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Abstract

A variety of therapeutic and/or diagnostic nanoparticles (NPs), or nanomedicines, have been
formulated for improved drug delivery and imaging applications. Microfluidic technology enables
continuous and highly reproducible synthesis of NPs through controlled mixing processes at the
micro- and nanoscale. Yet, the inherent low-throughput remains a critical roadblock, precluding
the probable applications of new nanomedicines for clinical translation. Here we present robust
manufacturing of lipid-polymer NPs (LPNPs) through feedback controlled operation of
parallelized swirling microvortex reactors (SMRs). We demonstrate the capability of a single SMR
to continuously produce multicomponent NPs and the high-throughput performance of
parallelized SMRs for large-scale production (1.8kg/d) of LPNPs while maintaining the
physicochemical properties. Finally, we present robust and reliable manufacturing of NPs by
integrating the parallelized SMR platform with our custom high-precision feedback control system
that addresses unpredictable disturbances during the production. Our approach may contribute to
efficient development and optimization of a wide range of multicomponent NPs for medical
imaging and drug delivery, ultimately facilitating good manufacturing practice (GMP) production
and accelerating the clinical translation.
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Introduction

A number of nanomedicines have been developed for targeted delivery of therapeutic and
imaging agents for the treatment and diagnosis of major diseases including cancer,13
cardiovascular disease,*° diabetes,5-7 and Alzheimer’s disease.8-10 More than 30,000
research articles are annually reported to show the development of novel nanomedicines for
potential treatment of several fatal diseases; however, a few candidates are successfully
validated for clinical trials. For a decade, only a small number of therapeutic and diagnostic
(theranostic) NPs have been approved by the FDA.11-12 This low success rate in the “bench
to bedside” translation is due in part to low reproducibility of desired properties or efficacies
of developed nanomedicines in prescreening processes from in vitro testing to in vivo
validation.13 With pharmaceutical and biomedical industries acknowledging the challenges
in scaling the production of NPs, there is a growing need for the development of robust
technology for nanomedicine manufacturing.14-16

Microfluidic platforms provide controllable flow patterns with tunable characteristic mixing
times on the millisecond to microsecond scale that can be used for diffusive or convective
mixing mechanisms.1’~2> Numerous studies have demonstrated that microfluidic synthesis
produces narrower NP size distributions (i.e., high size uniformity) than those of
conventional multi-step benchtop synthesis methods,26-27 but the production rate remains
restricted by a low throughput (up to a few grams per hour).28-2% A recent approach using a
turbulent impinging jet flow to synthesize polymeric NPs in a single device achieved a much
higher production rate on the order of kg/d:39 however, optimization process of
multicomponent NP synthesis in turbulent flow at macroscale remains impractical due to
waste of costly precursors, and the effect of the high shear rate generated by turbulent flow
on the stability or degradation of precursors remains to be investigated. This challenge
underscores the importance of microfluidic parallelization technology that preserves the
advantages of the microscale reaction by maintaining the characteristic mixing times on the
millisecond to microsecond scale and the consistency of reactor conditions. Although
several microfluidic parallelization approaches have been previously introduced using
simple diffusive mixing to improve production rates from mg/d to g/d,15 31-33 no reliable
and practical approach has been established for scalable manufacturing of NPs to an
industrially relevant level, such as attaining a production rate on the order of kg/d.12: 15, 34-36
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Here we present a parallelized microfluidic platform integrated with feedback control
designed to demonstrate robust manufacturing of multicomponent NPs with the controlled
physicochemical properties. We first describe a design and optimization process of a simple
SMR for continuous and highly reproducible synthesis of LPNPs and then demonstrate the
importance of feedback pressure control system to maintain the produced NP size
uniformity. Through computational simulations and experimental evaluation of microfluidic
flows and pressure profiles, we parallelize SMRs for large-scale production (1.8kg/d) of
LPNPs with the controlled physicochemical properties. Finally, we present robust
manufacturing of LPNPs with feedback control of parallelized SMRs.

