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Increasing the size of nanoaerosols may be beneficial in a num-
ber of applications, including filtration, particle size selection, and
targeted respiratory drug delivery. A potential method to increase
particle or droplet size is enhanced condensational growth (ECG),
which involves combining the aerosol with saturated or supersat-
urated air. In this study, we characterize the ECG process in a
model tubular geometry as a function of initial aerosol size (mean
diameters—150, 560, and 900 nm) and relative humidity conditions
using both in vitro experiments and numerical modeling. Relative
humidities (99.8-104%) and temperatures (25-39°C) were evalu-
ated that can safely be applied to either targeted respiratory drug
delivery or personal aerosol filtration systems. For inlet saturated
air temperatures above ambient conditions (30 and 39°C), the ini-
tial nanoaerosols grew to a size range of 1000-3000 nm (1-3 xm)
over a time period of 0.2 s. The numerical model results were
generally consistent with the experimental findings and predicted
final to initial diameter ratios of up to 8 after 0.2 s of humidity
exposure and 14 at 1 s. Based on these observations, a respiratory
drug delivery approach is suggested in which nanoaerosols in the
size range of 500 nm are delivered in conjunction with a saturated
or supersaturated air stream. The initial nanoaerosol size will en-
sure minimal deposition and loss in the mouth-throat region while
condensational growth in the respiratory tract can be used to en-
sure maximal lung retention and to potentially target the site of
deposition.

INTRODUCTION

Although nanoaerosols are advantageous in many applica-
tions, their small size and increased reactivity also lead to toxi-
cological concerns and difficulties with processing and handling
(Hood 2004; Kreyling et al. 2004; Maynard et al. 2004; Ober-
dorster et al. 2004; Kreyling et al. 2006; Azarmi et al. 2008).
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Common pollutants such as diesel exhaust (5-500 nm) (Kittel-
son 1998) and cigarette smoke (20—1600 nm) (Bernstein 2004),
as well as bioaerosols such as Avian flu and SARS (20-200
nm) (Mandell et al. 2004), are within the nanoaerosol range. An
effective method for increasing the size of nanoaerosols may
be beneficial in a number of applications, including particle re-
moval, size selection, generation, and respiratory drug delivery.
For example, filtration of aerosols in the range of 40900 nm
is difficult due to a lack of sufficient inertia and Brownian mo-
tion for efficient deposition (Brown 1993; Maze et al. 2007).
Aerosols in this size range also typically have low electrical
mobilities, making removal by electrostatic precipitation less
effective (Hinds 1999; Tepper and Kessick 2008). Increasing
the size of contaminant nanoaerosols could allow for increased
inertial deposition, improving filter effectiveness without in-
creasing pressure drops and flow rates. Larger aerosols may
also hold more charge, thereby increasing their electrical mo-
bility and the related effectiveness of electrostatic precipitators
(Hinds 1999; Choi and Kim 2007). In other applications, in-
creasing the size of nanoaerosols after a period of time or at a
particular location may be advantageous. Size increase may be
used to halt the columbic cascade of droplet explosions during
electrospray aerosol generation after a certain period of time,
allowing for better control of droplet size and contents. Con-
sidering inhaled therapeutic nanoaerosols, controlling the rate
of size increase may be used to reduce mouth-throat deposi-
tion, ensure full lung retention, and potentially target the site of
deposition (Longest et al. 2009).

Enhanced condensational growth (ECG) offers an effective
method to significantly increase the size of nanoaerosols, poten-
tially on a size selective basis. This process involves the com-
bination of saturated or supersaturated water vapor (or other
vapor species) with a nanoaerosol in a controlled manner. Un-
der supersaturated conditions, the nanoparticles serve as het-
erogeneous nucleation sites and will grow in size due to water
condensation (Friedlander et al. 1994; Hinds 1999). If saturated
water vapor conditions are employed, then cooling is required
to produce supersaturation, which can be accomplished by de-
livering the aerosol stream at a temperature below the humidity
source temperature. Growth can also be obtained at saturated or
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Comparison of standard pressurized metered dose inhaler (pMDI) and nanoparticle delivery performance with the proposed enhanced condensational

growth (ECG) approach. The standard and nanoparticle delivery methods either have high mouth throat (MT) deposition or allow a significant fraction of the
aerosol to be exhaled. In contrast, the ECG approach offers both low MT deposition and full lung retention of the inhaled aerosol. Tracheobronchial (TB) versus
alveolar deposition can potentially be engineered based on the rate of nanoparticle size increase.

