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ABSTRACT We demonstrate the operation of a device that can produce chitosan nanoparticles in a tunable size range from 50-300
nm with small size dispersion. A piezoelectric oscillator operated at megahertz frequencies is used to aerosolize a solution containing
dissolved chitosan. The solvent is then evaporated from the aerosolized droplets in a heat pipe, leaving monodisperse nanoparticles
to be collected. The nanoparticle size is controlled both by the concentration of the dissolved polymer and by the size of the aerosol
droplets that are created. Our device can be used with any polymer or polymer/therapeutic combination that can be prepared in a
homogeneous solution and vaporized.
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INTRODUCTION

Nanoparticles have found increasing usefulness as
biomedical tools (1). Gold nanoparticles, for in-
stance, are now commonly used in many types of

imaging, as they are highly scattering yet are small enough
to not interfere with the chemistry and biology of the
samples being studied (2). Nanoparticles are also finding
more subtle and sophisticated roles as our ability to control
their size improves. In medical applications, for example,
they can be used as carriers for gene therapy or drug
delivery.

Gene therapy has recently emerged as a promising tool
to help treat a variety of diseases, including many otherwise
untreatable types of cancer and neurodegenerative condi-
tions (3). The greatest challenge for this technology has
proved to be finding methods to safely deliver the genes to
the target cells with high specificity, biocompatibility, and
controlled delivery. Viruses have been the most commonly
used vectors for this delivery, but potentially life threatening
immune reactions and unclear safety profiles in the host
have limited their use (4).

Because of the safety concerns surrounding viral-vectors,
polymeric nanoparticles are being developed to encapsulate
and deliver therapeutic genes. Depending on their size,
charge, and composition, nanoparticles can be targeted to
specific tissues, as fenestrations in the vasculature vary in
size. Individual cell and tissue types also take up nanopar-
ticles to different degrees, depending on the particle size (5).
For further cell specificity, attaching specific ligands to the

surface of nanoparticles has been heavily researched and
can be used to target leukemic and other harmful cells (6).

Similar benefits also apply to using nanoparticles for drug
delivery. As in gene therapy, therapeutic drugs are typically
tissue specific and targeted delivery allows for a higher dose
of the drugs to be delivered only to tissues where they are
needed, improving disease resolution as well as minimizing
potential side effects (7). For both transfection of genes and
delivering drugs into cells, the delivery rate affects both how
long the therapy interacts with the system and its efficacy
and toxicity (8, 9). The polymers comprising the nanopar-
ticles can be modulated to control the rate, location, pH, or
delay of delivery. In vaccine development, antigens can be
protected by the nanoparticles and delivered specifically to
the lymphoid system where they can promote a productive
immune response (10).

As the size of the nanoparticles produced greatly affects
their rate of cellular uptake, as well as their longevity in vivo,
a variety of methods have been developed that attempt to
produce monodisperse nanoparticles of desired sizes, in-
cluding techniques such as emulsification and solvent evapo-
ration (7, 11-13). However, because each of the methods
currently used in nanoparticle production relies on the
physical properties of the polymer and the therapeutic drugs
with which it will be formulated, these techniques are limited
and must be modified for any change in molecular weight,
dose, ionic strength, pH, etc.

In contrast to these methodologies, we have developed
a device which uses a novel and generally applicable method
of generating narrowly disperse nanoparticles of sizes op-
timal for cellular uptake (50-300 nm) that could be used to
efficiently incorporate a variety of drugs. As a proof of
concept we have created chitosan nanoparticles, as they are
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particularly relevant to medical treatments; the methods we
describe, however, are generally applicable to any soluble
polymer.

METHODS
To produce chitosan nanoparticles, we first generated drop-

lets from a chitosan solution contained within a cylindrical
chamber (see Figure 1). This atomization was achieved by
placing a piezoelectric oscillator at the bottom of the chamber,
which was driven using less than 10 W. Once the droplets were
formed, an air compressor was used to direct them into a vinyl
tube connected to a 6 foot long, 1.125 in. diameter copper pipe.
Heat tape was wrapped helically along the length of the pipe,
which induced the solvent to evaporate off of the droplets,
generating chitosan nanoparticles. This process was further
enhanced by placing Drierite crystals in the last 2 feet of pipe,
suspended in the top half by a wire mesh. These crystals were
important in absorbing excess moisture in the tube, accelerating
the evaporation process, and ensuring the nanoparticles were
successfully dried. The exit of this pipe was then connected to
a collection chamber, in which a silicon slide was placed upright.
Nanoparticles exiting the pipe impacted this slide, and could
then be visualized directly using a scanning electron microscope.

