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(57) ABSTRACT 

Various lipid nanoparticles are disclosed, including nanopar 
ticles comprising a lipid bilayer comprising a phospholipid, a 
sterol, a polyethylene glycol-lipid Surrounding an aqueous 
core which comprises a therapeutic and/or diagnostic agent 
and nanoparticles comprising a lipid monolayer Surrounding 
a hydrophobic core. Of particular interest are limit size lipid 
nanoparticles with a diameter from 10-100 nm. Such lipid 
nanoparticles are the Smallest particles possible for a specific 
particle composition. Methods and apparatus for preparing 
Such limit size lipid nanoparticles are disclosed. 
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LIMIT SIZE LIPID NANOPARTICLES AND 
RELATED METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims the benefit of U.S. Patent 
Application No. 61/551.366, filed Oct. 25, 2011, expressly 
incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

0002 The present invention is directed to limit size nano 
particles for delivery of therapeutic and/or diagnostic agents, 
methods for using the lipid nanoparticles, and methods and 
systems for making the lipid nanoparticles. 

BACKGROUND OF THE INVENTION 

0003. The ability to produce the smallest particles possible 
(the “limit size’) from lipid components is important for 
applications ranging from drug delivery to the production of 
cosmetics. In the area of drug delivery, for example, size is an 
important determinant of the biodistribution of lipid nanopar 
ticles (LNP) following intravenous (i.v.) injection. Long-cir 
culating LNP of diameter 100 nm or smaller are able to 
preferentially accumulate at disease sites Such as tumors and 
sites of infection and inflammation due to their ability to 
extravasate through the leaky vasculature in Such regions. 
LNP Smaller than approximately 50 nm diameter can perme 
ate through the lymphatics and accumulate in tissues such as 
bone marrow whereas particles of 30 nm or smaller can 
access progressively more tissues in the body. Particles 
smaller than approximately 8 nm diameter are cleared by the 
kidney. It is therefore particularly important to be able to 
generate particles in the size range 10-50 nm as these particles 
are most likely to be able to access extravascular target tissue. 
0004 Methods of making limit size LNP have not pro 
gressed substantially for nearly 30 years. All of the methods 
employ “top down approaches where larger structures are 
formed by dispersion of lipid in water, followed by mechani 
cal disruption to produce Smaller systems. The preferred 
method for making bilayer vesicles in the 100 nm size range 
involves extrusion of preformed multilamellar vesicles (mi 
cron size range) through polycarbonate filters with a pore size 
of 100 nm or smaller and is not useful for producing systems 
smaller than approximately 50 nm. The predominant method 
for making limit size systems has usually involved Sonication 
of multilamellar vesicles, usually tip Sonication, which has 
limitations of sample contamination, sample degradation 
and, most importantly, lack of Scalability. For lipid systems 
containing bilayer-forming lipids such as phosphatidylcho 
line (PC), sonication results in limit size vesicular LNP as 
small as 20 nm diameter, whereas PC/cholesterol (Chol) sys 
tems result in somewhat larger LNP. Alternatively, for pro 
duction of nanoemulsions consisting of PC and non-polar 
lipids such as triglycerides, Sonication or other emulsification 
techniques have been applied. However the production of 
stable systems with size ranges less than 50 nm has proven 
elusive. 

0005. Although LNPs of useful size can be prepared by 
conventional top down methods, a need exists for improved 
methods that facilitate the scalable preparation of these LNPs. 
The present seeks to fulfill this need and provides further 
related advantages. 

Nov. 6, 2014 

SUMMARY OF THE INVENTION 

0006. In one aspect, the invention provides limit size lipid 
nanoparticles useful for delivery of therapeutic and/or diag 
nostic agents. In one embodiment, the limit size lipid nano 
particle has a diameter from about 10 to about 100 nm. In 
certain embodiments, the lipid nanoparticle has a lipid bilayer 
Surrounding an aqueous core. The lipid bilayer includes a 
phospholipid. In other embodiments, the lipid nanoparticle 
has a lipid monolayer Surrounding a hydrophobic core. The 
lipid monolayer includes a phospholipid. In certain embodi 
ments, the nanoparticle includes a lipid bilayer Surrounding 
an aqueous core, wherein the bilayer includes a phospholipid, 
a sterol, and a polyethylene glycol-lipid, and the core com 
prises a therapeutic or diagnostic agent. In other embodi 
ments, the nanoparticle includes a lipid monolayer Surround 
ing a hydrophobic core, wherein the monolayer comprises a 
phospholipid, and the core comprises a fatty acid triglyceride 
and a therapeutic and/or diagnostic agent. 
0007. In other aspects, methods of using the nanoparticles 
are provided. In one embodiment, the invention provides a 
method for administering a therapeutic agent to a Subject, 
comprising administering a nanoparticle of the invention to a 
subject in need thereof. In another embodiment, the invention 
provides a method for administering a diagnostic agent to a 
Subject, comprising administering a nanoparticle of the 
invention to a subject in need thereof. In a further embodi 
ment, the invention provides a method for treating a disease or 
condition treatable by administering a therapeutic agent, 
comprising administering a therapeutically effective amount 
of a nanoparticle of the invention to a subject in need thereof. 
In another embodiment, the invention provides a method for 
diagnosing a disease or condition diagnosable by administer 
ing a diagnostic agent, comprising administering a nanopar 
ticle of the invention to a subject in need thereof. 
0008. In a further aspect of the invention, methods for 
making limit size nanoparticles are provided. In one embodi 
ment, the method includes making limit size lipid nanopar 
ticles in a device having a first region adapted for flow of first 
and second adjacent streams and a second region for mixing 
the streams, comprising: 
0009 (a) introducing a first stream comprising a first sol 
vent into the device at a first flow rate; 
0010 (b) introducing a second stream comprising lipid 
particle-forming materials in a second solvent into the device 
at a second flow rate to provide first and second adjacent 
streams, wherein the first and second solvents are not the 
same, and wherein the ratio of the first flow rate to the second 
flow rate is from about 2.0 to about 10.0; 
0011 (c) flowing the first and second streams from the first 
region to the second region; and 
0012 (d) mixing the first and second streams in the second 
region of the device to provide a third stream comprising lipid 
nanoparticles. 
0013. In another aspect, the invention provides devices for 
making limit size lipid nanoparticles. 
0014. In one embodiment, the device includes: 
00.15 (a) a first inlet for receiving a first solution compris 
ing a first solvent; 
0016 (b) a first inlet microchannel in fluid communication 
with the first inlet to provide a first stream comprising the first 
solvent; 
0017 (c) a second inlet for receiving a second solution 
comprising lipid particle-forming materials in a second sol 
vent; 
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0018 (d) a second inlet microchannel in fluid communi 
cation with the second inlet to provide a second stream com 
prising the lipid particle-forming materials in the second sol 
vent; and 
0019 (e) a third microchannel for receiving the first and 
second streams, wherein the third microchannel has a first 
region adapted for flowing the first and second streams and a 
second region adapted for mixing the contents of the first and 
second streams to provide a third stream comprising limit size 
lipid nanoparticles. 
0020. In another embodiment, the device includes: 
0021 (a) a first inlet for receiving a first solution compris 
ing a first solvent; 
0022 (b) a first inlet microchannel in fluid communication 
with the first inlet to provide a first stream comprising the first 
solvent; 
0023 (c) a second inlet for receiving a second solution 
comprising lipid particle-forming materials in a second sol 
vent; 
0024 (d) a second inlet microchannel in fluid communi 
cation with the second inlet to provide a second stream com 
prising the lipid particle-forming materials in the second sol 
vent; 
0025 (e) a plurality of microchannels for receiving the 

first and second streams, wherein each has a first region 
adapted for flowing the first and second streams and a second 
region adapted for mixing the contents of the first and second 
streams to provide a plurality of streams compromising lipid 
nanoparticles; and 
0026 (f) a fourth microchannel for receiving and combin 
ing the plurality of streams comprising lipid nanoparticle. In 
this embodiment, each of the plurality of microchannels for 
receiving the first and second streams may include: 
0027 (a) a first microchannel in fluidic communication 
with the first inlet microchannel to receive the first stream 
comprising the first solvent; 
0028 (b) a second microchannel in fluidic communication 
with the second inlet microchannel to receive the second inlet 
stream comprising the second solvent; and 
0029 (c) a third microchannel for receiving the first and 
second streams, wherein each has a first region adapted for 
flowing the first and second streams and a second region 
adapted for mixing the contents of the first and second 
streams to provide a plurality of streams compromising lipid 
nanoparticles. 

