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Abstract

With its unique structure of two compartments, Janus particles inadequate, including to be used as
a drug delivery system to deliver multiple payloads with widely different solubility. Here we
report on a fluidic nanoprecipitation system (FNPS), capable of fabricating biocompatible Janus
polymeric nanoparticles comprised of the FDA-approved polymer poly(lactic-co-glycolic acid)
(PLGA). The FNPS contains dual inlets, one for each half of the particle, that insert into the
precipitation stream. The system provides a one-step approach for production of Janus polymeric
particles with submicrometer diameters and is likely amenable to substantial scale-up. To the best
of our knowledge, this is the first demonstration of biocompatible Janus nanoparticles that
encapsulate a hydrophobic drug (paclitaxel) on one side and a hydrophilic drug (doxorubicin
hydrochloride) on the other.

Interest in delivering multiple drugs, or drugs linked with diagnostic agents (theranostics), is
expanding. Occasionally this can be accomplished with a uniform polymeric particle.1

However, such particles are not suitable when drugs or diagnostic agents have widely
disparate solubility because it is difficult to encapsulate both payloads into a single polymer
formulation. There are also concerns that mixing payloads with different physiochemical
properties may cause the complexity of release profiles. This problem can be overcome by
passively absorbing or chemically cross-linking the second payload to the particle, a method
often used for imaging purposes.2–8 Unfortunately, cross-linking and absorption are difficult
to control and suffer from low efficiency.9

Particles with two compartments are named after the mythological Roman god of gates,
Janus. Most Janus particles are spherical with two discernible hemispheres, but Janus
cylinders and disks have also been developed (for review, see refs 10–12). Janus particles
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can be used for many applications for which monomorphic particles are inadequate because
of their dimorphic nature; i.e., each side of the particle could be fine-tuned to encapsulate
different payloads. Although Lahann et al. showed that polymeric Janus nanoparticles can
be fabricated by using electrified jetting,13 these particles were not capable of carrying
payloads with disparate solubility. Here we report on a fluidic nanoprecipitation system
(FNPS), capable of one-step fabricating biocompatible Janus polymeric nanoparticles
comprised of the FDA-approved polymer poly-(lactic-co-glycolic acid) (PLGA). To the best
of our knowledge, this is the first report of Janus polymeric nanoparticles capable of
carrying a hydrophobic drug (paclitaxel) and a hydrophilic drug (doxorubicin hydrochloride)
in a single particle.

RESULTS AND DISCUSSION
We previously reported on a fluidic nanoprecipitation system (FNPS) capable of fabricating
highly uniform polymeric nanoparticles14—particularly particles comprised of poly-(lactic-
co-glycolic acid) (PLGA), which is biodegradable15 and biocompatible16–18 and is one of
the only nonbiologic polymers approved for use in humans. The FNPS we designed is
comprised of an inlet stream that feeds a solution of polymer into a dispersing channel,
where it precipitates to a highly uniform particle. Here, we extend this system to fabricate
polymeric Janus particles. The FNPS was configured to contain a pair of inlet channels that
abut each other just prior to the entry of the dispersing stream. Thus, each inlet channel can
feed a different polymer and payload into the dispersing stream (Figure 1a). The two
separate polymers make contact at the exit of the inlet streams, which are arranged in side-
by-side geometry to guarantee equal exposure to the sheer force of the dispersing phase.
This perpendicular arrangement of inlet and dispersing channels ensures an equal volume of
each polymer is contained in each droplet. Turbulence at the junction between inlet and
dispersing channels facilitates formation and release of Janus droplets (Figure 1b), which
solidified through the “nanoprecipitation” process19 to submicrometer particles at a yield of
~80%.

To determine whether the modified FNPS could produce Janus particles, we included
different fluorescent dyes with polymer in each inlet stream. In this example, one inlet fed a
solution containing 25 mg/mL of PLGA PURESORB7502 (PLA/PGA 75:25, inherent
viscosity 0.19 g/mL) in dimethylformamide (DMF) and Nile red. A second inlet fed a
solution containing 25 mg/mL PLGA Resomer RG504H (PLA/PGA 50:50, inherent
viscosity 0.45–0.6 g/mL) in acetone and rhodamine 6G. The dispersing channel contained a
solution of 1% poly(vinyl alcohol) (PVA) in water. The flow rate of the inlets was set at 100
μL/h and the dispersing channel at 10 mL/min. The resulting nanoparticles were analyzed
with fluorescence microscopy, and images were obtained at emission wavelengths of 568
and 488 nm. The Janus morphology is confirmed by the fact that the two fluorophores are
evident on separate hemispheres of the particles (Figure 2a). While some particles appear to
fluoresce with one color more than another, these are likely to be particle in which one phase
of the Janus is turned toward the microscope lens and the other phase turned away. This type
of effect is also apparent in the AFM images in Figure 3a.

