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he development of smart multifunc-
T tional targeted nanoparticles (NPs)

that can deliver drugs at a sustained
rate to specific cells and carry nanoscale im-
aging agents may provide better efficacy,
lower toxicity, and enhanced prognosis for
treatment of multiple diseases." ™ Two
promising families of NPs that can encapsu-
late and deliver therapeutic agents are poly-
meric NPs and liposomes.'? Biocompatibil-
ity, biodegradability, reduced toxicity, and
capacity for size and surface manipulations
are benefits that these NPs offer in compari-
son to other delivery systems. Recently, it
has been shown that hybrid
lipid—polymeric NPs combine the desir-
able characteristics of polymeric NPs and
liposomes such as high drug encapsulation
yield, slow drug release, and high serum
stability.>* In addition, temporal controlled
release of two different therapeutic agents
has been achieved with these hybrid NPs by
entrapping one agent in the lipid envelope
and the other one in the polymeric core.®

The development of novel nanosystems

such as hybrid lipid—polymeric NPs for
drug delivery is necessary to advance the
frontiers of drug delivery, but the ability to
precisely control and predict properties of
these systems is critical for their success in
clinical translation.® Furthermore, it may be
necessary to screen and select NPs with op-
timal properties for a certain application,
which demands reproducible synthesis of
NPs with distinct size, charge, and ligand
density.” Among some of the technologies
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ABSTRACT A key challenge in the synthesis of multicomponent nanoparticles (NPs) for therapy or diagnosis
is obtaining reproducible monodisperse NPs with a minimum number of preparation steps. Here we report the use
of microfluidic rapid mixing using hydrodynamic flow focusing in combination with passive mixing structures to
realize the self-assembly of monodisperse lipid —polymer and lipid —quantum dot (QD) NPs in a single mixing
step. These NPs are composed of a polymeric core for drug encapsulation or a QD core for imaging purposes, a
hydrophilic polymeric shell, and a lipid monolayer at the interface of the core and the shell. In contrast to slow
mixing of lipid and polymeric solutions, rapid mixing directly results in formation of homogeneous NPs with
relatively narrow size distribution that obviates the need for subsequent thermal or mechanical agitation for
homogenization. We identify rapid mixing conditions that result in formation of homogeneous NPs and show
that self-assembly of polymeric core occurs independent of the lipid component, which only provides stability
against aggregation over time and in the presence of high salt concentrations. Physicochemical properties of the
NPs including size (35—180 nm) and  potential (—10 to +20 mV in PBS) are controlled by simply varying the
composition and concentration of precursors. This method for preparation of hybrid NPs in a single mixing step
may be useful for combinatorial synthesis of NPs with different properties for imaging and drug delivery
applications.
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developed to prepare polymeric and lipid
NPs of well-defined properties, continuous-
flow microfluidic synthesis offers better
control over NP formation compared to
conventional synthesis and has the poten-
tial to tune NP characteristics in a reproduc-
ible manner, which is critical for identifying
optimal NP formulations for any given
application.®~"" Continuous-flow microflu-
idics has been used to synthesize polymeric
nano- and microparticles using controlled
emulsification'? and droplet formation
through hydrodynamic flow focusing.'>'
Recently, hydrodynamic flow focusing was
used for the synthesis of liposomes with
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sizes of less than 200 nm'>'¢ and PLGA-PEG (poly(lactic-
co-glycolic acid)-b-poly(ethylene glycol)) NPs by nano-
precipitation (also known as solvent-displacement
method).’

However, conventional methods for synthesizing
lipid—polymeric NPs are more complex compared to
the preparation of liposomes or polymeric NPs. These
methods involve mixing of polymeric NPs with lipo-
somes to form lipid—polymer complexes, in which a
lipid bilayer or lipid multilayer fuses on the surface of
polymeric NPs."”~'° These complexes usually require a
two-step formulation process: (i) development of poly-
meric NPs, and (ii) encapsulation of polymeric NPs
within liposomes, resulting in poor control over the fi-
nal NP physicochemical structure. Recently, our group
developed a single-step bulk hybrid lipid NP prepara-
tion in which a solution of poly-(lactic-co-glycolic) acid
(PLGA) in acetonitrile was added to an aqueous solution
of lecithin and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene gly-
col)] (DSPE-PEG) resulting in the formation of hybrid
lipid—polymeric NPs.>* Although this preparation yields
sub-100 nm NPs and simplifies the synthesis, intermedi-
ate steps such as heating, vortexing, and long incuba-
tion time do not make the process easily amenable to
combinatorial synthesis and can introduce variability in
the properties of the NPs. A single-step process for re-
producible synthesis of hybrid lipid—polymer NPs
would enable preparation of libraries of NPs with dis-
tinct properties and allow for identification of optimal
NP properties for different applications.