RESULTS and DISCUSSION

Swirling Microvortex Reactor

We developed a swirling microvortex reactor (SMR) by modelling and tuning the mixing
efficiency, a predictive measure of reaction conditions empirically linked to NP size
uniformity (Fig. 1a). We used computational fluid dynamics (CFD) simulations to achieve a
90% or higher mixing efficiency with varied SMR diameters (Fig. 1b and Fig. S1). We
determined that the mixing efficiency of SMRs with diameters of Imm, 2mm, and 4mm
have characteristic mixing times (4ms, 16ms, and 64ms, respectively) less than the residence
time (20ms, 40ms, and 80ms, respectively) of the reactor when the height is held constant at
5mm. With the tuned SMR, we were able to continuously produce highly reproducible
Lipid-polymer NPs (LPNPs) with high size uniformity at a rate of 3g/h (Fig. 1c and d).
LPNPs combine the unique strengths of liposomal and polymeric nanoparticles while
overcoming their limitations in terms of drug encapsulation efficiency and storage
stability.37-38 We validated our simulations by synthesizing LPNPs in the SMRs with
various diameters (Imm, 2mm, and 4mm) at a constant Reynolds number (Re) of 250, a
transitional boundary above which swirling vortex flow patterns become chaotic. With the
2mm diameter, we obtained the highest mixing efficiency (0.92, volumetric average in a
SMR) and thus the narrowest size distribution (Fig. 1e) in our synthesis validation. We were
also able to demonstrate fine control of the precursor composition (Fig. 1f) and the ability to
control the size simply by varying flow rates (i.e., Reynolds numbers (Re)) without changing
the precursor composition (Fig. 19).

Uniform NP Synthesis with High-precision Pressure Control

To produce NPs with high reproducibility, we integrated the SMR with our custom high-
precision, feedback pressure control system.39 We first decomposed the SMR into equivalent
resistances and constructed a fluidic circuit analog of the coupled system with both inlets
(Fig. 2a). From the equation for Reynolds number,%0-41 the SMR inlet pressure is given as
below.

[Rl +2R2] /1,A

P=
2pD

Re

H

where 4 represents the dynamic viscosity, A represents the cross-sectional area of the SMR,
p represents the fluid density, Dy represents the hydrodynamic diameter, and Re represents
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the Reynolds number. We used this equation to calculate the pressure range corresponding to
the Reynolds numbers designed in this study (Fig. 2b). Our control system demonstrated the
performance with less than a 0.3 second settling time is maintained across the Reynolds
numbers (inlet pressures; Fig. 2c). We also compared the performance of our control system
with that of a widely used, commercially available syringe pump; our system showed a 50
times faster transient response (Fig. 2d) and more stable in long-term regulation of a flow
rate (Fig. 2e).

With this superior performance of our high-precision control system, we assessed the size
uniformity of NPs synthesized on the SMR by comparing the size distributions and the
polydispersity index (PDI), a measure of the homogeneity of the size distributions. LPNPs
produced on the SMR using our pressure control system showed narrower size distributions
than those using a syringe pump for steady-state (long-term) (Fig. 2f and g) and transient
(short-term) performance (Fig. 2h and i). The difference in the NP distributions and PDI
values from the steady-state response is because feedback pressure control system rejects
external disturbances and minimizes the variation in the inlet pressure of the SMR (Fig. 2f
and g). This disturbance rejection preserves the Reynolds number and precursor
composition, which are two critical factors that affect NP physicochemical properties. The
difference in the NP distributions from the transient response is because it takes longer
(settling time upwards of minutes)*243 for the syringe pump to reach steady-state values
than for our control system (less than 0.3 second settling time response) (Fig. 2h and i).

SMR integration for parallelized microvortex array (PMA)