Our method of creating nanoparticles of a specific size is
conceptually straightforward. A solution of the target polymer
is prepared at a known concentration, after which it is atomized
to create an aerosol of droplets of a well-known size. Provided
that the droplet size and the solution concentration are known,
the quantity of polymer contained in each droplet can easily
be determined. The droplets are then sent through the con-
trolled environment of a heat pipe, thus evaporating the solvent
and leaving only the residual polymer contained in the original
droplet. The residual polymer clumps together to form a nano-
particle, and is then collected.

The technical challenge in this method is creating a dense
aerosol containing droplets of a uniform size, as the dispersion

in droplet size is directly related to the variability in nanoparticle
size. We use ultrasonic atomization to create such an aerosol.
Our methods are described in detail in refs 14 and 15, and we
summarize them here.

Aerosols are created using the apparatus shown in Figure 2.
A piezoelectric (piezo) oscillating at megahertz frequencies is
placed at the bottom of the fluid containing dissolved chitosan,
thereby generating Faraday waves at the fluid surface. If these
surface waves are driven strongly enough by the piezo, then
droplets will be ejected from the fluid surface. Models show that
the size of droplets produced by excitation of the fluid surface

FIGURE 1. Experimental setup used to generate chitosan nanoparticles. The aqueous chitosan solution was added to the cylindrical container
and driven by a high-frequency piezoelectric, which aerosolized the solution. Following aerosolization, the droplets were blown through the
hot, dry environment of the copper pipe, where the solvent was evaporated, leaving only the nanoparticles. These particles were then carried
to the location of collecting slides. Vinyl tubing (shown as clear) was used to connect the various parts of the setup.

FIGURE 2. Schematic for the production of nanoparticles. In the
aerosolization chamber, a piezo oscillates at frequency ω, creating
pressure waves in the fluid. Depending on the fluid’s density F and
surface tension σ, droplets of a particular diameter are ejected. The
droplets contain some of the dissolved chitosan, which forms
nanoparticles when the solvent is evaporated.
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is related to the oscillation frequency of the piezo and the
properties of the fluid. The relationship between droplet size
and the fluid parameters breaks down into two regimes of
phase-space: the inviscid (low driving frequency, surface ten-
sion-dominated) and viscous (high driving frequency, viscosity-
dominated). As we operated in the inviscid regime of droplet
formation (the kinematic viscosity having no effect on droplet
size), the droplet diameter, d, is given by

where σ is surface tension, F is density, ω is the frequency at
which the fluid is driven, and c is a constant that we have
measured to be c ) 0.35 ( 0.03. For a particular sample fluid,
therefore, the primary determinant of droplet size is the driving
frequency of the piezo, both because of the weak power law
dependence of the surface tension and density, and because
most fluids of interest have similar values for these parameters.

Another factor that could potentially affect the size of the
droplets produced is the amplitude of the piezo oscillations.
However, we have determined both experimentally and theo-
retically that this value is only important if the piezo is driven
outside of the subharmonic regime of the Faraday instability
(well-above the threshold driving power required to produce
droplets). Instead, we drove the fluid relatively near the thresh-
old power for atomization, which ensures that we remained in
the subharmonic regime where the particle size is relatively
insensitive to the driving power. If, by some error, we had
driven the fluid to the point that we were exciting harmonic
Faraday waves, and thus created undersized droplets, the
evidence of this would have been a population of chitosan
nanoparticles that were roughly 1/8th the size of the larger
population, which was not observed.

From eq 1, one can therefore determine how to make
droplets of a desired size: For a given sample, fluid properties
are measured and then the sample is driven at an appropriate
frequency to produce a droplet of the specified size. For
example, at room temperature, water has fluid property values
of σ ) 0.073 N/m, F ) 997 kg/m3, ν ) 1.0 × 10-6 m2/s. To make
a droplet with d ) 1 µm, therefore, the fluid must be driven at
frequency f ) ω/2π ) 8.5 MHz.

In the device described here, we use piezos operating at 6.6
and 2.4 MHz to create nanoparticles. We also limited the power
input to 10 W, as this minimized the temperature change of
the solution. Too much of a temperature increase might other-
wise alter the surface tension and thus the size of the droplets
produced, though this effect would likely be minimal given the
weak power law dependence (see eq 1). We verified that the
piezos did indeed produce droplets of the desired size using Mie
scattering techniques. A 1 W argon-ion laser operating at 488
nm was directed through the aerosol. The droplets in the aerosol
scatter the laser light, and the resulting angular scattering
intensity pattern is characteristic of the ratio of the droplet size
to the incident wavelength. For each aerosol produced, the
angular scattering pattern was measured with ∼1° of angular
resolution, and numeric non-linear-fit techniques were used in
conjunction with Mie scattering theory to infer a droplet size
distribution for the aerosol.