In this work, we show that rapid mixing of polymer
and lipid solutions using continuous-flow microfluidics
results in core—shell lipid—polymeric NPs in a single-
step nanoprecipitation process. These NPs are com-
posed of PLGA, lecithin, and DSPE-PEG. We investigated
the conditions under which stable hybrid NPs were
formed and showed that, by simply changing the pre-
cursors, NPs with tunable size from 35 to 180 nm and
tunable ¢ potential from —20 to 10 mV in PBS could be
synthesized. Using the same microfluidic platform, we
prepared homogeneous lipid—QD NPs composed of
CdSe/ZnS QDs coated by a lecithin and DSPE-PEG layer
for potential imaging applications. Simplicity and repro-
ducibility make this technology suitable for the combi-
natorial synthesis and screening of NPs with different
properties without resorting to labor-intensive
processing.

RESULTS AND DISCUSSION

Controlled nanoprecipitation of NPs can be ob-
tained by minimizing the mixing time to ensure homo-
geneous environment for nucleation and growth of
the NPs.2° One way to decrease mixing time in micro-
channels is the use of micromixing structures, such as
serpentine, staggered-herringbone, and zigzag struc-
tures.?’ Here we used an in-plane micromixing struc-

ture called Tesla mixer?? that operates at Reynolds num-
bers greater than 20. These micromixing structures
show contributions from both diffusion and convec-
tion at high flow rates.

Figure 1a shows a schematic of the microchannel
used to synthesize the hybrid lipid—polymeric NPs. An
aqueous solution composed of lecithin and DSPE-PEG
(lecithin/DSPE-PEG, 8.4:1.6 by mol) was mixed with an
organic solution of PLGA dissolved in acetonitrile (1 mg/
mL) at a volume ratio of 10:1. At the junction of the
streams, the organic stream is hydrodynamically fo-
cused and enhanced mixing occurs through the Tesla
structures as the focused streams flow along the chan-
nel. The hybrid NPs generated have PLGA/lecithin/PEG
core—shell structure and properties as those previously
synthesized using bulk synthesis methods (Figure 1b).>*
TEM imaging allowed qualitative assessment of the
product stream including its core—shell structure and
monodispersity (Figure 1c). The average NP size is 40
nm, and its size distribution by volume indicated that
over 85% of the NPs have a size within 30—60 nm (Fig-
ure 1d). A fluorescent dye was used to observe the
unfolding—folding flow pattern inside the micromixer
and used to illustrate the degree of mixing within the
channel (Figure 1e). From this image, observation of
complete mixing at a total flow rate of 50 pwL/min oc-
curs within the fourth turn of the Tesla mixer on a time
scale of 10 ms (see Supporting Information for determi-
nation of mixing time scale in microchannel). This flow
rate was high enough to ensure sufficient mixing in the
Tesla mixer, yet low enough to limit the pressure drop
in the device and hence prevent device failure.

Characterization of PLGA—Lipid NPs. The overall structure
of the NPs synthesized was tested by multiple mea-
sures to ensure that they were hybrid particles of both
lipid and polymeric nature rather than a combination of
liposomes and unprotected PLGA NPs. Using different
components in the input stream such as polymer alone,
lipid/lipid —PEG alone, or a combination of both illus-
trated differences in size of particles generated through
the Tesla mixer (Figure 2a). When only polymer was
present, NPs formed with a size of 40—50 nm and expe-
rienced slow aggregation within a few hours of forma-
tion, resulting in sizes ranging from 50 to 100 nm. When
only lipid and lipid—PEG were added in the input
streams, NPs obtained had a much larger size (~250
nm) and wider size distribution, which is typical for lip-
osomes. However, particles prepared with both poly-
mer and lipid had a size of 40 nm that did not signifi-
cantly change over a long period of time (see Figure S2,
Supporting Information). This difference in size sug-
gests that, when both polymer and lipid are present in
the input streams, polymeric NPs formed are stabilized
by a lipid coating that helps maintain a size of 40 nm.
Moreover, NPs generated with varying flow ratios of
aqueous to organic stream did not appear to have a sig-
nificant influence on the NP size (Figure 2a).
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Figure 1. Nanoprecipitation of lipid—polymeric NPs. (a) Representative schematic of input and output streams within hy-
brid lipid—polymeric nanoparticle formation in microchannels with Tesla structures. (b) lllustrative figure of microfluidic syn-
thesized NP component layers. (c) TEM image of uranyl acetate stained hybrid NPs after synthesis, which highlights differ-
ences in density of the core versus near the surface of the NP potentially illustrating the lipid—PEG layer. Bar is labeled at 100
nm. (d) Reproducible average size distribution of hybrid NPs generated through microfluidics. Average size is 40 nm. (e) Sol-
vent mixing in the Tesla micromixing structures using fluorescent dye and water at 5 and 50 pL/min, respectively, shows
complete mixing at the fourth turn in the channel (scale bar: 100 pm).