To engineer a parallelized array of tuned SMRs, we reduced the local pressure and flow
variations of our microfluidic network and identified the number of tunable variables to
scale the PMA (Fig. 3a). To maintain the same physicochemical properties of produced NPs,
we need to reduce SMR-SMR reaction variations in the PMA, which are critical NP
synthesis parameters affecting NP property uniformity to ensure reaction consistency across
a plurality of SMR. We employed a fluidic circuit analog** to optimize the PMA inlet fluidic
impedances (Z; and Z,) given the SMR inlet impedances (Z3 and Z,4) (Fig. 3b). Each fluidic
impedance consists of the fluidic resistance R and capacitance C. To minimize pressure
variations at the inlet of each SMR in the PMA, the microfluidic channels networking the
SMRs should lead to an identical pressure drop between the pressure source and the inlet of
each SMR. This methodology is accomplished by equating the Hagan-Poiseuille equation
for fluidic systems with Ohm’s Law for electrical circuits. This is based on the assumption
of an incompressible Newtonian fluid in laminar flow. In our microfluidic channel hierarchy
(Fig. 3b), we found that the Z,:Z3 ratio is a key design parameter to be tuned to minimize
pressure variations at the inlet of each SMR in the PMA. To determine a desired Z,:Z3 ratio,
we assessed the flow rate ratio between the inlets of the first and last SMR within a PMA
column and found that an increase in the array size (i.e., the number of the tuned SMR in a
PMA) requires a decrease in Z,:Z3 ratio to maintain the same flow rate ratio. More
importantly, the flow rate ratio in a larger array size is more sensitive to the variations in the
Z,:Z3 impedance ratio, requiring a higher accuracy for fabrication in a larger PMA. In the
current platform of 5x5 array, we utilized a flow rate ratio (0.92) resulting in a Z,:Z3 ratio
(0.021) (Fig. S2).
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We then used CFD simulations to further tune this electrical PMA model by minimizing
local flow variations across the initial (Fig. 3c) and tuned fluidic (Fig. 3d) models, finalizing
the PMA design with less than 1% precursor composition variation and less than 4% Re
variation (Fig. 3e). This refinement of our PMA model simulated with the best PLGA-to-
lipid weight ratio of 5 and the best Re of 250 decreased the variation of the precursor
composition at the inlet of each SMR in the PMA by 79.4% (Fig. 3f) and improved the
mixing consistency across the SMRs by 1.5% (Fig. 3f) and across the height of the SMR
(Fig. 3h). While the average mixing efficiency in the outlet of the PMA (91%) was lower
than that of the tuned SMR (98%) (Fig. 2a), the difference was not significant as a mixing
efficiency above 90% showed comparable NP size distribution in our experimental data (Fig.
le—g). The fabricated PMA device with two inlets for precursor solutions and one outlet for
NPs (Fig. 3i) consists of a multitier platform: a parallelized microvortex network for
connecting all 25 SMRs, microvortex reactors for rapidly mixing precursors for NP
synthesis, and a collection reservoir to create a common outlet for all the SMRs with all
layers interlaced with gaskets to prevent leakages (Fig. 3j). Our designed PMA model
achieved a 25-fold greater production rate of LPNPs while maintaining the size distributions
similar to those synthesized using the tuned SMR (Fig. 3k).

Robust manufacturing with feedback control

In addition to reducing SMR-to-SMR variation of critical reaction parameters, we need to
mitigate inlet flow variations in the PMA, a factor that amplifies designed parameter
variations. We coupled our PMA with a high-precision, feedback pressure control system to
regulate the inlet pressure of the PMA while mitigating external disturbances and reducing
precursor flow fluctuations (Fig. 4a). The feedback pressure control system demonstrated
the performance with less than a 0.3 second settling time (Fig. 4b), and maintained long-
term experimentation (greater than 3 hours) (Fig. 4c) while mitigating pressure fluctuations
within a 0.5% absolute error (Fig. 4d). To demonstrate the advantage of coupling our
feedback control system, we compared the production of LPNPs with and without the
control in response to an external disturbance (Fig. 4e). Without the mitigation of flow
fluctuations, the NP size uniformity is substantially reduced. The integration of the PMA
with the feedback control provides not only highly reproducible uniform LPNP production
for long-term duration but also mitigates external disturbances that would otherwise cause a
failure to achieve robust manufacturing.

Conclusions

We have presented a representative example for robust manufacturing (1.8kg/d) of
multicomponent NPs through feedback controlled, parallelized microfluidic reactors. Our
parallelized reactor design can be further extended to a larger array, achieving a greater
production rate that addresses the current manufacturing challenges that pharmaceutical and
biomedical industries face. The integration of advanced microfluidic technology with control
systems engineering may validate a new impactful method for robust NP manufacturing and
contribute to efficient development and optimization of a wide range of multicomponent
NPs for therapeutic and diagnostic applications.
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Methods and Materials

Microfluidic device design and fabrication

The PMA device was fabricated out of UNS S30400 stainless steel (McMaster Cart,
Chicago IL) with a computerized numerical control (CNC; the Haas OM-1a) machine at
30,000 rpm to micro-machine the SMR channels. The stainless steel allows for good
chemical resistance allowing for robust synthesis applications while providing a high
Young’s modulus to resist deformation under high pressure, which would otherwise lead to
possible flow dynamic disruption. To prevent leakages between the 3-component system,
custom gaskets of ethylene propylene diene monomer (EPDM) rubber (Ponn Machine
Cutting Company, Woburn, MA) were designed. To ensure the device could handle high
pressure sources (>200 psi), the inlet and outlet push-to-connect fittings were rated in excess
of 250 psi. The 3 components were radially compressed with 25 in-lb torque on 8-1/4 in
bolts.