DESCRIPTION OF THE DRAWINGS 

0030 The foregoing aspects and many of the attendant 
advantages of this invention will become more readily appre 
ciated as the same become better understood by reference to 
the following detailed description, when taken in conjunction 
with the accompanying drawings. 
0031 FIG. 1 is a schematic illustration of a representative 
system of the invention, a continuous-flow staggered herring 
bone micromixer. The mixing of two separate streams occurs 
in the patterned central channel which grooved walls drive 
alternating secondary flows that chaotically stir the fluids 
injected. The chaotic mixing leads to exponential increase of 
the interfacial area thus reducing the diffusion distances 
between two fluids. Rapid interdiffusion of the two phases 
(aqueous and ethanolic containing fully solvated lipids) 
results in the self-assembly of LNPs, whose size depends 
primarily on their lipid composition and aqueous/ethanolic 
flow rate ratio. 
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0032 FIGS. 2A and 2B illustrate limit size LNP vesicles 
(FIG.A) and phospholipid-stabilized solid-core nanospheres 
(FIG. B) produced by increasing the aqueous/ethanolic flow 
rate ratio (FRR). FRRs were varied by maintaining a constant 
flow rate in the ethanolic channel (0.5 ml/min) and increasing 
the flow rates of the aqueous channel from 0.5 to 4.5 ml/min. 
Size measurements were obtained using DLS (number 
Weighting). 
0033 FIGS. 3A-3C present 'P-NMR spectra of POPC 
(FIG.3A); POPC/Chol, 55/45 mol/mol (FIG.3B) and POPC/ 
Triolein (TO), 60/40 mol/mol (FIG. 3C) LNPs dispersed in 
the absence of Mn" (upper panels) and in the presence of 2 
mM Mn" (lower panels). LNPs were produced at FRR=3 (3 
ml/min for the aqueous stream, 1 ml/min for the ethanolic 
stream, total lipid concentration in the ethanolic phase 10 
mg/ml). 
0034 FIGS. 4A-4C are cryo-TEM micrographs of POPC 
(FIG. 4A), POPC/Chol (FIG. 4B), and POPC/TO (FIG. 4C) 
LNPs produced at FRR=3 (3 ml/min for the aqueous stream, 
1 ml/min for the ethanolic stream, total lipid concentration in 
the ethanolic phase 10 mg/ml). 
0035 FIG. 5 illustrates the effect of the POPC/TO molar 
ratio on the size of LNPs. Nanoemulsions based on different 
POPC/TO ratios (see Table 1) were produced at FRR-3 (3 
ml/min for the aqueous stream, 1 ml/min for the ethanolic 
stream, total lipid concentration in the ethanolic phase 10 
mg/ml). The data points for the DLS measured LNP sizes 
(circles) represent means-SD of 3 experiments. Theoretical 
values were calculated as described, calculated values were 
used to plot a curve fit (second order exponential decay). 
0036 FIGS. 6A and 6B are cryo-TEM micrographs of 
POPC LNPs loaded with doxorubicin at 0.1 mol/mol (FIG. 
6A) and 0.2 mol/mol (FIG. 6B) D/L ratios. 
0037 FIG. 7A is a three-dimensional view of a represen 
tative parallel fluidic structure of the invention useful for 
making limit size lipid nanoparticles. 
0038 FIG. 7B shows a top view and a side view of the 
representative parallel fluidic structure shown in FIG. 7A. 
The top view shows two planar herringbone structures in 
parallel. The side view shows that the fluidic parallel fluidic 
structure has three layers to give a total of six herringbone 
Structures. 

0039 FIG. 7C is a three-dimensional view of a second 
representative parallel fluidic structure of the invention useful 
for making limit size lipid nanoparticles. 
0040 FIG. 8 is an image of the simulated pressure drop 
between the inlet port and the first section of each layer of the 
representative parallel fluidic structure shown in FIG. 7A. 
Due to higher downstream resistance, downstream resistance 
in each layer is essentially identical. 
0041 FIG. 9 is an image of a microfluidic scale-up device 
(chip) loaded into a holder. The device is pressed against the 
rear Surface interface plate and the ports sealed with O-rings. 
0042 FIG. 10 compares mean vesicle diameter of repre 
sentative POPC/Cholesterol vesicles (final lipid concentra 
tion was 8 mg/mL) prepared by the scale-up system (parallel 
fluidic device) and a single mixer device. 
0043 FIG. 11 compares mean vesicle diameter of repre 
sentative DSPC/Cholesterol vesicles (final lipid concentra 
tion was 3 mg/mL) prepared by the scale-up system (parallel 
fluidic device) and a single mixer device. 
0044 FIG. 12 is a representative temperature-controlled 
fluid device of the invention having heating chambers. 
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0045 FIG. 13 is a representative temperature-controlled 
fluid device of the invention having heating chambers. 
0046 FIG. 14 is a representative temperature-controlled 
fluid device of the invention having heating chambers. 
0047 FIG. 15 compares particle size (nm) as a function of 
mole percent cholesterol (Chol) in a representative lipid 
bilayer nanoparticle of the invention. 
0048 FIG. 16 compares the results of an in vivo pharma 
cokinetic (PK) study evaluating of retention properties of 
POPC and POPC/Chol (7:3) DOX loaded systems both con 
taining 6.5% DSPE-PEG2000 (PEG) in plasma of CD-1 

1CC. 

0049 FIG. 17 compares the results of an in vitro release 
study performed in presence of 50% FBS. POPC/PEG (D/L 
0.1), POPC/Chol/PEG 70/30/6.5 (D/L 0.1), POPC/Chol/PEG 
70/30/6.5 (D/L 0.15), POPC/Chol/PEG 65/35/6.5 (D/L 0.1), 
and POPC/Chol/PEG 65/35/6.5 (D/L 0.15). 

DETAILED DESCRIPTION OF THE INVENTION 

0050. The present invention provides limit size lipid nano 
particles, methods for using the nanoparticles, and methods 
and systems for making the nanoparticles. 
0051) Limit Size Lipid Nanoparticles 
0052. In one aspect of the invention, limit size lipid nano 
particles are provided. As used herein the term “limit size” 
refers to the lowest size limit possible for a particle. The limit 
size of a particle will depend on the particle's composition, 
both the particle's components and their amounts in the par 
ticle. Limit size lipid nanoparticles are defined as the small 
est, energetically stable lipid nanoparticles that can be pre 
pared based on the packing characteristics of the molecular 
constituents. 
0053. In one aspect, limit size lipid nanoparticles are pro 
vided in which the lipid nanoparticle has a diameter from 
about 10 to about 100 nm. 
0054 The limit size lipid nanoparticles of the invention 
include a core and a shell comprising a phospholipid Sur 
rounding the core. In certain embodiments, the core includes 
a lipid (e.g., a fatty acid triglyceride) and is semi-solid, or 
Solid. In other embodiments, the core is liquid (e.g., aqueous). 
In one embodiment, the shell Surrounding the core is a mono 
layer. In another embodiment, the shell Surrounding the core 
is a bilayer. 
0055. In certain embodiments, the limit size nanoparticle 
includes a lipid bilayer Surrounding an aqueous core. The 
nanoparticles can be advantageously loaded with water 
soluble agents such as water-soluble therapeutic and diagnos 
tic agents, and serve as drug delivery vehicles. 
0056. The lipid bilayer (or shell) nanoparticle includes a 
phospholipid. Suitable phospholipids include diacylphos 
phatidylcholines, diacylphosphatidylethanolamines, ceram 
ides, sphingomyelins, dihydrosphingomyelins, cephalins, 
and cerebrosides. In one embodiment, the phospholipid is a 
C8-C20 fatty acid diacylphosphatidylcholine. A representa 
tive phospholipid is 1-palmitoyl-2-oleoyl phosphatidylcho 
line (POPC). In these embodiments, the nanoparticles include 
from about 50 to about 99 mole percent phospholipid. 
0057. In certain embodiments, the nanoparticle further 
comprises a sterol. In these embodiments, the nanoparticles 
include from about 10 to about 35 mole percent sterol. Rep 
resentative sterols include cholesterol. In one embodiment, 
the ratio of phospholipid to sterol (e.g., cholesterol) is 55:45 
(mol:mol). In another embodiment, the ratio of phospholipid 
to sterol is 60:40 (mol:mol). In a further embodiment, the 
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ratio of phospholipid to sterol is 65:35 (mol:mol). In certain 
embodiments, the ratio of phospholipid to cholesterol is 
70:30 (mol:mol). 
0058. The nanoparticle of invention can further include a 
polyethylene glycol-lipid (PEG-lipid). Suitable polyethylene 
glycol-lipids include PEG-modified lipids such as PEG 
modified phosphatidylethanolamines, PEG-modified phos 
phatidic acids, PEG-modified ceramides, PEG-modified 
dialkylamines, PEG-modified diacylglycerols, and PEG 
modified dialkylglycerols. Representative polyethylene gly 
col-lipids include DLPE-PEGs, DMPE-PEGs, DPPC-PEGs, 
and DSPE-PEGs. In one embodiment, the polyethylene gly 
col-lipid is DSPE-PEG (e.g., DSPE-PEG2000). In these 
embodiments, the nanoparticle includes from about 1 to about 
10 mole percent polyethylene glycol-lipid. 
0059. In representative embodiments, the nanoparticle 
includes from 55-100% POPC and up to 10 mol% PEG-lipid 
(aqueous core LNPs). 
0060. In other embodiments, the lipid nanoparticles of the 
invention may include one or more other lipids including 
phosphoglycerides, representative examples of which 
include phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylserine, phosphatidylinositol, phosphatidic acid, 
palmitoyloleoylphosphatidylcholine, lyosphosphatidylcho 
line, lysophosphatidylethanolamine, dipalmitoylphosphati 
dylcholine, dioleoylphosphatidylcholine, distearoylphos 
phatidylcholine, and dilinoleoylphosphatidylcholine. Other 
compounds lacking in phosphorus, Such as sphingolipid and 
glycosphingolipid families are useful. Triacylglycerols are 
also useful. 
0061 Representative particles of the invention have a 
diameter from about 10 to about 50 nm. The lower diameter 
limit is from about 10 to about 15 nm. 
0062. In other embodiments, the limit size nanoparticle 
includes a lipid monolayer Surrounding a hydrophobic core. 
These nanoparticles can be advantageously loaded with 
hydrophobic agents such as hydrophobic or difficultly, water 
soluble therapeutic and diagnostic agents. 
0063. In certain embodiments, the hydrophobic core is a 
lipid core. Representative lipid cores include fatty acid trig 
lycerides. In these embodiments, the nanoparticle includes 
from about 30 to about 90 mole percent fatty acid triglyceride. 
Suitable fatty acid triglycerides include C8-C20 fatty acid 
triglycerides. In one embodiment, the fatty acid triglyceride is 
an oleic acid triglyceride (triglyceride triolein). 
0064. The lipid monolayer includes a phospholipid. Suit 
able phospholipids include those described above. In this 
embodiment, the nanoparticle includes from about 10 to 
about 70 mole percent phospholipid. 
0065. In certain embodiments, the ratio of phospholipid to 
fatty acid triglyceride is from 20:80 (mol:mol) to 60:40 (mol: 
mol). Preferably, the triglyceride is present in a ratio less than 
about 40% and not greater than about 80%. 
0066. The limit size lipid nanoparticles of the invention 
can include one or more therapeutic and/or diagnostic agents. 
These agents are typically contained within the particle core. 
The particles of the invention can include a wide variety of 
therapeutic and/or diagnostic agents. 
0067 Suitable therapeutic agents include chemotherapeu 