To investigate the optimal amount of lipid needed
to obtain a stable hybrid NP that does not experience
aggregation over time and under biological conditions,
we first determined the extent of lipid coverage
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through measurements of NP { potential. A hybrid NP
completely covered by lipid and lipid—PEG—COOH had
a { potential in PBS of approximately —20 mV, while a
NP without lipid and only PLGA—OCHj; had a ¢ poten-
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Figure 2. Characterization of lipid—PLGA structure. (a) Comparison of average NP size from the product stream with aqueous/organic

flow ratios of 10:1 and 5:1, where the input organic stream is either PLGA, PLGA and lipid, or lipid alone. (b) Determination of lipid cov-
erage of polymeric NPs. Zeta potential and size of NPs as the ratio of lipid to PLGA (w/w) is decreased. (c) Size distributions in water and
PBS of NPs as the ratio of lipid to PLGA is changed. Complete lipid coverage of polymeric cores is observed at a lipid to PLGA ratio of
1:10. Above this ratio, the remaining lipid forms other nanostructures such as liposomes, and below this ratio, NPs are not stable in PBS
due to inadequate lipid coverage.

www.acsnano.org

. . - . / AN
VOL. 4 = NO.3 = 16711679 = 2010 ACINJANI()

1673



1674

Nanoparticle Size (hm)

Figure 3. Control of NP’s physicochemical properties. (a) Control of surface
charge and lipid coverage of the hybrid NPs is elucidated by changes in { po-
tential of the NPs in PBS using DSPE-PEG with modified functional groups
of carboxyl, methyl, and amine. (b) Control of NP size by varying PLGA vis-
cosity and concentration in the organic stream. Flow ratios of aqueous to or-
ganic streams and rate were kept constant at 10:1 at a total flow rate of 55

plL/min.

60

B Size M Charge
50 o

40 -+
30 1 —
20 - -1

NP Size (nm)

tial of —8 mV (Figure 2b). Therefore, by decreasing the
amount of lipid with respect to PLGA while keeping
other conditions consistent, one may expect to see an
increase in { potential as the NP goes from complete
lipid coverage to no coverage. Variation of the amount
of lipid to PLGA from 1:10 to 1:100 led to an increase in
{ potential without a significant change in size (Figure
2b), which suggests that complete lipid surface cover-
age is not required to maintain NP size stability at 40 nm
in water. In fact, a lipid to polymer ratio of 1:1000 was
sufficient to prevent aggregation of the NPs. When lipid
was absent, the size of the polymeric NP increased to
that of PLGA NPs, similar to the trend observed in Fig-
ure 2a. The size increase in the case of 1:1 lipid to PLGA
indicates that there is enough lipid to completely cover
all PLGA NPs, and the excess lipid present results in an
increase in the average NP size either by addition of lay-
ers or by the formation of liposomes.

To confirm this hypothesis, we obtained the size dis-
tributions by volume of NPs in water as the amount of
lipid introduced in the input stream was decreased. In
addition, since PLGA NPs covered by lipid are stable in
PBS as opposed to those without lipid coverage, we ob-
tained the size distribution of the NPs in PBS as a way
to assay their stability (Figure 2c). Our studies indicate
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25 that two populations of particles are formed at

< alipid to PLGA ratio of 1:1 with average sizes of
15 E 40 and 250 nm. The smaller particles corre-
. g spond to hybrid NPs with full lipid coverage,
§ while the larger particles correspond to lipo-
5 &  somes similar to ones observed in Figure 2a. For
ﬁ a lipid to PLGA ratio of 1:10, a homogeneous
-15 : size distribution was observed in water and
=