Fluidic Circuit Analog

To initially model the PMA, the microfluidic channel hierarchy was decomposed by fluidic
resistance R.+0r R and fluidic capacitance, C. The parallel circuit schematic can be
combined into a singular equation, Z, representing the microfluidic impedance, where s
represents the complex variable of the Laplace transform. The equations for the mentioned
parameters are as follows:

12pL

Rmct:m

cir—

Zim——t
R,C;s+1

where u represents the dynamic viscosity, L represents the channel length, wand / represent
width and height, respectively, of a rectangular cross-section, and rrepresents radius of a
circular channel. Capacitance, C, is defined as the total volume, V; over the pressure, P.

The minimization of the Z,:Z3 ratio was to maintain a flow rate ratio of 0.9 between the first
and last SMR within a set (Table 1). As the size of the array increases, the Z,:Z3 ratio must
decrease to maintain the ratio by either increasing the width and/or length of Z,. The 5x5
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array chosen is located close to the asymptote of the graph, indicating further increases in
array dimensions do not greatly impact the required Z,:Z3 ratio. However, when we look at
the sensitivity of the array to changes in the Z,:Z3 ratio, the larger the dimensional array the
more sensitive the flow rate ratio. The increased sensitivity indicates larger dimensional
arrays will need to have a higher precision of fabrication to achieve designed flow rate
ratios, which may present a challenge when micromachining. The model developed here was
a 5x5 array utilizing a Z,:Z3 ratio of 0.021 to achieve a flow rate ratio of 0.92.

Mixing efficiency

To computationally analyze the SMR and PMA platforms, we developed a simple mixing
efficiency model by weighting the mass fraction based on a continuous linear piecewise
function where a mass fraction of 0.5 correlates to a mixing efficiency of 1 (Fig. S3).

. 2.Mass froct, Mass frger < 0.5
Mix =
1T eff { 2 — 2.Mass fract, Mass fract>0.5

The evaluation of potential effectiveness of microfluidic devices may be assessed by the
cross sectional and volumetric evaluation of the mixing efficiency. The mixing efficiency
values reported were obtained by integrating over cross-sectional planes of both the SMR
and PMA reactors, creating an average mixing efficiency, at 0.5, 1.5, 2.5, 3.5, and 4.5 mm in
height.

I MizozdA

[ dA

Mix eff - ave=

Numerical simulations

Numerical simulations of the fluid dynamics were calculated using a commercial CFD
solver (SC/Tetra, Cradle North America Inc., Beavercreek, OH). The advection-diffusion of
chemical species was solved, with a diffusivity constant of 1e-9 m?/s, to calculate mass
fraction and mixing efficiency. The models assumed a Newtonian fluid at room temperature
(25°C) with a no-slip boundary condition at the walls. Flow rates were specified at the two
inlets with an outlet condition of atmospheric pressure.

NP Synthesis

Polymer (Poly(lactic-co-glycolic acid) (50:50) (PLGA); 30~60kDA) was obtained from
Sigma Aldrich (St. Louis, MO) and lipids (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG) and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)) were obtained from Avanti Polar Lipids
(Alabaster, AL). LPNPs were synthesized by rapidly mixing a solution of PLGA in
acetonitrile with a solution of DSPE-PEG and DPPC, in a 7:3 DPPC to DSPE-PEG molar
ratio, in 4% ethanol at a Re of 250 in the SMR. LPNPs were purified by triplicate centrifugal
filtration with a 30 kDA filter (EMD Millipore Corp, Darmstadt, Germany) at 2900 rpm for
15 minutes.
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Production rate calculation

The production rate for the SMR and PMA platforms was calculated by:

Production Rate (total wt/h)=(C1+C2) - Q

where ¢, and (7, represent the concentrations of PLGA (3.75 mg/mL) and lipid solution
(0.15 mg/mL) respectively. Because the flow rate to both the SMR and PMA are symmetric
at each inlet, € represents the flow rate of 1 inlet to the microfluidic device; 11.8 mL/min for
SMR and 295 mL/min for PMA. The resulting production rate was reported as kg/d.

Nanoparticle morphology visualization

Samples were imaged by transmission electron microscopy (TEM; JEOL 100 CX-Il) ata
voltage of 100 kV. LPNP samples were prepared by depositing 10 uL of NP solution on a
200-mesh formvar coated copper grid (Electron Microscopy Sciences, Hatfield, PA). The
samples were dried for 30 minutes before blotting away the remaining solution. The NP
solutions were then negatively stained with a filtered 2% uranyl acetate solution for 30
seconds. The grids were washed with double distilled water and air-dried for 2 hours prior to
imaging.