The droplet size distribution is well-peaked, and described
by a log-normal function. We measured the peak of the size
distribution to an accuracy of ∼2%, and the size distribution
typically has a width of ∼20% of the peak size. The width of
the distribution is a consequence of the atomization process.
When the Faraday instability is more strongly driven-the condi-
tion under which we operate in order to produce a dense
aerosol-the droplets are ejected from the fluid surface with a
relatively larger size dispersion. A more narrow droplet size

dispersion could be achieved at the expense of weaker driving
and a less dense aerosol. In all comparisons between experi-
ment and theory, we control for fluid temperature, as the piezo
can deposit enough heat in the fluid sample to raise the local
temperature by many degrees Celsius. A typical density of our
aerosols is 5 × 106 droplets/cm3.

We have measured the droplet distributions created by our
atomization procedure over a wide range of fluid parameters,
and thus establish the general viability of our technique for any
fluid that can be atomized in the inviscid regime. For the vast
majority of physical processes, atomization occurs in the invis-
cid regime, so this is not a very restrictive caveat.

As shown in Figure 1, following the aerosolization process, a
pressure differential can be used to direct the aerosol into a heat
pipe, where the temperature difference between the droplets
and the surrounding environment causes the solvent to rapidly
evaporate. For small droplets in a dry column of air, the
Reynolds number is quite high, approximately 8 × 104, giving
a time required for vapor diffusion on the order of 10-7 s for
the experimental conditions used (16). Consequently, it can be
assumed that the droplets are surrounded at all times by a
completely dry layer, and there is no vapor layer present to
inhibit further evaporation.

The rate of mass evaporation can then be related simply to
the heat transferred to the droplets from the warmed air
surrounding them

where A is the surface area of the droplet, ∆T is the temperature
difference between the droplet and the surrounding environ-
ment, and λ is the latent heat of water (17). The heat transfer
coefficient h can be calculated

where Rd is the radius of the droplet, v is the velocity of the
droplets, Fa is the density of air, µa is the dynamic viscosity of
air, and Kd is the thermal conductivity of water (16). Taking the
droplets to be spherical and of uniform density, eqs 2 and 3
can be combined, giving the following expression

where Fs is the density of the solvent used and Pr is the Prandtl
number. The difference in temperature between the droplet and
its surroundings is therefore the dominant term in determining
the rate of evaporation. The velocity at which the droplets travel
through the evaporating chamber and the droplet mass also
contribute to determining the evaporation rate, but as they are
raised to the one-third power, a change in those variables has a
relatively smaller effect.

The temperature used in eq 4 was assumed to be constant
throughout the system. However, as the heat source is heat tape
wound in a spiral across the outer surface of a copper pipe, the
nonideal conductive ability of copper makes the center hotter
than the extremities. Thus, the ∆T term is not constant, but
rather a function of position in the pipe because of the temper-
ature gradient introduced by the heating method. As a result,

d ) 2πc(σF )1/3( 2
ω)2/3

(1)

∂m
∂t

) -hA∆T
λ
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the temperature was measured near the extremities, where ∆T
is smallest, so that an upper limit for the evaporation time is
calculated.

Using eq 4, we controlled the temperature of the heat pipe,
in order to ensure the solvent was evaporated from the droplets
before reaching the slide chamber (Figure 1). This allowed the
nanoparticles to be collected on silicon slides, and then sized
using a scanning electron microscope. Imaging the slides
provided visual confirmation that the particles were adequately
dried, as their size would otherwise appear to be highly variable
because of the wet particles spreading out upon impact.

To determine the size of the nanoparticles generated, a
program was written in IgorPro to analyze images taken using
the SEM. It detected nanoparticles based on a color threshold
that could be set, and generated semimajor and semiminor axis
averages and standard deviations. These averages were then
used to approximate the nanoparticle diameters.

RESULTS AND DISCUSSION
As a proof of concept for our device, we chose chitosan

to create chitosan nanoparticles. Chitosan is frequently the
polymer of choice for use in drug and gene delivery. It
exhibits low toxicity in cells, as well as a high level of
biocompatibility and biodegradability, preventing it from
accumulating in cells and tissues (18). Chitosan is also
mucoadhesive and thus can affect several para- and intra-
cellular pathways, promoting macromolecular uptake by
epithelial cells ( 19-21). Properly formulated chitosans have
been shown to bind effectively to DNA (22), as well as
effectively deliver a variety of drugs with some cell specific-
ity, including the anticancer drugs doxorubicin (23) and
camptothecin (24).

