have shown that in bulk systems,

as well as in micro-scale hybrid vesicles using a variety of PLs and
BCPs, in-membrane phase separation into PL-rich and BCP-rich
domains is common. The phase-separated domain sizes can be
sub-nm making it difficult to observe optically but often we can
resolve X-ray diffraction patterns characteristic of registry of like-
domains across multiple layers. At the nanoscale, HNPs X-ray data
at low concentration seem to indicate the presence of BCP and PL
diffraction peaks which is consistent with the presence of PL-rich
and BCP-rich domains but no clear signs of phase separation, such

59

as differing membrane thickness “~, could be clearly detected by

Cryo-EM. The hydrophobic discrepancy between the BCP and the
PL chains leads to the existence of domains but PEO is anticipated
to have more freedom at the water—-membrane interface once it is
inserted with the small headgroups of PL. Mixing PL with BCP at
the molecular scale would weaken some of the PEO steric repul-
sion. This combined with hydrophobic mismatch would lead to BCP
and PL hybridization at the nano or sub-nano scale. Hence, we
speculate that HNPs have very small, nano- or sub-nanoscale
domains.

Loading of Low-solubility Drugs into Hybrid Nanoparticles

So far, we have shown that size-controlled and rapid synthesis
of polymer and lipid NPs as well as hybrid NPs having multiple
layers in the NP cores can be achieved with the microfluidics
method. These layers consist of alternating and periodic arrays
of hydrophobic-hydrophilic environments that we hypothesize
could have preferential interactions with drugs of varied levels
of lipophilicity. To evaluate the applicability of high-throughput
HNPs production as formulation agents of low-solubility drugs
we tested the incorporation of DSM265 (an antiparasitic drug)

Soft Matter

and Paclitaxel (cancer and restenosis drug) (PTX) that catego-rize
as class Il and IV drugs of the Biopharmaceutics Classifica-tion
System (BCS), respectively. The BCS systems defines two
dominant factors affecting drug bioavailability: water solubility and
permeability. BCS Il drugs have high permeability but low solubility
and BCS IV compounds have very low solubility and permeability
making them very hard to formulate effectively. A critical issue with
low solubility drugs is that once in aqueous en-vironments drug-
drug interactions are much more favorable than drug-solvent,
leading to drug aggregation followed by crystalliza-tion that
severely hinders drug activity. A suitable NP system would be able
to not only encapsulate a tunable amount of drug as well as
conserve it in a dispersed state. Drug crystallization is readily
detected by X-ray diffraction or Wide Angle X-ray Scat-tering
(WAXS) experiments. We have previously shown that PTX
crystallization is significantly hindered when a hybrid DPPC and

PBD-b-PEO bulk slab is used to encapsulate PTX 384647 | this

work we want to evaluate if these properties can be translated into
a nanoparticle drug delivery system.

Based on the optimisation results shown in Figure 2, both drugs
were formulated within NPs prepared at a FRR of 1:1 and a TFR of
5 mU/min. Drugs were mixed with stock lipid/polymer feeding
solution and injected in the anti-solvent channel at nominal con-
centrations of 4 mol% (PTX) and 5 mol% (DSM265). These for-
mulations contained drugs and stock in the molar ratios of 1:25
(PTX:stock) and 1:20 (DSM265:stock). We evaluated drug crys-
tallization by WAXS for NP systems (Figure 4C and D) and com-
pared the results to corresponding bulk slabs (Figure 4A and B).
The results obtained for DOPC, DPPC, PBD-b-PEO and their hy-
brids is shown in Figure 4. We could confirm our previous results
obtained for PTX in bulk (Figure 4B). Several diffraction peaks from
PTX crystals can be seen (black line). DPPC is in a gel-state and a
peak arising from hexagonally packed alkyl chains can be detected

at around q = 1.5 AL As PTX is loaded into a hybrid PBD-b-PEO

system (light green line) there are no signs of signif-icant drug
crystallization and the DPPC chain packing character-istic peak
broadens and shifts g position. This indicates the pres-ence of
favorable drug-polymer-lipid interactions over drug-drug and the
onset of crystallization. For DPPC-only (light pink line) system we
observe several diffraction peaks due to the presence of drug
crystals. For the polymer-only (light blue line) system there are
some indications of drug diffraction but not extensive. These results
fully align with what was observed for NP systems (Figure 4D).
However, unlike observed here, our previous stud-ies in bulk
systems showed that pure polymer systems had poor PTX

dispersion performance. 38,46-49 \ve attribute these differ-ences

to sample format. The time scale for clustering, nucleation, and
aggregation of drug molecules will depend on the number of
membranes (thickness), concentration of the drug, among other
factors. Previously, PTX crystallization was evaluated in lipid,
polymer, and hybrid films of well-controlled thickness. Here, both
NPs and bulk samples are prepared in quartz capillaries to keep
sample preparation consistency. We speculate that the difference
in results have to do with bulk sample thickness. For example,
thicker slabs of polymer-only film samples in our previous study
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show more drug crystallization than thin slabs of polymer-only
quartz capillary samples. However, in uniform NP systems, this
is not an issue. Importantly, we could confirm that the trend of
lower drug crystallization in hybrid systems is applicable to all
bulk and NP systems (in film and quartz capillary formats) as
well as other drugs or lipids as it will be discussed below.