Disturbance profile

The synthesis of LPNPs on the PMA was disrupted by a decrease in pressure to the lipid
precursor (Fig. S4), reducing the lipid inlet flow rate. This disruption was simply designed to
cause the LPNP precursor composition to shift above the designed value of 5, causing an
increase in the size and decreasing the homogeneity of the synthesis.

Statistical analysis

Significance was determined by an analysis of variance (ANOVA) with an alpha value of
0.05. Multiple comparisons were corrected by the Tukey-Kramer method. The PMA model
analysis utilized a two-way ANOVA to compare the two family with three comparisons per
family. Comparison of calculated PDI values of SMR synthesized LPNPs with syringe pump
and pressure control system utilized a two-tailed Student’s t-test with an alpha of 0.5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Engineering of a Swirling Microvortex Reactor (SMR)
(a,b) CFD simulations of the SMR predicting the mixing efficiency (a) of virtual

nanoparticles within the swirling microvortex flow and (b) at cross-sections along the height
of the SMR with varied diameters (Imm, 2mm, and 4mm). (c) Schematic showing the
synthesis of lipid-polymer nanoparticles (LPNPs) through swirling microvortex flow of
PLGA and Lipid/Lipid-PEG aqueous solutions; Photo of a SMR with two precursor inlets.
Scalebar is 5mm. (d) TEM image of synthesized LPNPs. Scalebar is 100nm. (e—g) Size
distributions of synthesized LPNPs show the effects of (e) the reactor diameter, (f) PLGA-
lipid weight ratio (precursor composition), and (g) Reynolds number (Re) on the average
size and uniformity of the NPs.
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Fig. 2. Integrated SMR with feedback pressure control for LPNP synthesis
(a) Decomposition of the SMR into equivalent fluidic circuit analog for mesh current

analysis modelling of the dual pressure control integrated with SMR. Where P represents the
inlet pressure of the SMR set by the pressure control system, i_1 and i_2 represent the fluid
flow through the system defined by the mesh current analysis method, and R represent the
defined resistances of the SMR. (b) Relationship of Reynolds number to the pressure from
the mesh current analysis. (c) Control system performance with Reynolds number within the
synthesis range. (d, e) Performance of our custom feedback pressure control system (PC) to

Lab Chip. Author manuscript; available in PMC 2018 August 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Toth et al.

Page 14

syringe pump (SP) for (d) transient and (e) steady-state responses. The size distributions and
polydispersity index (PDI) of LPNPs produced for (f, g) the steady-state period of the
following 2.5 minutes (n=4; *p=0.0221) and (h, i) the transient period of the beginning 5
seconds (n=3; **p=0.0178). PC is our pressure control system and SP is a commercial
syringe pump. Significance was determined by a two-tailed unpaired t-test.
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Fig. 3. Development and optimization of a parallelized microvortex array (PMA)
(a) Generalized schematic of our PMA device parallelizing 25 SMRs with a microfluidic

network. (b) Fluidic circuit analog decomposition of the PMA network. Z; is the impedance
of inlet channels connecting all branches of the SMRs. Z is the impedance of the SMR-
connecting channels. Z3 is the impedance of the inlet of the SMR. Z, is the impedance of the
SMR. (c, d) CFD simulations on pressure distributions of (c) a fluidic and (d) a tuned model
of the PMA. (e) CFD simulation predicting a mass fraction distribution of precursor
solutions in the finalized PMA. (f) Absolute errors of pressures at the inlets of 25 SMRs in
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the PMA for PLGA-lipid ratio and Re for the electrical, initial fluidic, and tuned models
(mean £ SEM). (g) Mixing efficiency of 25 individual SMR in the initial fluidic and tuned
models. (h) Mixing efficiency variation of the initial fluidic and tuned models. (i, j)
Fabricated PMA for NP nanomanufacturing illustrating multitier design consisting of
parallelized microvortex network, microvortex reactors, and collection reservoir. (k) Size
distributions of synthesized LPNPs using SMR and PMA.
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Fig. 4. Integrated PMA for high-precision nanomanufacturing

(a) Schematic of integrated feedback pressure control for LPNP nanomanufacturing on the

PMA. (b) Transient response of our custom feedback pressure control

system to a step input.

(c) Long-term performance of the pressure control system. (d) Absolute error during the
long therm pressure control. (e) Size distributions of synthesized LPNPs showing the effect

of disturbance mitigation on NP size uniformity.
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