Given the predictions of eq 1, the piezoelectric oscillator
frequencies (MHz), and our desire to produce ∼100 nm
chitosan particles, the slightly acidic aqueous chitosan solu-
tion concentrations were kept between 0.008 and 0.05%
by weight. Further, for concentrations above 0.05%, the
solutions became significantly more viscous, greatly reduc-
ing the number of droplets we could produce without
exceeding the power limits of the piezo. To effectively
dissolve the chitosan, the solution also contained 0.054%
acetic acid and 0.09% sodium acetate, which maintained
the pH at 4.5. The volatility of this buffer also minimized the
risk of contamination in the nanoparticles produced (25).

One additional risk of using acetic acid buffers is that of
ultrasonic wave-induced polymer degradation. Ultrasonic
waves have previously been shown to degrade certain
polymers, including chitosan, and this process is accelerated
in acidic solvents (26, 27). However, most experiments show
this is largely due to relatively low frequency waves (<1
MHz), or high power inputs (>1 KW) (28, 29). In our case,
the power input was less than 0.06 W cm-3, and as the pH
was only mildly acidic, this process is unlikely to have had
any effect on the polymer integrity or polydispersity.

FIGURE 3. Chitosan nanoparticle diameter as a function of initial
polymer concentration (% by weight) for the 6.6 MHz (squares) and
2.4 MHz (circles) oscillators. The bulk density was the only free
parameter in the fit and was determined to be 185 ( 36 kg m-3.
The reduced �2 value for the fit is 0.63.

FIGURE 4. (a) Sample scanning electron microscope image of chitosan nanoparticles generated using the 6.6 MHz piezoelectric oscillator with
a 0.01% chitosan solution. Using this image, along with zoomed in images of individual particles to improve sizing resolution, (b) a particle
size distribution was generated. The average particle size on this slide was 98.6 ( 13 nm.
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Using concentrations between 0.008 and 0.05%, suf-
ficient amounts of dry nanoparticles were produced to allow
for an accurate determination of their size. The mass density
of the nanoparticles could not be determined experimen-
tally, consequently this single parameter was fit empirically
using eq 1, giving a value of 185 ( 36 kg m-3 (Figure 3).
Using this value for the mass density, the measured nano-
particle sizes match well with our predicted sizes for both
of the piezos used in our experiments. As expected, the
higher frequency oscillator produced significantly smaller
nanoparticles, and, in both cases, the particles increased in
size when the concentration was increased. The average
dispersion in nanoparticle diameter was 22%, which can be
accounted for by the aerosolization process. As noted above,
our atomization process produces droplets with an inherent
distribution in diameter.

The chitosan used to prepare the solution had a bulk
density between 180-300 kg m-3 and had a relatively high
polydispersity of 1.6. As the bulk density determined from
the fit matched quite closely to the original dry value, most
of the solvent appears to have been successfully evaporated
off. Though the polydispersity could have played a role in
altering the particle sizes, even particles less than 100 nm
in diameter were composed of several hundred polymer
strands. Consequently, the polydispersity is unlikely to have
had much of an effect, as the average polymer strand length
in each droplet should be similar.

Figure 4a shows a scanning electron microscope image
of the chitosan nanoparticles. The narrow size dispersion of
the particles is evident in the figure. The nanoparticles are
light enough that many were carried around the collection
slides by the airflow, rather than impacting them. Our
collection yield could be significantly improved by cooling
the collecting slides, or building an electrostatic collection
grid.

CONCLUSION
We can create narrowly dispersed chitosan nanoparticles

in sizes ranging from 50-300 nm, with an average size
dispersion of 22%, using an easily formulated chitosan
solution. The size was controlled by both altering polymer
solution concentrations and by changing the size of droplets
formed from the solution. The size range we demonstrate
can likely be expanded, using either higher frequency
(smaller nanoparticles) or lower frequency (larger nanopar-
ticles) piezos, so long as the piezos are capable of generating
sufficient power to aerosolize the solutions.

Further study is needed to demonstrate the efficacy of
this method to incorporate drugs or DNA. This combination
should be possible by simply dissolving other compounds
in the solution to be aerosolized; tight control of drug
concentration in the nanoparticles would be established by
careful control of the percent of drug in the solution.
Moreover, this procedure can be extended to generate
nanoparticles composed of different polymers, as long as
they are soluble in a solvent that can be evaporated.
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