subsaturated conditions if the nanoaerosol is hygroscopic (Hinds
1999). Relative humidities of water vapor can approach 400%
before homogeneous nucleation starts to occur (Hinds 1999).

The enlargement of aerosols by condensational growth is
the working principle behind condensational particle counters
(CPCs), as reviewed by McMurry (2000). These and other
aerosol measurement devices create a region of supersaturation
through adiabatic expansion (Pollak 1959), mixing airstreams
of different temperatures (Kousaka et al. 1982; Wang et al.
2002), or using a flow-through tube with a temperature different
from the airstream (Stolzenburg and McMurry 1991; Hering
and Stolzenburg 2005). Traditional CPCs typically used a cold-
walled condenser approach with butanol or a similar gas as
the condensing species (McMurry 2000). Hering and Stolzen-
burg (2005) developed the concept of a water-based conden-
sation particle counter (WCPC) and used a heated and wetted
growth tube design. This study formed the basis for the com-
mercially available TSI 3785 WCPC, which was evaluated by
Petaja et al. (2006), and subsequent WCPC models. Variations
of the WCPC, such as a swirling flow design, have also been
considered (Mordas et al. 2008). These previous studies provide
a wealth of data on the growth of aerosols in supersaturated air
fields. However, the effects of lower relative humidity values
and biologically safe temperatures, which are more practical in
personal aerosol filtration and respiratory drug delivery appli-
cations, on nanoaerosol size increase have not been previously
investigated. Furthermore, the extent to which depletion of the
water vapor by condensation onto the droplets (two-way cou-
pling) (Finlay 1998) will limit size increase is not well under-
stood for non-dilute concentrations of nanoaerosols.

As a specific application, the ECG approach can be applied
to targeted respiratory drug delivery. Current pharmaceutical
inhalers are designed to produce an aerosol with a mass me-
dian aerodynamic diameter (MMAD) of approximately 2—5 um
(Hindle 2004; Smaldone 2006; Longest et al. 2008). As shown
in Figure 1, a significant problem for conventional systems is
that, due to aerosol size, spray momentum, and inertia, signif-
icant aerosol drug deposition occurs in the mouth-throat (MT)
region allowing little drug to enter the tracheobronchial (TB)
and alveolar airways, where it is intended to deposit (Leach et
al. 1998; Cheng et al. 2001; Borgstrom et al. 2006; Longest et
al. 2008). Inhaled nanoparticles in the range of 40-900 nm offer
the advantage of negligible deposition in the MT region (Cheng
2003; Xi and Longest 2008a). However, a significant limita-
tion of this method is low TB (~1%) and alveolar (~30%)
deposition leading to approximately 70% of the aerosol be-
ing exhaled and wasted (Stahlhofen et al. 1989; Cohen et al.
1990; Jaques and Kim 2000; Morawska et al. 2005). This is
the primary reason why pharmaceutical nanoparticle aerosols
have failed to realize their potential for inhaled drug delivery to
the lungs.

Enhanced condensational growth for respiratory drug deliv-
ery is a newly proposed concept that is intended to combine the
drug delivery advantages of both nanoparticles and microme-
ter aerosols. A nanoaerosol containing an active agent (drug or
marker) is initially generated and inhaled past the MT result-
ing in low deposition and loss. The nanoaerosol is delivered
with sufficient water vapor to cause supersaturation and aerosol
growth to micrometer size in the TB and/or alveolar airways,
which facilitates pulmonary retention. As a result, negligible
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MT and near 100% lung deposition is possible. Furthermore,
regional TB or alveolar deposition can be engineered allowing
for drug targeting by controlling the rate of size increase. Fac-
tors affecting the rate of growth include the initial aerosol size,
drug hygroscopicity, and the gas phase conditions of the hu-
midity and aerosol delivery streams (i.e., temperature, relative
humidity, and flow rate).