PBS. It must be noted that a small shift of the
average NP size peak is observed when the
samples were measured in water versus PBS.
This peak shift could be explained by an aggre-
gation of 2 or 3 NPs after immersion in PBS,
and it can be controlled by tuning the ratio of
lecithin to DSPE-PEG in the formulation (Figure
S3, Supporting Information). For lipid to PLGA
ratio of 1:100 and 1:1000, there is enough lipid
present to keep the NP at a size of 40 nm in wa-
ter, yet it is not enough to avoid NP aggrega-
tion in PBS. Our studies suggest that the opti-
mal lipid coverage is obtained at a lipid to PLGA
ratio of approximately 1:10. In fact, NPs pre-
pared at this ratio were stable for a period of
24 hin 10% BSA and 10% serum, which are sur-
rogates for in vivo protein adsorption and bio-
fouling (Supporting Information, Figure S2).3
Considering the thickness and hydrodynamic
radius of a lecithin layer with DSPE-PEG, estima-
tion of the amount of lecithin and DSPE-PEG
needed to completely cover the NP core of 40
nm led to a calculated ratio of 1.4:10 of lipid to
PLGA. Although this calculation relies on sev-
eral assumptions (e.g., all NPs are spheres and monodis-
perse, constant ratio of lecithin to DSPE-PEG, full lipid
coverage on surface, etc.), it still offers an adequate ap-
proximation of the amount of lipid necessary to form a
stable hybrid lipid—polymeric NP.

At the same lipid to PLGA ratio, we found that there
was no significant difference in the size of NPs prepared
at aqueous to organic flow ratios of 10:1 and 5:1 (see
Figure S1, Supporting Information). Larger flow ratios
(e.g., 20:1, aqueous to organic) resulted in pulsing of the
flow due to the limitation of the syringe pumps and re-
quired higher PLGA concentrations that made the de-
vice more susceptible to fouling. On the contrary, lower
flow ratios (e.g., 1:1, aqueous to organic) would result
in an inadequate environment for NP formation since
for optimal nanoprecipitation a flow ratio of aqueous to
acetonitrile streams at least 3:1 is desired.’ Therefore,
all of the NPs prepared in this work were obtained at a
flow ratio of 10:1 or 5:1.

Control of NP Physicochemical Properties: Size and Surface
Charge. After confirming the core—shell structure of the
lipid—PLGA NPs, and knowing their range of optimal
lipid coverage, we investigated the possibility of con-
trolling the NP’s physicochemical properties, mainly size
and surface charge. Figure 3a illustrates a change in {
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potential of the lipid—polymeric NPs when differ-
ent end-functional groups of DSPE-PEG were in-
troduced in the input streams. The { potential of

the NPs could be controlled from negative to =
neutral to positive charge by utilizing —COOH, E
—CHs, and —NH,, respectively, while the size re- §
mained essentially unchanged. Specific values for %
{ potentials of different modified end groups g

agree with those previously published.” These
results not only show that the surface charge of
the NP can be finely tuned but also confirm that
lipid—PEG is on the surface of the polymeric core.
Finally, NP size was controlled by varying the in-
herent viscosity of the polymer and the PLGA
concentration while keeping other conditions
such as organic and aqueous flow rates and flow
ratio the same. Decrease in inherent viscosity
and increase in initial polymer concentration led
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Figure 4. Slow versus rapid mixing. Comparison of NP size distribution in water

to the generation of larger NPs, as reported simi-  and PBS for rapid and slow mixing of lipid and PLGA solutions with lipid/PLGA ra-

larly in bulk synthesis of these particles (Figure
3b).* The variation of these two parameters re-

tios of 1:1 and 1:10. Under slow mixing conditions without the input of any form
of energy, aggregation upon addition of PBS indicates the presence of heteroge-
neous NPs (i.e., polymeric, lipid, and lipid—polymeric). Under rapid mixing condi-

sulted in a NP size control from 35 to 180 nm. This  tions, absence of aggregation upon addition of PBS indicates that only homoge-
illustrates that hybrid NPs made from microfluid- ~ neous hybrid lipid—polymeric NPs are formed, except for the 1:1 ratio that

ics are similar in nature to those made in bulk
and their physicochemical properties such as size
and charge can be controlled.