To evaluate the formulation ability of DSM265, a potent an-

60-62

timalarial currently on clinical trials , we loaded different

amounts of drug into bulk slab and NP systems and the results are
very promising. Figure 4A shows that that DSM265 in an aqueous
environment readily crystallizes and yields several char-acteristic
diffraction peaks (black line). At 5 mol% DSM265 load-ing into
HNPs (faint green line) no diffraction peaks characteris-tic of
DSM265 drug crystals could be detected. The diffraction data for
hybrid systems in bulk or NP format are comparable as the only
detected diffraction peaks arise from altered DPPC alkyl chain
packing which is consistent with the fact that drug is dis-persed in
the membrane hydrophobic environment. For polymer-only (faint
blue line) and DPPC-only (faint pink line) systems sev-eral
DSM265 crystallization peaks in addition to the characteristic
DPPC alkyl chain packing peak are clearly visible.

In general, increasing the encapsulated amount of hydropho-bic
drug destabilizes traditional liposomal (single bilayer vesicles) drug

formulation due to the drug molecule crystallization 63,64

Liposomes with 3-4 mol% PTX is the highest reported content with
stability for weeks to months while 4-5 mol% PTX is stable in a
span of hours to one day, and 8 mol% PTX liposomes remain
stable for only 15 minutes 65. In this study, samples were prepared

days in advance before inspection by WAXS. On the basis of our

previous studies of PTX in hybrid lipid-polymer systems 38'46'47,

we fixed DSM265 loading to 5 mol%, which displayed no signs of
drug crystallization.

To evaluate the effect of swapping DPPC for DOPC for the
formulation of DSM265 in NPs (Figure 4C) we loaded 5 mol%
DSM265 into pure DOPC LNPs (pink line), pure PBD-b-PEO NPs
(blue line) and DOPC-PBD-b-PEO HNPs (green line). The results
are rather striking. In this case, lipid alkyl chains are disordered and
only a very broad peak should be obtained in the g range of 1.3 to

15A7 itis perfectly clear that HNPs are far superior sys-tems to
hinder DSM265 crystallization and improve its solubility. It is
noteworthy that HNP formulations (using any phospholipid) are
likely to be more effective at improving drug solubility than lipid-only
LNPs. Polymeric materials have vast chemical richness compared
to lipids but used in neat form display much higher toxicity. The
combination of bio-compatible lipids with polymeric molecular
systems that we can be tuned to optimize drug-hybrid membrane
interactions is likely to result in enhanced drug disper-sion power of
hybrid bulk and NP systems.

Conclusions

In this study we utilized benchtop microfluidic devices to manu-
facture hybrid lipid and polymer nanoparticles of different molec-
ular composition intended for drug formulation. We found that flow
conditions in the microfluidic reactor can be tuned to vyield
monodisperse HNPs in the size range of 100-200 nm in diam-eter.
A comprehensive characterization approach based on X-
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Fig. 4 Simultaneous WAXS profiles of PL, BCP and hybrid membranes (4:1
lipid to polymer molar ratio) with drug integrated, and free drug in DI water.
(A) WAXS profiles obtained for hydrated PBD-b-PEO (light blue line), DPPC
(light pink line), their mixture in bulk (light green line) with 5 mol% DSM265
integrated, and free DSM265 in DI water (black line). (B) WAXS profiles
obtained for hydrated PBD-b-PEO (light blue line), DPPC (light pink line),
their mixture in bulk (light green line) with 3 mol% PTX integrated, and free
PTX in DI water (black line). (C) WAXS profiles obtained for microfluidically
synthesized PBD-b-PEO (blue line), DOPC (pink line), and their mixture NPs
(green line) with 5 mol% DSM265.

(D) WAXS profiles obtained for microfluidically synthesized PBD-b-
PEO (blue line), DPPC/Chol (50/50, mole ratio) (pink line), and their
mixture (green line) with 4 mol% PTX integrated.

ray diffraction, scattering, electron and optical microscopy is em-
ployed to show that HNPs are dense and highly structured. HNPs
comprise periodic concentrically arranged hybrid lipid and poly-mer
bilayers. Depending on the elastic and viscosity properties of the
membranes, HNPs adjust the number of bilayers in the stack.

Hybrid systems both in bulk and NP form were almost always
more beneficial than pure systems at encapsulating low
solubility drugs. The most significant finding was the ability to
formulate a potent low-solubility antimalarial (DSM265) under
clinical trials that have not yet been successfully formulated.
We observe that HNPs can disperse up to 5 mol% impeding
DSM265 aggregation, nucleation, and crystallization.

These results show that the nanostructure and the incorpora-
tion of block copolymers into LNPs are important factors in de-
signing drug delivery systems, and more research is required to
fully resolve how these HNPs will interact with cells and their
bio-distribution behavior.
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