tic agents (i.e., anti-neoplastic agents), anesthetic agents, 
beta-adrenaergic blockers, anti-hypertensive agents, anti-de 
pressant agents, anti-convulsant agents, anti-emetic agents, 
antihistamine agents, anti-arrhytmic agents, and anti-ma 
larial agents. 
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0068 Representative anti-neoplastic agents include doxo 
rubicin, daunorubicin, mitomycin, bleomycin, Streptozocin, 
vinblastine, Vincristine, mechlorethamine, hydrochloride, 
melphalan, cyclophosphamide, triethylenethiophosphora 
mide, carmaustine, lomustine, Semustine, fluorouracil, 
hydroxyurea, thioguanine, cytarabine, floXuridine, decarba 
Zine, cisplatin, procarbazine, Vinorelbine, ciprofloxacion, 
norfloxacin, paclitaxel, docetaxel, etoposide, beXarotene, 
teniposide, tretinoin, isotretinoin, Sirolimus, fulvestrant, Vai 
rubicin, vindesine, leucovorin, irinotecan, capecitabine, gem 
citabine, mitoxantrone hydrochloride, oxaliplatin, adriamy 
cin, methotrexate, carboplatin, estramustine, and 
pharmaceutically acceptable salts and thereof. 
0069. In certain embodiments, the therapeutic agent is an 
anti-neoplastic agent. In one embodiment, the anti-neoplastic 
agent is doxorubicin. 
0070. In one embodiment, the invention provides a nano 
particle that includes a lipid bilayer Surrounding an aqueous 
core in which the bilayer includes a phospholipid, a sterol, 
and a polyethylene glycol-lipid, wherein the core comprises a 
therapeutic or diagnostic agent. In certain embodiments, the 
nanoparticle is a limit size nanoparticle. In certain embodi 
ments, the nanoparticle has a diameter from about 10 to about 
50 nm. 

0071. In one embodiment, the invention provides a lipid 
monolayer Surrounding a hydrophobic core in which the 
monolayer comprises a phospholipid, and the core includes a 
fatty acid triglyceride and/or a therapeutic or diagnostic 
agent. In certain embodiments, the nanoparticle is a limit size 
nanoparticle. In certain embodiments, the nanoparticle has a 
diameter from about 10 to about 80 nm. 

0072 The lipid nanoparticles of the invention are useful 
for delivering therapeutic and/or diagnostic agents. 
0073. In another aspect, the invention provides a method 
for administering a therapeutic and/or diagnostic agent to a 
Subject. In the method, a nanoparticle of the invention com 
prising a therapeutic and/or diagnostic agent is administered 
to the subject. 
0074. In another aspect, the invention provides a method 
for treating a disease or condition treatable by administering 
a therapeutic agent effective to treat the disease or condition. 
In the method, a nanoparticle of the invention comprising the 
therapeutic agent is administered to the Subject in need 
thereof. 
0075 Methods for Making Limit Size Lipid Nanopar 
ticles 

0076. In a further aspect, the invention provides methods 
for making limit size lipid nanoparticle. In one embodiment, 
the invention provides a method for making lipid nanopar 
ticles in a device having a first region adapted for flow of first 
and second adjacent streams and a second region for mixing 
the streams, comprising: 
0077 (a) introducing a first stream comprising a first sol 
vent (e.g., an aqueous stream) into the device at a first flow 
rate; 
0078 (b) introducing a second stream comprising lipid 
particle-forming materials in a second solvent into the device 
at a second flow rate to provide first and second adjacent 
streams, wherein the first and second solvents are not the 
same, and wherein the ratio of the first flow rate to the second 
flow rate is about 2.0 to about 10.0; 
0079 (c) flowing the first and second streams from the first 
region to the second region; and 
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0080 (d) mixing the first and second streams in the second 
region of the device to provide a third stream comprising lipid 
nanoparticles. 
0081. In one embodiment, the device is a microfluidic 
device. In certain embodiments, the flow pre-mixing is lami 
nar flow. In certain embodiments, the flow during mixing is 
laminar flow. 
I0082 In one embodiment, the lipid nanoparticles are limit 
size lipid nanoparticles. 
I0083. In the method, limit size lipid nanoparticles are pre 
pared by rapid mixing of the first and second streams. The 
formation of limit size nanoparticles depends on, among 
other factors, the rate of changing the polarity of the Solution 
containing the lipid particle-forming materials (e.g., rapid 
mixing of two streams with different polarities). In certain 
embodiments, the rapid mixing is achieved by flow control; 
control of the ratio of the first flow rate to the second flow rate. 
In certain embodiments, the ratio of the first flow rate to the 
second flow rate is greater than 1:1 (e.g., 2:1, 3:1, 4:1, 5:1, 6:1, 
7:1, 8:1, 9:1, 10:1, including intermediate ratios). In other 
embodiments, the rapid mixing is achieved by controlling the 
composition of the streams. Rapid change in solvent polarity 
past a critical point results in limit size nanoparticle forma 
tion. For example, reducing the ethanol content in the second 
stream below 100% (increasing aqueous content to greater 
than 0%) allows for rapid mixing of the streams at flow rate 
ratios near 1:1. 
I0084. In certain embodiment, mixing the first and second 
streams comprises chaotic advection. In other embodiments, 
mixing the first and second streams comprises mixing with a 
micromixer. In certain embodiments, mixing of the first and 
second streams is prevented in the first region by a barrier 
(e.g., a channel wall, sheath fluid, or concentric tubing). In 
certain embodiments, the method further includes diluting 
the third stream with an aqueous buffer (e.g., flowing the third 
stream and an aqueous buffer into a second mixing structure 
or dialyzing the aqueous buffer comprising lipid particles to 
reduce the amount of the second solvent). 
I0085. In the method, first solvent is an aqueous buffer and 
the second solvent is a water-miscible solvent (e.g., an alco 
hol, such as ethanol). In one embodiment, the second solvent 
is an aqueous alcohol. 
0.086 A noted above, in certain embodiments, the second 
stream include lipid particle-forming materials (e.g., lipids as 
described above). In one embodiment, the second stream 
comprises a fatty acid triglyceride. In this embodiment, the 
fatty acid triglyceride can be present in the second stream in 
an amount from about 30 to about 90 mole percent. Suitable 
fatty acid triglycerides include C8-C20 fatty acid triglycer 
ides. A representative fatty acid triglyceride is an oleic acid 
triglyceride (triglyceride triolein). 
0087. In certain embodiments, the second stream com 
prises a phospholipid. The phospholipid can be present in the 
second stream in an amount from about 10 to about 99 mole 
percent. In one embodiment, the phospholipid is a dia 
cylphosphatidylcholine. Suitable phospholipids include 
those described above, such as C8-C20 fatty acid diacylphos 
phatidylcholines. A representative phospholipid is 1-palmi 
toyl-2-oleoyl phosphatidylcholine (POPC). 
I0088. In certain embodiments, the ratio of phospholipid to 
fatty acid triglyceride is from 20:80 (mol:mol) to 60:40 (mol: 
mol). 
0089. In certain embodiments, the second stream com 
prises a sterol (e.g., cholesterol). The sterol can be present in 
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the second stream in an amount from about 10 to about 35 
mole percent. In one embodiment, the sterol is cholesterol. In 
some embodiments, the ratio of phospholipid to cholesterol is 
55:45 (mol:mol). 
0090. In certain embodiments, the second stream com 
prises a polyethylene glycol-lipid. Suitable polyethylene gly 
col-lipids include those described above. The polyethylene 
glycol-lipid can be present in the second stream in an amount 
from about 1 to about 10 mole percent. A representative 
polyethylene glycol-lipid is DSPE-PEG (e.g., DSPE 
PEG2000). 
0091. In one embodiment, the method further comprises 
loading the lipid nanoparticle with a therapeutic and/or diag 
nostic agent to provide a lipid nanoparticle comprising the 
therapeutic and/or diagnostic agent. Alternatively, the first or 
second streams can include the therapeutic and/or diagnostic 
agent depending on the agent's solubility. 
0092. The present invention provides microfluidic mixing 
approaches that at high fluid rate ratios can produce LNP 
systems of limit size for both aqueous core vesicular systems 
as well as Solid core systems containing a hydrophobic fat 
such as TO. 
0093. There are a number of reports using microfluidic 
devices to generate homogenous emulsions in a controllable 
manner. These studies employed two immiscible phases (oil 
and water) and resulted in formation of micron-sized drop 
lets; nano-sized systems were not achieved using these meth 
odologies. Microfluidic approaches for controlled formation 
of sub-micrometer sized liposomal dispersions have been 
performed, where liposomes were formed when a stream of 
lipids dissolved in a water-miscible organic solvent (isopro 
pyl alcohol) was hydrodynamically focused in a microfluidic 
channel between two aqueous streams. Small unilamellar 
vesicles with diameters ranging from 50 to 150 nm were 
formed whose size was dependent on the buffer-to-alcohol 
ratio. The vesicle size decreased as the alcohol concentration 
was lowered, buffer-to-alcohol ratios as high as 60:1 were 
used to achieve the smallest vesicles. 
0094. The present invention provides for the formation of 
LNP with sizes as Small as 20 nm using the staggered her 
ringbone micromixer. As in the case of the flow-focused 
approach, LNP self-assembly is driven by interdiffusion of 
two miscible phases. The presence of the herringbone mixer 
results in an exponential increase in Surface area between the 
two fluids with distance traveled, resulting in much faster 
interdiffusion. This allows formation of limit size vesicular 
and solid core LNP at aqueous buffer-to-alcohol flow rate 
ratios as low as 3. 