Nanoprecipitation is governed by the Marangoni effect,19 wherein movement in an interface
is caused by longitudinal variations of interfacial tension.20 Since the physiochemical
properties of polymer influences interfacial tension,21 we tested the effect of feeding inlet
streams with distinct polymer types on the morphology of particles. One inlet fed a solution
of 25 mg/mL Resomer RG502 (PLA/PGA 50:50, inherent viscosity 0.16–0.24 g/mL) in
DMF. A second inlet contributed a solution of 25 mg/mL thiol-terminated PLGA solution
(PLGA RG502SH, 25 mg/mL acetone solution). The dispersing channel contained a
solution of 1% PVA in water. The flow rate of the inlets was set at 100 μL/h and the
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dispersing channel at 75 mL/min. The resulting particles (305 ± 8 nm) were examined by
atomic force microscopy and had “dents”, making them appear like pitted olives (Figure 3a).
We suspected the “dents” were caused by the way AFM senses the thiol-terminated alkane
chain on the PLGA fed from the second inlet. Therefore, we replaced thiol-terminated
PLGA with RG504H, which has a carboxylate end group. The resulting particles are
spherical and lack dents (Figure 3b), suggesting the addition of the bulky thiol-terminated
chain is the reason for the unique particle morphology; however, the precise mechanism
underlying the formation of Janus “dents” is not entirely clear. The ability to reproducibly
fabricate particles where the size of the dent is uniform illustrates the potential for making
particles other than those with an almost perfectly hemispherical separation of the Janus
phases.

An important application of Janus particles is codelivery of a hydrophobic and hydrophilic
molecule in the same particle. In this regard, a major issue is whether a Janus particle can be
fabricated where one side is derived from an emulsion, which increases the encapsulation
efficiency of hydrophilic molecules.22 To test this possibility, we prepared a solution of
FITC-dextran (green) in 1% PVA. This solution was combined with methylene chloride
containing PLGA (Rosemer RG502H) and sonicated to form an emulsion. For the other
phase a solution containing 25 mg/mL PLGA/hydrophobic Nile red in acetone was made.
The two solutions were fed through separate inlet channels (200 μL/h) into the dispersing
stream (1% PVA in water) flowing at 75 mL/min. Particle morphology was assessed with
fluorescence microscopy; the particles were spherical, with each dye localized to an almost
perfect hemisphere (Figure 2b). The ability to fabricate particles where one side comes from
an emulsion makes it feasible to fabricate Janus nanoparticles containing two agents with
widely different solubility. Since these particles have diameters far less than 1 μm, they are
likely suitable for delivering drugs to tumors, where the leaky vasculature allows for entry of
nanoparticles.

Given this opportunity, we attempted to make Janus particles containing hydrophobic and
hydrophilic drugs. For this test we chose two widely used anticancer drugs, paclitaxel (PTX)
and doxorubicin hydrochloride (DOX), which are frequently used in combination.23,24 The
two drugs also have very different solubility (logP PTX = 3.96; logP DOX = 0.17, logP is
the logarithm of the ratio of the concentrations of the un-ionized solute in the solvents),
making them ideally suited for the test. In addition, systemic delivery of each of these drugs
is problematic. PTX is insoluble and delivered in a solution of polyethoxylated castor oil and
ethanol, which causes side effects and limits the dose.25 DOX elicits dose-limiting
cardiotoxicity.26 Both limitations can be overcome by encapsulating the drugs into particles.
Abraxane, approved by the FDA in 2005, is a nanoparticle in which PTX is combined with
human serum albumin.27 Other work shows encapsulation of DOX into a PLGA particle
eliminates cardiotoxicity.