Investigating the Role of Rapid Mixing and Mechanism of Self-
Assembly of the Hybrid NPs. To gain more insight into the
role of rapid mixing in self-assembly of the NPs, we
compared the formation of NPs under rapid mixing
conditions versus slow mixing conditions obtained by
pipetting the same volume of polymer solution used in
the microfluidic device into a lipid solution without son-
ication or heating. Figure 4 shows the size distribu-
tions in water and in PBS of NPs prepared under rapid
mixing with the microfluidic chip and slow mixing con-
ditions. Under slow mixing conditions at a 1:1 ratio of
lipid to PLGA, the formation of liposomes is noted by
the peak around 400 nm. A peak around 10 pm in PBS,
characteristic of aggregates of polymeric NPs, indicates
the formation of polymeric NPs. Finally, some hybrid
lipid—polymeric NPs are formed since there is a stable
peak around 100 nm in water and PBS. The hybrid NPs
formed under slow mixing are not homogeneous,
noted from the irregularity in the peak around 100
nm. This observation suggests uneven distribution of
lipid—PEG among the polymeric NPs since lipid—PEG
confers stability to the hybrid NPs through formation of
the PEG corona (Figure S3, Supporting Information).
Formation of polymeric NPs, lipid—polymeric NPs, and
liposomes was also observed for a lipid to PLGA ratio of
1:10. However, the larger peaks in water and PBS
around 100—1000 nm are not as prominent as for the
1:1 case since the percentage by volume of polymeric
NPs formed is much higher than that of liposomes. Un-
der rapid mixing within the microfluidic channel, homo-
geneous and stable hybrid NPs and liposomes are ob-
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results in homogeneous hybrid NPs and liposomes.

tained at a lipid to polymer ratio of 1:1, and only stable
homogeneous hybrid NPs are obtained at a lipid to
polymer ratio of 1:10, as inferred by the absence of
larger aggregates upon addition of PBS. A size distribu-
tion by intensity is shown in the Supporting Informa-
tion, where the formation of distinct populations of NPs
is clearly evident in the case of slow mixing of lipid
and PLGA solutions, but only a single population is seen
in the case of rapid mixing of lipid and PLGA solutions
(Figure S4, Supporting Information).

These results give some insight into the role of rapid
mixing in the self-assembly of hybrid lipid NPs. Under
rapid mixing, there is uniform lipid and lipid—PEG cov-
erage around polymeric cores resulting in the formation
of homogeneous hybrid lipid—polymeric NPs. In con-
trast, under slow mixing, some lipid and lipid—PEG is
deposited onto polymeric NPs while the rest forms lipid
structures leaving polymeric NPs with uneven or no
coverage. The result is the formation of a combination
of liposomes, polymeric NPs, and hybrid lipid NPs. An
input of energy to the system in the form sonication
and/or increase in the temperature as provided in the
bulk methods of synthesis may assist in the disassem-
bly of lipid structures and their reassembly around the
polymeric cores forming homogeneous
lipid —polymeric NPs. Integration of rapid mixing using
microfluidics bypasses the intermediate steps needed
in slow mixing conditions in the preparation of homo-
geneous lipid—polymeric NPs.

While the above experiment suggests that rapid
mixing plays an important role in ensuring uniform
lipid coverage on the NPs, it does not explain the invari-
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Figure 5. NP formation to elucidate stepwise formation
of hybrid lipid—polymer NPs within the microchannel. (a)
NP size distribution in water and PBS of particles formed
in two-stage manner. PLGA NPs were prepared in the mi-
crofluidic mixer, then washed and placed as an input
along with lipid aqueous stream resulting in the genera-
tion of hybrid lipid—PLGA NPs. (b) NP size distribution in
water and PBS formed through the current one-step mi-
crofluidic method.

ance of NP size with lipid concentration. Interestingly,
even a 1:1000 lipid/PLGA ratio was sufficient to main-
tain the hybrid NP at a size of 40 nm as opposed to NPs
made with only PLGA, which increased in size over a pe-
riod of a few hours. In addition, subsequent increase
of the lipid/PLGA ratio by 3 orders of magnitude did not
affect the hybrid NP size (although some liposomes
were formed in the 1:1 case). To investigate the role of
lipid in self-assembly of the NPs, we designed experi-
ments to elucidate to what extent the self-assembly of
PLGA was affected by the presence of the lipid
component.