0095 Limit size vesicles in the size ranges 20-40 mm 
diameter have previously only been achieved by employing 
extensive Sonication of large multilamellar systems. Sonica 
tion has numerous disadvantages including sample degrada 
tion and contamination. The microfluidic approach, which 
does not involve appreciable input of energy to disrupt pre 
viously formed structures, is considerably gentler and is 
unlikely to lead to such effects. In addition, in contrast to 
sonication, the production of limit size vesicular LNP can be 
readily scaled using the microfluidic approach by assembling 
a number of mixers in parallel. 
0096. There have been numerous studies employing soni 
cation and other techniques attempting to generate solid core 
nano-emulsion LNP systems containing a hydrophobic lipid 
core in the size range of 100 nm diameter or less. There are 
few reports of the production of solid core LNP smaller than 
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approximately 60 nm diameter. Nanoemulsions with diam 
eters below 50 nm are difficult to achieve using existing 
techniques. Further, while there have been previous efforts 
using sonication to vary the size of PC/TO mixtures by vary 
ing the proportions of these components, these efforts have 
been frustrated by the production of oil droplets and lipo 
Somes. The microfluidic approach of the present invention 
offers the ability to produce stable lipid nano-emulsions in a 
size range that has hitherto been inaccessible. 
(0097. As noted above, LNP in the size range 10-50 nm 
offer particular advantages in drug delivery applications, as 
they are much more able to penetrate to extravascular target 
tissues than larger systems. A major disadvantage of LNP 
systems (in the 80-100 nm diameter size range) containing 
anticancer drugs is that while they are able to extravasate in 
regions of tumors, there is little penetration into tumor tissue 
itself. Similarly, presently available LNP systems can pen 
etrate tissues exhibiting “fenestrated endothelia, such as the 
liver, spleen or bone marrow, but have very limited ability to 
penetrate into other tissues. The limit size systems available 
through the microfluidic mixing techniques of the present 
invention have considerable utility for extending the applica 
bility of LNP delivery technology. 
0098. The following is a description of representative 
methods and systems of the invention. 
0099. The present invention provides rapid microfluidic 
mixing techniques to generate limit size LNP systems using a 
“bottom up' approach. As used herein, the phrase “bottom 
up' refers to methods in which the particles are generated by 
condensation from Solution in response to rapidly increasing 
polarity of the Surrounding medium. In one embodiment, 
LNP were formed using a herringbone continuous flow 
microfluidic mixing device that achieves chaotic advection to 
rapidly mix an organic (ethanol) stream which contains the 
lipids, with an aqueous stream. Representative lipid systems 
included 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC), 
POPC/cholesterol (Chol) and mixtures of POPC with the 
triglyceride triolein (TO). The results demonstrate that by 
increasing the flow rate ratio (FRR) between the aqueous 
stream and the ethanol stream, limit size LNP systems can be 
obtained for pure POPC and mixtures of POPC with Choland 
TO. Furthermore, the size of the limit size POPC/TO disper 
sions can be varied over the range 20 nm to 80 nm by varying 
the POPCNTO ratio. 

0100 Microfluidic Mixing can Produce Limit Size LNP 
Systems at High Flow Rate Ratios. 
0101 The present invention provides “limit size’ systems 
that constitute the smallest stable LNP systems that can be 
made consistent with the physical properties and proportions 
of the lipid components. LNP were formed by mixing an 
ethanol stream containing dissolved lipid with an aqueous 
stream in a microfluidic mixer. It was reasoned that the more 
rapidly the polarity of the medium experienced by the lipids 
was increased, the smaller the resulting LNP should become 
until Some limit size was reached. Two factors can influence 
the rate of increase in polarity: (1) the rate of mixing and (2) 
the ratio of aqueous to ethanol Volumes that are being mixed. 
The rate of mixing in the herringbone micromixer increases 
with total flow rate. Smaller LNP are generated as the ratio of 
the aqueous flow rate to the ethanol flow rate (the flow rate 
ratio, FRR) is increased due to both more rapid mixing and 
increased dilution effects. In addition, at higher fluid rate 
ratios the final ethanol concentration is reduced, thus reduc 
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ing the production of larger LNP due to particle fusion and 
lipid exchange (Ostwald ripening) after complete mixing is 
achieved. 
0102 The first set of experiments was designed to deter 
mine whether limit size LNP systems could be formed by 
increasing the FRR using a herringbone microfluidic mixing 
device. LNPs were formed by mixing ethanol (containing 
lipids) and aqueous (154 mM saline) streams where the flow 
rate of the ethanol was held constant (0.5 ml/min)and the flow 
rate of the aqueous phase was increased over the range 0.5 
ml/min to 4.5 ml/min, corresponding to FRR ranging from 1 
to 9. The total flow rate was therefore varied over the range 1 
ml/min to 5 ml/min. Three representative lipid systems were 
investigated. The first two, POPC and POPC/Chol (55:45: 
mol/mol) are known to form bilayer vesicles on hydration, 
whereas the third, mixtures of POPC and triolein (TO), can 
form “solid core' emulsions with the POPC forming an outer 
monolayer surrounding a core of the hydrophobic TO. As 
illustrated in FIG. 2A, for POPC systems, limit size LNP with 
a diameter of about 20 nm as assayed by dynamic light scat 
tering (DLS; number mode) are observed for FRR of 3 and 
higher. These systems were optically clear, consistent with 
the small size indicated by DLS. For POPC/Chol mixtures 
limit size LNP with a diameter of about 40 nm were observed 
for FRR greater than 2. 
(0103. In the case of POPC/TO mixtures the limit size 
would be expected to be sensitive to the POPC/TO ratio, 
assuming that the POPC lipids form a monolayer around a 
solid core of TO. Assuming a POPC area per molecule of 0.7 
nm, a monolayer thickness of 2 nm and a TO molecular 
weight of 885.4 and density of 0.91 g/ml, a limit particle size 
of about 20 nm diameter would require a POPC/TO ratio of 
60/40 (mol/mol). As shown in FIG. 2B, for FRR of 5 or 
greater, LNP systems were obtained with a mean particle size 
of 20 nm for POPC/TO (60/40: mol/mol) mixtures. These 
small systems were optically clear. It should also be noted that 
LNP size was highly reproducible (within +2 nm) between 
different experiments. No particle size growth for the POPC/ 
TO nanoemulsions incubated at 20° C. in presence of 25% 
ethanol for at least 24h was observed (data not shown). Once 
dialyzed to remove residual ethanol, the POPC/TO 20 nm 
systems remained stable for at least several months. 
0104) Limit Size LNP Structure as Determined by P 
NMR Studies. 