Janus nanoparticles were prepared by feeding a solution of PTX/PLGA in acetonitrile
through one inlet stream and an emulsion of DOX/PLGA in the other. Inlet streams were fed
at 200 μL/h into a dispersing stream of 1% PVA in water with a flow rate of 75 mL/min.
Monophasic control particles containing each drug individually were fabricated under
essentially the same conditions. The degree of encapsulation of PTX in Janus particles was
1.15 wt %, equating to an encapsulation efficiency of 80%. DOX was present in Janus
particles at 0.6%, equating to an encapsulation efficiency of 15%. Monophasic particles
contained 3.44% PTX (encapsulation efficiency 86%) or 1.25% DOX (encapsulation
efficiency 19%). Based on these values, drugs were encapsulated into each phase with
essentially the same efficiency as for monophasic particles.
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The drug release profiles of Janus particles were compared to monophasic particles. The in
vitro release profile of drug-loaded nanoparticles was investigated by incubating the
particles in 1 × PBS containing 0.1% tween80 on an orbital shaker at 37 °C. At specific time
intervals, the dispersion was centrifuged at 16000g for 30 min; all the supernatant was
removed and replaced by fresh release media. The supernatant were freeze-dried and then
dissolved by acetonitrile for PTX measurements or by DMSO for DOX measurement. The
PTX concentration was measured by HPLC and DOX concentration was measured by a
fluorescence microplate reader. The cumulative percentage release is shown in Figure 4. In
all cases, release of drug went through two phases: a burst release and a slower continuous
release (Figure 4). PTX was released differently from Janus vs monophasic particles (Figure
4a). Compared to monophasic particles, more PTX was released from Janus particles in the
burst phase. This implies PTX is encapsulated differently in Janus than in monophasic
nanoparticles. This distinct release profile can also be taken as evidence the particles have
Janus features. In contrast, water-soluble DOX was released from Janus particles in a
manner almost identical to that of monophasic particles (Figure 4b). In all cases, greater than
60% of each drug was released during the first 24 h.

There are several advantages of using Janus particles as drug carriers. First, it can avoid the
interference of drugs when mix them in the same carrier. Second, from production
standpoint of view, there is no one-for-all method to encapsulate drugs with best
encapsulation efficiency. Nanoprecipitation is best for some hydrophobic drugs, and water-
soluble drugs have a better encapsulation using emulsion method. Our fluidic system
provides a one-step process to encapsulate two different drugs using the methods best for
them: nanoprecipitation for PTX and emulsion for DOX. Last, Janus particles can also
provide two surfaces (using polymers with different end-groups) for modification such as
targeting, imaging purpose.

CONCLUSION
In summary, the FNPS with dual inlets provides a one-step approach for production of Janus
polymeric particles with submicrometer diameters. The system is simple to assemble, and
the process is likely amenable to substantial scale-up. For example, the yield for dual drug-
loaded Janus nanoparticles described here is 6 mg/h by one pair of inlets; higher yield can be
easily achieved by using more inlets. The ability to encapsulate payloads with widely
disparate solubility is likely to broaden substantially the application of polymeric Janus
particles.

EXPERIMENTAL SECTION
Device Fabrication and Experimental Setup

A fluidic nanoprecipitation system (FNPS) device was fabricated by using two stainless
steel capillaries with an i.d. of 0.127 mm as the sample inlet channels. These were confined
by a transparent plastic tube to ensure a side-by-side orientation. Tygon R-3603 tubing was
used as the dispersing channel. It was connected to the sample inlets via a “T” connector
(Spectrum Cat. # 961-11135).

Sample solutions were fed into the inlet channels as follows: two 3 mL syringes were
attached using the dual-syringe applicator assembly (FibriJet SA-0100, Micromedics, St.
Paul, MN). Each syringe was loaded with a specific sample solution and connected to a
sample inlet. Flow was controlled by a single syringe pump (KDS100, KD Scientific,
Holliston, MA). A stream of surfactant solution passing through the dispersing channel was
fed by a Fisher peristaltic mini-pump.
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Synthesis of Thiol-Termiated PLGA
Thiol-terminated PLGA was synthesized by dissolving 6-(tritylthio)hexanoic acid in DMF
along with HBTU/HOBt and triethylamine at room temperature (molar ratio 1:1.2:1.2:2).
After 1 h, 1,4-bezenediamine was added, and the mixture was stirred for 2 h. The resulting
mixture was partitioned between water and ethyl acetate. The organic layers were pooled,
evaporated, and purified on a silica gel column eluted with ethyl acetate–hexane (10–50%)
to provide compound I. Compound I was covalently attached to PLGA-COOH (RG 502H)
in DMF with HBTU/HOBt and triethylamine at room temperature for 2 h (same molar ratio
mentioned above). The resulting polymer was precipitated with ethyl ether and repeatedly
washed in an ice-cold mixture of ethyl ether and methanol to remove impurities. After
drying under vacuum, the -Trt protecting group was removed by dissolving the polymer in
1% trifluoroacetic acid (TFA) methylene chloride solution at room temperature for 2 h. The
thiol-terminated PLGA (RG502SH) was precipitated with cold methanol, washed with the
same solvent, and then dried under vacuum and used for particle preparation without further
treatment.