In these experiments, we prepared lipid—PLGA NPs
using a “two-stage” manner, where a PLGA polymeric
core of a specific size was formed first followed by
deposition of the lipid onto the PLGA core by flowing
the solutions through the microfluidic device for a sec-
ond time. We then compared the size and size distribu-
tions of these NPs with those prepared using the con-
ventional one-step method. First, a PLGA solution in
acetonitrile and water was injected into the device.
These unprotected PLGA NPs (NP1) were washed and
suspended in water at a concentration of 1 mg/mL.
Next, NP1 particles in water were immediately reintro-
duced into the center inlet of the channel, and the lipid
solutions were introduced through the side channels.
The size and size distribution of the lipid-covered NPs
(NP2) obtained at the outlet were measured. NP2 par-
ticles were placed in PBS to test their stability in com-
parison to those NPs synthesized through a conven-
tional one-step microfluidic method (i.e., mixing PLGA

\\&) VOL. 4 = NO.3 = VALENCIA ET AL

solution with the lipid solution) (Figure 5). NP2 par-
ticles prepared using the two-stage manner had size
distribution and stability properties similar to those of
the hybrid NPs prepared in the one-step microfluidic
method. In other words, NPs made from the one-step
method and NP2 particles had a uniform distribution
with an average size of 40 nm and remained stable
when placed in PBS.

These results suggest that self-assembly of the poly-
meric core of lipid—PLGA NPs in the device was unaf-
fected by the presence of the lipid component. It can
then be rationalized that the one-step method indeed
involves the above two distinct stages in a very small
time scale. The Péclet number (Pe = Vw/D) in this case
is over 1000, which indicates that convective transport
can enhance mixing of particles as long as the streams
move laterally.?*?* The Tesla structures in our mixing
channel enforce such lateral movement of particles at
their junctions. PLGA core formation, the first assembly
stage, requires that PLGA chains in the focused acetoni-
trile stream encounter the antisolvent (i.e., water mol-
ecules), which results in conditions under which PLGA
can precipitate.? Our microfluidic mixer ensures that
complete solvent displacement of acetonitrile by wa-
ter (0.2—2 ms, see Supporting Information) occurs on
a time scale that is shorter than that of formation of
PLGA cores. Furthermore, solvent displacement is al-
most complete before a substantial amount of lipid ap-
proaches the PLGA cores. Lipid shell formation, the sec-
ond stage, then follows as soon as the lipid molecules
are transported to the vicinity of already-formed PLGA
cores. Although the diffusion of lipid molecules is
slower than that of water molecules at least by an or-
der of magnitude, embedded Tesla structures consider-
ably enhance particle mixing due to their convective ef-
fects. Such laterally dispersive transport (combination
of diffusion and convection) occurs on a mixing time
scale of ~10 ms (see Supporting Information). It is
worth noting that the minimal lipid coverage required
to stabilize the NPs in water occurs at a lipid/PLGA ra-
tio of 1:1000 and is obtained on a submillisecond time
scale after sufficient amount of lipid has been trans-
ported near the core. In other words, sufficient lipid cov-
erage to prevent long-term aggregation is achieved
on a submillisecond time scale after complete mixing
of solvent and antisolvent. Thus, the formation of the
lipid shell is a transport-limited process since the time
scale of coverage is limited by the time scale of mixing.
In cases of ratios of lipid/PLGA higher than 1:1000, par-
tial mixing of lipid molecules with acetonitrile would be
sufficient for minimum lipid coverage of the PLGA
cores. The lipid shell forms on the time scale of 1 ms in
the case of 1:1 ratio of lipid/PLGA. Therefore, the time
scales for self-assembly of the PLGA cores are on the
same order of magnitude as the time scale for mini-
mum lipid coverage, at least for high lipid/PLGA ratios
(see Supporting Information). In contrast to this mini-
mum coverage, complete coverage of the NP with lipid
requires complete mixing, which occurs on the time
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scales of >10 ms. The fact that hybrid NPs could be pre-
pared in two steps (i.e., by first forming PLGA NPs fol-
lowed by mixing with lipid) indicates that the size of the
NPs formed in the device is independent of the pres-
ence of the lipid component on short time scales, and
the differences in size of PLGA versus hybrid lipid —PLGA
NPs shown in Figure 2a occur over a longer time scale
before measurement of the NP size. Therefore, these re-
sults, along with the invariance of NP size with lipid ra-
tio, indicate that the lipid component does not play a
significant role in the self-assembly of the polymeric
NPs but rather it stabilizes the NPs and prevents their
aggregation on longer time scales. These results are fur-
ther supported by measuring the size and size distribu-
tion of PLGA NPs immediately upon synthesis, which
are in a similar range to hybrid NPs (Figures S2 and S4,
Supporting Information).