0105 'P-NMR techniques were used to determine 
whether some of the phospholipid is sequestered away from 
the bulk aqueous buffer, which would be consistent with 
bilayer vesicle structure, or whether all the POPC is in the 
outer monolayer, which would be consistent with a solid core 
surrounded by a POPC monolayer. This was straightforward 
to accomplish because the 'P-NMR signal arising from the 
phospholipid in the outer monolayer can be removed by add 
ing Mn". Mn" acts as a broadening agent that effectively 
eliminates the 'P-NMR signal of phospholipid to which it 
has access. In the case of Small unilamellar vesicles, this 
corresponds to the outer monolayer, where the 'P-NMR 
signal is reduced by 50% or more upon addition of Mn". In 
the case of solid core systems, on the other hand, where all the 
phospholipid should be on the outer monolayer, a complete 
elimination of signal would be expected on exposure to Mn". 
0106 FIGS. 3A-3C illustrate the 'P NMR spectra 
obtained for POPC (FIG. 3A), POPC/Chol, 55/45 mol/mol 
(FIG. 3B) and POPC/TO, 60/40 mol/mol (FIG. 3C) LNP 
systems in the absence and presence of 2 mM Mn". As 
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expected, when the buffer contains no Mn", a sharp “isotro 
pic' peak is observed in all three preparations (upper panels), 
consistent with rapid isotropic motional averaging effects due 
to vesicle tumbling and lipid lateral diffusion effects. The 
addition of Mn" reduces the signal intensity to levels 50% of 
the initial signal for the POPC and POPC/Chol systems 
(FIGS. 3A and 3B, lower panels), indicating the presence of 
very small unilamellar vesicles. The ratio of the lipid on the 
outside of the vesicle to the lipid on the inside (Ro?i) can be 
used to determine the vesicle size if the bilayer thickness and 
area per lipid molecule is known. The Ro?i for the POPC and 
POPC/Chol system was calculated from FIGS. 3A and 3B 
and found to be 1.7 and 1.35, respectively, corresponding to 
sizes of approximately 30 nm and 50 nm diameter, respec 
tively, assuming a bilayer thickness of 3.5 nm. These values 
are larger than determined by DLS, which could arise due to 
increased packing density in the inner monolayer and/or the 
presence of a small proportion of multi-lamellar vesicles. 
0107. In the case of the POPC/TO (60/40; mol/mol) LNP 
system, addition of the broadening reagent results in the 
complete elimination of the 'P-NMR signal (FIG.3C, lower 
panel) in agreement with a TO core system where all the 
POPC is located in the outer monolayer. There is no evidence 
of a population of bilayer vesicles as no residual signal from 
POPC on vesicle interior is detected. 

0.108 Cryo-Transmission Electron Microscopy Studies of 
LNP Size and Structure. 

0109 To confirm formation of LNPs of different sizes and 
morphology, POPC, POPC/Chol, and POPC/TO systems 
were visualized using cryo-TEM. The micrographs show the 
POPC and POPC/Chol systems to have a vesicular morphol 
ogy with sizes range 15-25 nm (FIG. 4A) and 25-45 nm (FIG. 
4B), consistent with the DLS and 'P-NMR data. In the case 
of POPC/TO dispersions, cryo-TEM reveals the presence of 
spherical electron-dense particles with sizes ranging from 15 
nm to 25 nm (FIG. 4C) in a good agreement with the DLS 
sizing data. 
0110 Influence of POPC/TO Ratios on the Limit Size of 
LNP Produced by Microfluidic Mixing. 
0111. As indicated above, the limit size of LNP produced 
from POPC/TO mixtures should be dependent on the molar 
ratios of phospholipid to triglyceride. The molar ratios 
required to form LNP of diameter 20, 40, 60, and 80 nm were 
calculated and used to produce LNP systems whose size was 
measured by DLS. FIG. 5 shows the decrease of the mean 
diameter of the POPCNTO LNPS as a function of POPCNTO 
molar ratio, compared with the curve that represents the theo 
retical values. Table 1 provides a direct comparison between 
predicted and DLS-estimated sizes of POPC/TO LNP. Good 
correspondence is seen between the predicted size based on 
the POPC/TO ratio and the actual size. 

TABLE 1 

Predicted and DLS-estimated sizes of POPCTOLNP (see FIG. 5). 

Lipid Composition Predicted Actual 
(POPCITO) Diameter (nm) Diameter (nm) 

60,40 19 1932 
S2,40 30 26.7 - 1.5 
33.67 40 46.6 O.6 
22 78 60 61.3 - 1.5 
1783 8O 793 
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0112 Doxorubicin can be Loaded and Retained in Limit 
Size Vesicular LNP. 
0113. In one aspect of the invention, therapeutic drugs and 
diagnostic agents can be loaded and retained in limit size 
vesicular LNP systems. The low trapped volumes of such 
systems would be expected to limit encapsulation of Solutes 
(such as ammonium Sulphate) that can be used to drive the pH 
gradients (inside acidic) that lead to accumulation of weak 
base drugs such as doxorubicin. Doxorubicin, a widely used 
anti-neoplastic agent, was chosen as a model compound as it 
can be readily accumulated in conventional 100nm liposomal 
systems exhibiting a pH gradient. LNP systems composed of 
POPC containing ammonium sulfate were prepared as below. 
No significant change in size compared to POPC systems 
prepared in saline was observed. After removal of the external 
ammonium Sulphate, the ammonium sulfate-containing LNP 
were incubated at 60°C. in presence of the varying amounts 
of doxorubicin (initial drug/lipid (D/L) ratios were set at 0.05, 
0.1 and 0.2 mol/mol). In all cases, drug loading efficacies 
approaching 100% were achieved within 30 min (data not 
shown). DLS analyses of the loaded samples showed no 
particle size increase compared to the empty precursors 
(about 20 nm). 
0114. To further investigate the effects of doxorubicin 
loading on the morphology of the drug-loaded LNP, a cryo 
TEM study on POPCLNP loaded at D/L 0.1 and 0.2 mol/mol 
was performed. Representative images from the cryo-TEM 
studies are shown in FIGS. 6A and 6B. Previous cryo-TEM 
studies of liposomal doxorubicinformulations have demon 
strated the existence of linear precipitates of encapsulated 
drug resulting in a "coffee bean' shaped liposomal morphol 
ogy. Here, LNPs loaded at D/L 0.1 exhibit a similar appear 
ance, indicating the drug precipitation pattern similar to that 
observed in the 100 nm systems (FIG. 6A). However, at the 
higher D/L ratio of 0.2 mol/mol the interior of the vesicles 
appears to be more uniformly electron dense, with the pre 
cipitated doxorubicin appearing to coalesce into an amor 
phous precipitate with no clearly defined structural organiza 
tion (FIG. 6B); some particles appear elongated in shape. 
Nonetheless, most of the particles remain spherical; a size 
analysis of the particles in these micrographs (based on the 
unbiased sample of about 150) indicated a size of 22+8 nm 
and 22+10 nm (meant-SD) for the LNP loaded at 0.1 mol/mol 
and 0.2 mol/mol, respectively. 
0115 With the limit size systems exhibiting a high sur 
face/volume ratio and very Small radius of membrane curva 
ture, the ability of the loaded LNP to stably retain the encap 
Sulated drug may be a concern. In that regard, the stability of 
the doxorubicin-loaded LNP stored at 4°C. was monitored 
for the period of 8 weeks. No detectable drug release/particle 
size change was observed. For samples incubated at 37°C., 
90% (0.1 mol/mol systems) and 75% (0.2 mol/mol systems) 
of the loaded drug remained encapsulated at 24 h time point 
(data not shown). These results indicate that ability of the 
encapsulated drug to form sparingly soluble intravesicular 
precipitates can be one of the factors that can help to render 
the drug-loaded limit size LNP adequately retentive. 
0116. In certain embodiments, the presence of a sterol and 
a polyethylene glycol-lipid in the lipid nanoparticle improved 
the size characteristics of the nanoparticle (e.g., maintained 
advantageous particle size of from about 15 to about 35 nm. 
Using the device illustrated schematically in FIG. 1, phos 
phate buffered saline (pH 7.4) was introduced into one inlet 
(102) and lipid (DSPC/Chol with or without DSPE 
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PEG2000) in ethanol was introduced into the second inlet 
(106). Each was heated to about 60° C. prior to introduction to 
the device. The total flow rate was 4 mL/min, the FRR was 5:1 
(3.33 mL/min aqueous, 0.66 mL/min ethanol), and the initial 
concentration of lipid in ethanol was 20 mM. The product was 
dialyzed overnight in phosphate buffered saline at pH 7.4 and 
the concentrated by Amicon Ultra Centrifugation units (10K 
MWCO). The results are presented in Tables 2 and 3. 