Preparation of Janus Particles
Janus nanoparticles were prepared by injecting 1 mL of each sample solution at a flow rate
of 200 μL/h into 40 mL of dispersing phase (1% PVA solution). For dye-loaded particles,
solution A was prepared by dissolving 1 mg of Nile red and 25 mg of PLGA (Rosemer
RG502) in 1 mL of acetonitrile. Solution B, an emulsion, was prepared by first dissolving 1
mg of FITC-dextran in 1.5 mL of 1% PVA solution, which was added directly to a solution
of 50 mg of PLGA (Rosemer RG502H) in 1.5 mL of methylene chloride, followed by
sonication on ice for 60 s. For drug-loaded particles, solution A was prepared by dissolving
1 mg of paclitaxel and 25 mg of PLGA (Rosemer RG502) in 1 mL of acetonitrile. Solution
B was prepared by first dissolving 1 mg of doxorubicin in 1.5 mL of 1% PVA solution,
which was added directly to a 50 mg of PLGA (Rosemer RG502H) solution in 1.5 mL of
methylene chloride/methanol (2:1). This solution was sonicated on ice for 60 s. Janus
nanoparticles were collected into a beaker containing the dispersing solution. Janus particles
were washed three times in Millipore water and lyophilized before use.

Preparation of Monophasic Nanoparticles
PLGA monophasic nanoparticles containing paclitaxel were prepared by injection of 1 mL
of a solution of 1 mg of paclitaxel and 25 mg of PLGA (Rosemer RG502) in 1 mL of
acetonitrile into one of the FNPS inlets. The other inlet was left empty. Monophasic
nanoparticles containing doxorubicin hydrochloride were made by first dissolving 1 mg of
doxorubicin in 1.5 mL of 1% PVA solution, which was added directly to a 50 mg of PLGA
(Rosemer RG502H) solution in 1.5 mL of methylene chloride/methanol (2:1). This solution
was sonicated on ice for 60 s. 1 mL of this solution was added into one of the inlets.
Nanoparticles were collected into a beaker containing the dispersing solution. Particles were
washed three times by Millipore water and lyophilized before use.

Characterization of the PLGA Nanoparticles
The size of the nanoparticles was determined using dynamic light scattering with a Beckman
Coulter PCS submicrometer particle size analyzer. The morphology of the nanoparticles was
examined using confocal microscopy (Radiance 2100/AGR-3Q BioRad multiphoton laser
point scanning confocal microscope). Samples were dropped on glass slides and excited
with an Ar ion laser at 488 nm for rhodamine 6G and a Kr laser at 568 nm for Nile red.
Atomic force microscope images were obtained by dropping samples on fresh peeled mica
and using the Digital Instruments Nanoscope IV.
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The concentration of paclitaxel loaded in particles was measured by HPLC. The
concentration of doxorubicin hydrochloride concentration was assayed by measuring the
fluorescence at excitation 480 nm/emission 590 nm using a Molecular Devices SpectraMax
GeminiEM. Encapsulation efficiency was calculated as the mass ratio of the entrapped drug
in nanoparticles to the amount used in their preparation.

The rate of drug release was measured by incubating the particles in 1 × PBS containing
0.1% tween80 on an orbital shaker at 37 °C. At a predetermined time, an aliquot of the
particle suspension was removed and centrifuged at 13.1K rpm for 30 min. The supernatant
was lyophilized, and the drug was extracted using acetonitrile for paclitaxel or DMSO for
doxorubicin. Concentrations were assayed by using the methods described above.
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Figure 1.
Schematic of the modified fluidic nanoprecipitation system (FNPS). (a) Cartoon of FNPS.
Sample inlets are inserted into the dispersing channel via a “T” connector. The inlet
channels contain two PLGA polymers that make contact at the exit of the inlet streams and
precipitate upon contact with the surfactant in the dispersing channel, solidifying the
particles. (b) Side view of the channels. PLGA droplets are exposed to the hydrodynamic
force of the continuous flow.
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Figure 2.
Polymeric Janus particles with dyes partitioned to separate hemispheres. The images are
overlays of confocal laser scanning microscopy images obtained at 568 and 488 nm. (a)
Janus particles loaded with two hydrophobic dyes, Nile red (red) and Rh-6G (green). (b)
Janus particles loaded with Nile red and the hydrophilic dye FITC-dextran (green).
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Figure 3.
Morphology of Janus nanoparticles made is polymer-dependent. Atomic force microscope
images of (a) Janus nanoparticles prepared by flowing thiol-terminated PLGA solution and
PLGA Resomer RG502 solution and (b) Janus nanoparticles prepared by flowing PLGA
Resomer RG504H solution and PLGA Resomer RG502 solution.
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Figure 4.
Cumulative release of drugs from nanoparticles. Release profiles of (a) paclitaxel (PTX) and
(b) doxorubicin hydrochloride (DOX) from Janus particles (JNP) and monophasic particles
(NP) into PBS at 37 °C. For each experiment, 2 mg/mL Janus particles and 1 mg/mL
monophasic particles were used. Each experiment was repeated three times.
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