Preparation of Lipid—QD NPs. To demonstrate the versa-
tility of our platform design, we examined the ability
of rapid mixing to synthesize hybrid quantum dot (QD)
lipid NPs for imaging applications. QDs are semicon-
ducting nanocrystals that possess excellent optical
properties that make them suitable to be used as imag-
ing probes.?® However, the hydrophobicity and poor
colloidal stability at physiological conditions frequently
renders them inappropriate for clinical use.?” In the
same fashion as for hybrid lipid—polymeric NPs, it has
been proposed and shown that lipid-coated QDs pro-
vide enhanced NP hydrophilicity, stability in plasma,
and an overall improvement in their
biocompatibility.?8?° Others have encapsulated other
types of particles such as magnetic NPs*° and gold NPs>'
inside a lipid and polymeric envelope, respectively.

As a proof of concept to show that a similar microf-
luidic platform can be used to prepare other NPs, we
prepared hybrid NPs composed of QDs encapsulated
by lecithin and DSPE-PEG layer (Figure 6a). Lipophilic
QDs were dissolved in THF (0.5 mg/mL) and intro-
duced in the middle input stream in place of the poly-
meric stream from the prior study. The lipid—QD NPs in
the product stream showed a homogeneous size distri-
bution with an average size of 60 nm and did not need
further processing for in vitro and/or in vivo experiments
except for the removal of a small fraction of THF
through filtration or evaporation (Figure 6b). At an ini-
tial concentration of 0.5 mg/mL, TEM images show an
average of four quantum dots encapsulated per NP
(Figures 6¢). The number of QDs could be controlled
by varying the lipid to QD ratio. To ensure that the im-
ages obtained from TEM are QDs encapsulated on lipid
NPs and not QDs adhered to the surface of a lipid ma-
trix, images were taken of the operating channels to
study their formation. It was observed that, before en-
capsulation of QDs, some aggregation of QDs was vis-
ible inside the channel, and after encapsulation, the
channel remained free of QD aggregates (Figure S6,
Supporting Information). These results clearly show that
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Figure 6. Preparation of hybrid lipid—QD NPs. (a) Schematic of lipo-
some formation in the Tesla mixer with quantum dots encapsulated
within the core. (b) NP size distribution of quantum dot encapsulated lip-
osomes formed through the Tesla mixer. (c) TEM image of hybrid
lipid—QD NPs stained with 1% phosphotungstic acid aqueous solution
showing monodisperse particles with a Z average size of 60 nm. Bar is la-

beled at 100 nm.

one can use the same microfluidic platform to synthe-
size distinct types of hybrid NPs. The results suggest
that by using this continuous-flow microfluidic technol-
ogy one can entrap other imaging agents such as gold
NPs and/or magnetic NPs inside a lipid or polymeric en-
velope to form multifunctional particles for use in vari-
ous imaging modalities. Through selection of appropri-
ate solvents and concentration, therapeutic and
imaging agents can be introduced into the input
stream to form a theranostic system.

In conclusion, we demonstrated that hybrid
lipid—PLGA NPs can be prepared by rapid mixing of a
polymeric solution with a lipid solution in a microfluidic
device. We identified an optimal ratio of lipid/PLGA
that resulted in stable and homogeneous NPs. The size
and charge of the NPs could be controlled by using
PLGA of different viscosities (molecular weights) and
by using lipid molecules with different end groups, re-
spectively. The experiments suggest that the self-
assembly of the PLGA core occurs independent of the
lipid component, but the lipid component provides sta-
bility to the NP against aggregation over time and in
the presence of high salt concentrations. Furthermore,
rapid mixing ensures formation of homogeneous NPs;
in contrast, slow mixing results in different populations
of NPs that are not uniform in composition and size. We
also demonstrated that hybrid lipid—QD NPs could be
formed in the same system. Reproducible manufacture
of monodisperse, stable NPs with the ability to control
properties by varying concentrations of different pre-
cursors in a simple mixing step could greatly facilitate
combinatorial synthesis and prove to be useful in the
emerging field of nanomedicine.
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EXPERIMENTAL METHODS

Device Fabrication and Experimental Setup. Microfluidic devices
were fabricated with poly(dimethylsiloxane) (PDMS) using a
standard micromolding process. PDMS (Sylgard 184, Dow Corn-
ing) monomer and curing agent were mixed in a ratio of 10:1 by
weight, poured over the silicon wafer mold, and degassed. Af-
ter curing, PDMS was peeled off and inlet/outlet holes were
drilled using a 300 wm diameter drill bit. The PDMS component
was then bonded to a 1 in. X 2 in. glass slide using air plasma.
The resulting device had a one inlet for aqueous and one for or-
ganic streams and one outlet. The water stream was split into
two in order to achieve two water streams at the flow focusing
junction. The mixing channel was 50 pm wide, 60 wm high, and
2.5 mm long. One 500 plL syringe was mounted on a syringe
pump (SP230IW, World Precision Instruments), while the other
syringe was mounted on another syringe pump (PHD 22/2000,
Harvard Apparatus) to control flow through the device. Water
flow rate was maintained at 50 pL/min, while the solvent flow
rate was varied from 5 to 10 pwL/min.