TABLE 2 

DSPC/Chol 55/45 (mol%) (average of n = 3 replicates 

Int. Wt. Num. Wit. Concentration Concentration 
Condition (nm) (nm) PDI Factor (mg/mL) 

Post- 56.9 48.2 O.04 3 
dialysis 
Concen- 68.9 49.5 O.09 17 50 
tration 

TABLE 3 

DSPCChol/PEG (50/45/5 mol %) (average of n = 3 replicates 

Int. Wt. Num. Wit. Concentration Concentration 
Condition (nm) (nm) PDI Factor (mg/mL) 

Post- 45.2 23.8 O16 3.5 
dialysis 
Concen- 60.1 22.1 O.25 14 50 
tration 

0117 FIG. 15 compares particle size (nm) as a function of 
mole percent cholesterol (Chol) in a representative lipid 
bilayer nanoparticle of the invention. The presence of 3% mol 
DSPE-PEG2000 allows the size of POPC/Chol/PEG systems 
to be maintained up to 35% mol Chol). Size was measured by 
DLS, number weighting. 
0118. As noted above, in certain embodiments, the lipid 
nanoparticles of the invention can be advantageously loaded 
with therapeutic agents. In a representative example, doxo 
rubicin (DOX) was loaded into POPC/PEG systems (Chol 
free) was performed at 60° C. Drug loading efficacies 
approaching 100% were achieved within 30 min. However, 
Chol-containing systems (POPC/Chol/PEG) were unstable at 
this temperature in presence of the drug (system collapse and 
formation of large aggregates occurred). Thus, loading of 
doxorubicin into POPC/Chol/PEG systems was performed at 
37° C. (3 h, D/L 0.1 mol/mol).3% PEG were included into 
formulation at the formation stage, additional 3.5% were 
post-inserted prior to loading. The presence of cholesterol in 
the system resulted in improvement of doxorubicin retention 
(both in vitro and in vivo). 
0119 FIG. 16 compares the results of an in vivo pharma 
cokinetic (PK) study evaluating of retention properties of 
POPC and POPC/Chol (7:3) DOX loaded systems both con 
taining 6.5% DSPE-PEG2000 (PEG) in plasma of CD-1 
mice. The results shows that the system including the poly 
ethylene glycol lipid demonstrates enhanced retention. 
I0120 FIG. 17 compares the results of an in vitro release 
study performed in presence of 50% FBS. The systems evalu 
ated were POPC/PEG (D/L 0.1), POPC/Chol/PEG 70/30/6.5 
(D/L 0.1), POPC/Chol/PEG 70/30/6.5 (D/L 0.15), POPC/ 
Chol/PEG 65/35/6.5 (D/L 0.1), and POPC/Chol/PEG 65/35/ 
6.5 (D/L 0.15). The results demonstrate that increasing of the 



US 2014/0328759 A1 

Chol content from 30% to 35% provides increased DOX 
retention and that increasing D/L ratio to 0.15 mol/mol did 
not lead to any improvement of drug retention. 
0121 Devices and Systems for Making Limit Size Nano 
particles 
0122. In another aspect, the invention provides devices 
and systems for making limit size nanoparticles. In one 
embodiment, the device includes: 
0123 (a) a first inlet (102) for receiving a first solution 
comprising a first solvent; 
0.124 (b) a first inlet microchannel (104) in fluid commu 
nication with the first inlet to provide a first stream compris 
ing the first solvent; 
0.125 (c) a second inlet (106) for receiving a second solu 
tion comprising lipid particle-forming materials in a second 
solvent; 
0126 (d) a second inlet microchannel (108) in fluid com 
munication with the second inlet to provide a second stream 
comprising the lipid particle-forming materials in the second 
Solvent; and 
0127 (e) a third microchannel (110) for receiving the first 
and second streams, wherein the third microchannel has a first 
region (112) adapted for flowing the first and second streams 
and a second region (114) adapted for mixing the contents of 
the first and second streams to provide a third stream com 
prising limit size lipid nanoparticles. The lipid nanoparticles 
So formed are conducted from the second (mixing) region by 
microchannel 116 to outlet 118. 
0128. The reference numerals noted above refer to the 
representative device illustrated schematically in FIG. 1. 
0129. In one embodiment, the second region of the micro 
channel comprises bas-relief structures. In certain embodi 
ments, the second region of the microchannel has a principal 
flow direction and one or more surfaces having at least one 
groove or protrusion defined therein, the groove or protrusion 
having an orientation that forms an angle with the principal 
direction. In other embodiments, the second region includes a 
micromixer. 
0130. In the devices and systems, means for varying the 
flow rates of the first and second streams are used to rapidly 
mix the streams thereby providing the limit size nanopar 
ticles. 
0131. In certain embodiments, one or more of the micro 
channels have a hydraulic diameter from about 20 to about 
300 um. 
0132. In certain embodiments, the devices of the invention 
provide complete mixing occurs in less than 10 ms. 
0133. In one embodiment, the device is a parallel microf 
luidic structure. 
0134. In certain embodiments, one or more regions of the 
device are heated. 
0135) Other representative devices and systems for mak 
ing limit size nanoparticles of the invention are described 
below. 
0.136 Parallel Fluidic Structures. 
0.137 In certain aspects, the invention provides devices 
that include more than one fluidic mixing structures (i.e., an 
array of fluidic structures). In certain embodiments, the 
invention provides a single device (i.e., an array) that includes 
from 2 to about 40 parallel fluidic mixing structures capable 
of producing lipid nanoparticles at a rate of about 2 to about 
1600 mL/min. In these embodiments, the devices produce 
from 2 to about 20,000 mL without a change in lipid nano 
particle properties. 
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0.138. In one embodiment, the device for producing lipid 
nanoparticles includes: 
0.139 (a) a first inlet for receiving a first solution compris 
ing a first solvent; 
0140 (b) a first inlet microchannel in fluid communication 
with the first inlet to provide a first stream comprising the first 
solvent; 
0141 (c) a second inlet for receiving a second solution 
comprising lipid particle-forming materials in a second sol 
vent; 
0.142 (d) a second inlet microchannel in fluid communi 
cation with the second inlet to provide a second stream com 
prising the lipid particle-forming materials in the second sol 
vent; 
0.143 (e) a plurality of microchannels for receiving the 

first and second streams, wherein each has a first region 
adapted for flowing the first and second streams and a second 
region adapted for mixing the contents of the first and second 
streams to provide a plurality of streams compromising lipid 
nanoparticles; and 
0144 (f) a fourth microchannel for receiving and combin 
ing the plurality of streams comprising lipid nanoparticle. 
0145. In certain embodiments, each of the plurality of 
microchannels for receiving the first and second streams 
includes: 

0146 (a) a first microchannel in fluidic communication 
with the first inlet microchannel to receive the first stream 
comprising the first solvent; 
0147 (b) a second microchannel in fluidic communication 
with the second inlet microchannel to receive the second inlet 
stream comprising the second solvent; and 
0148 (c) a third microchannel for receiving the first and 
second streams, wherein each has a first region adapted for 
flowing the first and second streams and a second region 
adapted for mixing the contents of the first and second 
streams to provide a plurality of streams compromising lipid 
nanoparticles. 
0149. In certain embodiments, the device includes from 2 
to about 40 microchannels for receiving the first and second 
streams. In these embodiments, the device has a total flow rate 
from 2 to about 1600 mL/min. 

0150. In certain embodiments, the second regions each 
have a hydraulic diameter of from about 20 to about 300 um. 
In certain embodiments, the second regions each have a fluid 
flow rate of from 1 to about 40 mL/min. 

0151. For embodiments that include heating elements, the 
heating element is effective to increase the temperature of the 
first and second streams in the first and second microchannels 
to a pre-determined temperature prior to their entering the 
third microchannel. In these embodiments, the inlet fluids are 
heated to a desired temperature and mixing occurs suffi 
ciently rapidly such that the fluid temperature does not 
change appreciably prior to lipid nanoparticle formation. 
0152. In one embodiment, the invention provides a system 
for making limit size nanoparticles that includes a parallel 
microfluidic structure. In a parallel structure, N single mixers 
are arrayed such that a total flow rate of NxF is achieved, 
where F is the flow rate used in the non-parallelized imple 
mentation. Representative parallel microfluidic structures of 
the invention are illustrated schematically in FIGS. 7A-7C. 
0153. A perspective view of a representative parallel 
microfluidic structure is illustrated in FIG. 7A and a plan view 
is illustrated in FIG. 7B. 
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0154) Referring to FIG. 7A, device 200 includes three 
fluidic systems (100a, 100b, and 100c) arranged vertically 
with each system including one first solvent inlet (202), two 
second solvent inlets (206 and 206"), two mixing regions (110 
and 110'), and a single outlet (208). Each system includes 
microchannels for receiving the first and second streams (202 
and 206 and 206, respectively). 
(O155 Referring to FIG. 7B, each fluidic system includes: 
0156 (a) a first microchannel (202) in fluidic communi 
cation via first inlet (102a) with a first inlet microchannel 
(104a) to receive the first stream comprising the first solvent; 
0157 (b) a second microchannel (206) in fluidic commu 
nication via second inlet (106a) with the second inlet micro 
channel (108a) to receive the second inlet stream comprising 
the second solvent; and 
0158 (c) a third microchannel (110a) for receiving the 

first and second streams, wherein each has a first region 
(112a) adapted for flowing the first and second streams and a 
second region (114a) adapted for mixing the contents of the 
first and second streams to provide a plurality of streams 
comprising lipid nanoparticles. In FIG. 7B, microchannel 
116a conducts one of the plurality of streams from the mixing 
region to fourth microchannel 208 via outlet 118a that con 
ducts the lipid nanoparticles from the device. 
0159. With reference to FIG.7B, it will be appreciated that 
in this embodiment of the device, fluidic system 100a 
includes a second second solvent inlet (206') and mixing 
region (110a) with components denoted by reference numer 
als 102a", 104a', 106a', 108a', 112a", 114a', 116a' and 118a'. 
These reference numerals correspond to their non-primed 
counterparts (102,104, 106, 108, 112, 114, 116, and 118) in 
FIG. 7B. 

0160 This structure produces vesicles at higher flow rates 
compared to the single mixer chips and produces vesicles 
identical to those produced by single mixer chips. In this 
representative embodiment, six mixers are integrated using 
three reagent inlets. This is achieved using both planar paral 
lelization and vertical parallelization as shown in FIGS. 7A 
and 7B. 
0161 Planar parallelization refers to placing one or more 
mixers on the same horizontal plane. These mixers may or 
may not be connected by a fluidic bus channel. Equal flow 
through each mixer is assured by creating identical fluidic 
paths between the inlets and outlets, or effectively equal flow 
is achieved by connecting inlets and outlets using a low 
impedance bus channel as shown in FIG.7C (a channel hav 
ing a fluidic impedance significantly lower than that of the 
mixers). 
(0162 FIG. 7C illustrates device 300 includes five fluidic 
systems (100a, 100b, 100c, 100d, and 100e) arranged hori 
Zontally with each system including one first solvent inlet, 
one second solvent inlet, one mixing region, and a single 
outlet (208). Device 300 includes microchannels for receiv 
ing the first and second streams (202 and 206) and a micro 
channel (208) for conducting lipid nanoparticles produced in 
the device from the device. 

(0163 Referring to FIG.7C, fluidic system 100a includes: 
0164 (a) a first microchannel (202) (with inlet 203) in 
fluidic communication via first inlet (102a) with a first inlet 
microchannel (104a) to receive the first stream comprising 
the first solvent; 
(0165 (b) a second microchannel (206) (with inlet 205) in 
fluidic communication via second inlet (106a) with inlet 
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microchannel (104a) to receive the second inlet stream com 
prising the second solvent; and 
0166 (c) a third microchannel (110a) for receiving the 

first and second streams, wherein the third microchannel has 
a first region (112a) adapted for flowing the first and second 
streams and a second region (114a) adapted for mixing the 
contents of the first and second streams to provide a third 
stream compromising lipid nanoparticles. In FIG.7C, micro 
channel 116a conducts the third stream from the mixing 
region to fourth microchannel 208 via outlet 118a. Micro 
channel 208 conducts the lipid nanoparticles from the device 
via outlet 209. 

(0167. With reference to FIG.7B, it will be appreciated that 
in this embodiment of the device, fluidic system 100a 
includes a second second solvent inlet (206') and mixing 
region (110a) with components denoted by reference numer 
als 102a", 104a', 106a', 108a', 112a", 114a', 116a' and 118a'. 
These reference numerals correspond to their non-primed 
counterparts (102,104, 106, 108, 112, 114, 116, and 118) in 
FIG. 7B. 

0.168. In one embodiment, the invention provides a device 
for producing limit size lipid nanoparticles, comprising in 
fluidic devices, each fluidic device comprising: 
0169 (a) a first inlet (102a) for receiving a first solution 
comprising a first solvent; 
0170 (b) a first inlet microchannel (104a) in fluid com 
munication with the first inlet to provide a first stream com 
prising the first solvent; 
0171 (c) a second inlet (106a) for receiving a second 
Solution comprising lipid particle-forming materials in a sec 
ond solvent; 
0172 (d) a third microchannel (110a) for receiving the 

first and second streams, wherein the third microchannel has 
a first region (112a) adapted for flowing the first and second 
streams and a second region (114a) adapted for mixing the 
contents of the first and second streams to provide a third 
stream comprising limit size lipid nanoparticles conducted 
from the mixing region by microchannel 116a, 
(0173 wherein the first inlets (102a-102n) of each fluidic 
device (100a-100m) are in liquid communication through a 
first bus channel (202) that provides the first solution to each 
of the first inlets, 
0.174 wherein the second inlets (106a-106m) of each flu 
idic device (100a-100m) are in liquid communication through 
a second bus channel (206) that provides the second solution 
to each of the second inlets, and 
(0175 wherein the outlets (118a-118m) of each fluidic 
device (100a-100m) are in liquid communication through a 
third bus channel (208) that conducts the third stream from 
the device. The reference numerals refer to representative 
device 300 in FIG. 7C. 

(0176) 
0177 Vertical parallelization is achieved by forming pla 
nar mixers and stacking them together and connecting the 
inlets and outlets through a vertical bus. Theoretically, fluid 
flowing from the inlets to the lower mixer encounters a higher 
resistance than that flowing to the top mixer, therefore leading 
to a lower flow rate. However, as the distance separating the 
two mixers is less than 500 microns, the increased resistance 
is negligible when compared to the overall resistance of the 
mixing structure (which is identical for each layer). This is 
confirmed both through the experimental results and through 

In certain embodiments, n is an integer from 2 to 40. 
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fluid flow simulations (FIG. 8). The distance separating mix 
ing layers for which this condition is true is dependent on the 
width of the bus. 
0.178 Parallelized devices are formed by first creating 
positive molds of planar parallelized mixers that have one or 
more microfluidic mixers connected in parallel by a planar 
bus channel. These molds are then used to cast, emboss or 
otherwise form layers of planar parallelized mixers, one of 
more layers of which can then be stacked, bonded and con 
nected using a vertical bus channels. In certain implementa 
tions, planar mixers and buses may be formed from two 
separate molds prior to Stacking vertically (if desired). In one 
embodiment positive molds of the 2x planar structure on a 
silicon wafer are created using standard lithography. A thick 
layer of on-ratio PDMS is then poured over the mold, 
degassed, and cured at 80C for 25 minutes. The cured PDMS 
is then peeled off, and then a second layer of 10:1 PDMS is 
spun on the wafer at 500 rpm for 60 seconds and then baked 
at 80°C. for 25 minutes. Afterbaking, both layers are exposed 
to oxygen plasma and then aligned. The aligned chips are then 
baked at 80°C. for 15 minutes. This process is then repeated 
to form the desired number of layers. Alignment can be facili 
tated by dicing the chips and aligning each individually and 
also by making individual wafers for each layer which 
account for the shrinkage of the polymer during curing. 
0179. Using a custom chip holder, this chip has been inter 
faced to pumps using standard threaded connectors (see FIG. 
9). This has allowed flow rates as high as 72 ml/min to be 
achieved. Previously, in single element mixers, flows about 
10 ml/min were unreliable as often pins would leak eject from 
the chip. In order to interface with these holders, chips are 
sealed to on the back side to glass, and the top side to a custom 
cut piece of polycarbonate or glass with the interface holes 
pre-drilled. The PC to PDMS bond is achieved using a silane 
treatment. The hard surface is required to form a reliable seal 
with the o-rings. A glass backing is maintained for sealing the 
mixers as the silane chemistry has been shown to affect the 
formation of the nanoparticles. 
0180. The devices and systems of the invention provide for 
the scalable production of limit size nanoparticles. The fol 
lowing results demonstrate the ability to produce identical 
vesicles, as suggested by identical mean diameter, using the 
microfluidic mixer illustrated in FIGS. 7A and 7B. 

0181 Mean vesicle diameter (nm) for scale-up formula 
tion of representative limit size nanoparticles (DSPC/Choles 
terol vesicles) produced using the parallel microfluidic struc 
ture is compared to those produced using a single mixer 
microfluidic device in FIG. 11 (final lipid concentration was 
3 mg/mL). Formulation of DSPC/Cholesterol vesicles is 
made using a 130x300 um mixer (channel cross-section) by 
mixing at a buffer: lipid-ethanol volumetric flow rate ratio of 
3:1, with a total flow rate of 12 ml/min in a single microfluidic 
mixer. The scale-up mixer, which enables throughput of 72 
ml/min (6x Scaling), consists of 6 original mixers where three 
sets of two mixers are stacked vertically and placed next to 
each otherhorizontally. Final lipid concentration aftermixing 
in microfluidic device is 3 mg/ml. Error bars represent stan 
dard deviation of multiple formulations made with microflu 
idic mixer (n=3 for 1x mixer and n=2 for 6x mixer). 
0182 Mean vesicle diameter (nm) for scale-up formula 
tion of representative limit size nanoparticles (DSPC/Choles 
terol vesicles) produced using the parallel microfluidic struc 
ture is compared to those produced using a single mixer 
microfluidic device in FIG. 11 (final lipid concentration was 
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3 mg/mL). Formulation of DSPC/Cholesterol vesicles is 
made using a 130x300 um mixer (channel cross-section) by 
mixing at a buffer: lipid-ethanol volumetric flow rate ratio of 
3:1, with a total flow rate of 12 ml/min in a single microfluidic 
mixer. The scale-up mixer, which enables throughput of 72 
ml/min (6x Scaling), consists of 6 original mixers where two 
sets of three mixers are stacked vertically and placed next to 
each otherhorizontally. Final lipid concentration aftermixing 
in microfluidic device is 3 mg/ml. Error bars represent stan 
dard deviation of multiple formulations made with microflu 
idic mixer (n=3 for 1x mixer and n=2 for 6x mixer). 
0183 Temperature-Controlled Fluidic Structures. 
0184. In another embodiment, the invention provides tem 
perature-controlled fluidic structures for making limit size 
lipid nanoparticle. In these structures, the Solution can be 
rapidly heated when the streams are flowed through a cham 
ber with a high Surface area (heater area) to Volume ratio. 
COMSOL simulations showed that the solution can beheated 
by flowing through 10 mm x 10mm x 100um chamberata flow 
rate of 1 mL/min. The simulation showed that the solution 
heats up in the first fifth of the chamber so the flow rate could 
probably increased to 5 mL/min. 
0185. Representative temperature-controlled fluidic 
structures are illustrated in FIGS. 12-14. 
0186 The following examples are provided for the pur 
pose of illustrating, not limiting, the invention. 