Preparation of PLGA—Lecithin—PEG NPs. A solution of PLGA (inher-
ent viscosity 0.82 dL/g; Lactel, Pelham, AL) was dissolved in ace-
tonitrile (1 mg/mL) and lipid solution composed of 4% ethanol
aqueous solution of lecithin (soybean, refined, molecular weight
~330 Da; Alfa Aesar, Ward Hill, MA) and DSPE-PEG (molecular
weight ~2850 Da; Avanti Polar Lipids, Alabaster, AL) (lecithin/
DPSE PEG, 8.4/1.6) were prepared independently for separate in-
lets and mixed within the chip at fixed flow rates using syringe
pumps. Lipid solution flow rate was fixed at 50 pL/min, while
polymer solution flow rate was set at 10 pL/min for some experi-
ments and 5 pL/min for others. Lipid concentration was varied
from 100 to 0.1 pg/mL at a constant flow rate of 50 pL/min. To
prepare NPs at slow mixing conditions, 100 p.L of the lipid solu-
tion described in the previous paragraph was mixed with 10 L
of PLGA solution in acetonitrile using pipet tips. For the NP sta-
bility studies, 20 pL of 10X PBS was added to 60 p.L of the NP so-
lution. Size and { potential of NPs were immediately measured
upon addition of PBS. For hybrid lipid—PLGA NPs prepared with
the microchannel, up to four consecutive additions of 20 p.L of
10X PBS were pipetted to 60 pL of the sample and its size was
monitored for each addition. No change in size was observed af-
ter the first addition of the buffer.

Preparation of QD —Lecithin—PEG NPs. A solution of lipophilic
quantum dots (TOP-coated CdSe/ZnS QDs, Invitrogen, CA, USA)
was dissolved in tetrahydrofuran (THF) (0.5 mg/mL), and a lipid
solution of 4% ethanol aqueous solution of lecithin and DSPE-
PEG (lecithin/DPSE PEG, 8.4/1.6) at a concentration of 0.02
mg/mL were prepared independently for separate inlets and
mixed within the chip. Lipid solution flow rate was set at 50 L/
min, while the QD solution flow rate was set at 5 wL/min. Both
flow rates were controlled with syringe pumps.

Particle Sizing and Zeta Potential Measurements. Particle sizing was
performed using dynamic light scattering with Zetasizer Nano
ZS (Malvern Instruments Ltd., U.K.). For each measurement, 100
wL or more volume of the sample was loaded in a disposable
low-volume cuvette. Three measurements were performed on
each sample. We observed that the presence of acetonitrile
changed the NP size by less than 3% when water/acetonitrile
mixtures containing up to 5% acetonitrile were further diluted
in water. All measurements were performed at acetonitrile con-
centrations of less than 10% acetonitrile to ensure that any ob-
served variation in particle size was not due to the solvent. The
NP surface { potential was measured by using ZetaPALS
(Brookhaven Instrument., USA). For each measurement, par-
ticles were washed with water three times and reconstituted in
1 mL of PBS (0.5 mg/mL). The { potential was recorded as the av-
erage of three measurements.

Transmission Electron Microscopy (TEM). Lipid— Polymeric NPs. TEM ex-
periments were carried out on a JEOL JEM-200CX instrument at
an acceleration voltage of 200 kV. The TEM sample was prepared
by depositing 10 pL of the NP suspension (1.0 mg/mL) onto a
200-mesh carbon-coated copper grid. Samples were blotted
away after 30 min incubation, and grids were negatively stained
for 20 min at room temperature with freshly prepared and
sterile-filtered 2% (w/v) uranyl acetate aqueous solution. The

grids were then washed twice with distilled water and air-dried
prior to imaging.

Lipid—QD NPs. TEM experiments were carried out on a JEOL
JEM-2011 instrument at an acceleration voltage of 200 kV. The
TEM sample was prepared by depositing 10 pL of the NP suspen-
sion (1.0 mg/mL) onto a 300-mesh Formvar-coated copper grid.
Samples were blotted away after 30 min incubation, and grids
were negatively stained for 20 min at room temperature with
sterile-filtered 1% (w/v) phosphotungstic acid aqueous solution.
The grids were then washed twice with distilled water and air-
dried prior to imaging.
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