EXAMPLES 

Example 1 

Preparation and Characterization of Representative 
LNP 

0187. In this example, the preparation and characteriza 
tion of representative LNP are described. 
0188 Lipids and Chemicals. 
0189 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho 
line (POPC) was obtained from Avanti Polar Lipids (Alabas 
ter, Ala.). 1.2.3-Tri(cis-9-octadecenoyl) glycerol (glyceryl 
trioleate, TO), cholesterol (Chol), sodium chloride, ammo 
nium sulfate, and doxorubicin hydrochloride were from 
Sigma-Aldrich Canada Ltd. (Oakville, Ontario, Canada). 
0.190 Micromixer Design and Fabrication. 
(0191 The micromixer was a chaotic mixer for continuous 
flow systems with the layout based on patterns of asymmetric 
grooves on the floor of the channel (staggered herringbone 
design) that induce a repeated sequence of rotational and 
extensional local flows thus inducing rapid mixing of the 
injected Streams. The device was produced by Soft lithogra 
phy, the replica molding of microfabricated masters in elas 
tomer. The device features a 200 um wide and 79 um high 
mixing channel withherringbone structures formed by 31 um 
high and 50 um thick features on the roof of the channel (see 
FIG. 1). Fluidic connections were made with /32" I.D., 3/32" 
O.D. tubing that was attached to 21 G1 needles for connection 
with Syringes. 1 ml, 3 ml, and 5 ml syringes were generally 
used for inlet streams. A dual syringe pump (KD200, KD 
Scientific) was used to control the flow rate through the 
device. 
(0192 LNP Formation. 
(0193 Lipids (POPC or POPC/Chol (55/45 molar ratio) for 
preparations of liposomal systems, POPC/TO at different 
ratios for preparations of nanoemulsions were dissolved in 
ethanol at 10 mg/ml of total lipid. The LNP were prepared by 
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injecting an ethanolic lipid mixture into the first inlet and an 
aqueous hydration solution (saline, 154 mM NaCl) into the 
second inlet of the mixing channel of the micromixer (see 
FIG. 1). The appropriate flow rate ratios (FRR, ratio of aque 
ous stream volumetric flow rate to ethanolic volumetric flow 
rate) were set by maintaining a constant flow rate in the 
ethanolic channel and varying the flow rates of the aqueous 
channel (typically 0.5-4.5 ml/min). Aqueous dispersions of 
LNP formed this way were collected from the outlet stream 
resulting from the mixing of two adjacent streams and dia 
lyzed against 154 mM saline to remove the residual ethanol. 
(0194 Formation of POPC LNP Exhibiting Ammonium 
Sulfate Gradient. 

(0195 Limit size vesicular POPC LNP containing ammo 
nium sulfate were formed as described above except that 
saline was replaced with 300 mMammonium sulfate solution 
(FRR 3, 10 mg/ml POPC in ethanolic solution). After forma 
tion, the LNP were dialyzed against 300 mM ammonium 
sulfate and concentrated to 10 mg/ml with the use of the 
Amicon Ultra-15 centrifugal filter units (Millipore). An 
ammonium sulfate gradient was generated by exchanging the 
extravesicular solution with 154 mMNaCl, pH 7.4 on Sepha 
dex G-50 spin columns. 
0196. Doxorubicin Loading and Assay. 
0.197 Doxorubicin hydrochloride was dissolved in saline 
at 5 mg/ml and added to the ammonium sulfate-containing 
LNP to give molar drug-to-lipid ratios of 0.05, 0.1, and 0.2. 
The samples were then incubated at 60° C. for 30 min to 
provide optimal loading conditions. Unentrapped doxorubi 
cin was removed by running the samples over Sephadex G-50 
spin columns prior to detection of entrapped drug. 
0198 Doxorubicin was assayed by fluorescence intensity 
(excitation and emission wavelengths 480 and 590 nm, 
respectively) with a Perkin-Elmer LS50 fluorimeter (Perkin 
Elmer, Norwalk, Conn.), the value for 100% release was 
obtained by addition of 10% Triton X-100 to a final concen 
tration of 0.5%. Phospholipid concentrations were deter 
mined by an enzymatic colorimetric method employing a 
standard assay kit (Wako Chemicals, Richmond, Va.). Load 
ing efficiencies were determined by quantitating both drug 
and lipid levels before and after separation of external drug 
from LNP encapsulated drug by size exclusion chromatogra 
phy using Sephadex G-50 spin columns and comparing the 
respective drug/lipid ratios. 
0199. 
0200 LNP were diluted to appropriate concentration with 
saline and mean particle size (number-weighted) was deter 
mined by dynamic light scattering (DLS) using a NICOMP 
model 370 submicron particle sizer (Particle Sizing Systems, 
Santa Barbara, Calif.). The sizer was operating in the vesicle 
and solid particle modes to determine the size of the lipo 
somes (POPC and POPC/Chol systems) and lipid core nano 
spheres (POPC/TO systems), respectively. 
0201 
(0202 Proton decoupled 'P-NMR spectra were obtained 
using a Bruker AVII 400 spectrometer operating at 162 MHz. 
Free induction decays (FID) corresponding to about 10,000 
scans were obtained with a 15us, 55-degree pulse with a 1s 
interpulse delay and a spectral width of 64 kHz. An exponen 
tial multiplication corresponding to 50 Hz of line broadening 
was applied to the FID prior to Fourier transformation. The 
sample temperature was regulated using a Bruker BVT 3200 
temperature unit. Measurements were performed at 25°C. 

Particle Size Measurement. 

Nuclear Magnetic Resonance Spectroscopy. 
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0203 Cryo-Transmission Electron Microscopy (Cryo 
TEM). 
0204 Samples were prepared by applying 3 ul of PBS 
containing LNP at 20-40 mg/ml total lipid to a standard 
electron microscopy grid with a perforated carbon film. 
Excess liquid was removed by blotting with a Vitrobot system 
(FEI, Hillsboro, Oreg.) and then plunge-freezing the LNP 
Suspension in liquid ethane to rapidly freeze the vesicles in a 
thin film of amorphous ice. Images were taken under cryo 
genic conditions at a magnification of 29K with an AMT HR 
CCD side mount camera. Samples were loaded with a Gatan 
70 degree cryo-transfer holder in an FEI G20 Lab6200 kV 
TEMunder low dose conditions with an underfocus of 5-8 um 
to enhance image contrast. 
(0205 While the preferred embodiment of the invention 
has been illustrated and described, it will be appreciated that 
various changes can be made therein without departing from 
the spirit and scope of the invention. 

1. A limit size lipid nanoparticle wherein the lipid nano 
particle has a diameter from about 10 to about 100 nm. 

2. The nanoparticle of claim 1, comprising a lipid bilayer 
Surrounding an aqueous core. 

3. The nanoparticle of claim 2, wherein the lipid bilayer 
comprises a phospholipid. 

4. The nanoparticle of claim3, wherein the phospholipid is 
a C8-C20 fatty acid diacylphosphatidylcholine. 

5-6. (canceled) 
7. The nanoparticle of claim3, comprising from about 50 to 

about 99 mole percent phospholipid. 
8. The nanoparticle of claim 2 further comprising a sterol. 
9. The nanoparticle of claim 8, wherein the sterol is cho 

lesterol. 
10. The nanoparticle of claim 9, comprising from about 10 

to about 35 mole percent cholesterol. 
11. The nanoparticle of claim 2 further comprising a poly 

ethylene glycol-lipid. 
12-13. (canceled) 
14. The nanoparticle of claim 11, comprising from about 1 

to about 10 mole percent polyethylene glycol-lipid. 
15. The nanoparticle of claim 1, comprising a lipid mono 

layer Surrounding a hydrophobic core. 
16. The nanoparticle of claim 15, wherein the lipid mono 

layer comprises a phospholipid. 
17. (canceled) 
18. The nanoparticle of claim 16, wherein the phospholipid 

is a C8-C20 fatty acid diacylphosphatidylcholine. 
19. (canceled) 
20. The nanoparticle of claim 16, comprising from about 

10 to about 70 mole percent phospholipid. 
21. The nanoparticle of claim 15, wherein the hydrophobic 

core comprises a fatty acid triglyceride. 
22. The nanoparticle of claim 21, wherein the fatty acid 

triglyceride is a C8-C20 fatty acid triglyceride. 
23. (canceled) 
24. The nanoparticle of claim 21 comprising from about 30 

to about 90 mole percent fatty acid triglyceride. 
25. The nanoparticle of claim 2 further comprising a diag 

nostic agent and/or therapeutic agent. 
26-36. (canceled) 
37. A method for administering a therapeutic agent and/or 

a diagnostic agent to a subject, comprising administering the 
nanoparticle of claim 25 to a subject in need thereof. 

38-91. (canceled) 
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92. The nanoparticle of claim 11, wherein the polyethylene 
glycol-lipid is selected from the group consisting of a PEG 
modified phosphatidylethanolamine, a PEG-modified phos 
phatidic acid, a PEG-modified ceramide, a PEG-modified 
dialkylamine, a PEG-modified diacylglycerol, and a PEG 
modified dialkylglycerol. 

k k k k k 