In this study, the ECG process is characterized in a model
geometry for nanoaerosols with mean diameters of 150, 560,
and 900 nm, using in vitro experiments and numerical model-
ing. Nanoparticles in this size range are difficult to filter and
are a favorable initial dimension for ECG respiratory drug de-
livery. Ideally, a size increase of these aerosols to greater than
2 um would allow for targeted respiratory deposition or a sig-
nificant improvement in filtration efficiency, depending on the
intended application. The experimental system consists of sep-
arate humidified air and aerosol inlets, a condensational growth
zone, and a cascade impactor for outlet size assessments. The
relative humidity (RH), temperature, and flow rate conditions
considered are representative of both respiratory drug delivery
and personal aerosol filtration systems. Exiting aerosol sizes
as functions of initial size, RH, and temperature conditions are
assessed based on both the in vitro experiments and numerical
modeling. The numerical model is then used to further explore
the potential for size increase over different timescales and at
different RH conditions.

METHODS

Model Geometry

To evaluate the feasibility of ECG for respiratory drug deliv-
ery or personal aerosol filtration applications, a simple tubular
geometry was selected as shown in Figure 2. At the geometry
inlet, separate streams of humidified air and nebulized aerosol

/ Aerosol inlet

Humidified
air inlet

Excess
exhaust

Andersen
impactor

FIG. 2. A model of the in vitro geometry used to evaluate the ECG of submi-
crometer aerosols. The condensation growth zone was 29 cm in length, which
is the approximate distance from the mouth to the main bronchi. Mixing of the
aerosol stream with the heated and humidified air produces supersaturation con-
ditions and aerosol growth. Final aerosol mass median aerodynamic diameters
(MMAD) were determined with an Andersen cascade impactor (ACI) at the end
of the condensation growth zone.
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droplets are combined. The humidified air stream enters at a
relative humidity (RH) of 100%, and the amount of entering
water vapor is controlled based on the inlet temperature. The
aerosol enters as submicrometer droplets or particles with a rela-
tively monodisperse distribution. The temperature of the aerosol
stream is below the temperature of the humidified air, resulting
in supersaturated conditions when these two streams are mixed.
The combined humidified air and submicrometer aerosol then
enter a condensational growth zone with a length of 29 cm and
a diameter of 2 cm. The length of the condensational growth
zone is consistent with the distance from the mouth inlet to the
first respiratory bifurcation in an adult male. The diameter of
the growth zone provides a residence time that is approximately
equal to the time required for an inhaled particle to reach the
first respiratory bifurcation (i.e., about 0.2 s). As a result, the
first mixing tee can be considered a first generation mouthpiece
in a respiratory drug delivery application of ECG. Alternatively,
the condensational growth zone is sufficiently short to be in-
cluded in a personal aerosol filtration system. At the outlet of
the condensational growth zone, a second connection tee is used
to route the aerosol for size evaluation in the Andersen cascade
impactor (ACI). For the tubular system of interest, the Reynolds
number range is 500-2170, based on flow rates of 7.5-32.5
L/min (Table 1) and a 2 cm inner diameter. Considering the
presence of 90° bends and the combination of two flow streams,
laminar through mildly turbulent flow conditions are expected
for this range of Reynolds numbers.

Aerosol Generation and Delivery

Nano-sized aqueous-based drug aerosols were generated us-
ing a small particle aerosol generator (SPAG- 6000, ICN Phar-
maceuticals, Costa Mesa, CA). Albuterol sulfate solutions were
nebulized using a series of nebulizer airflow conditions to pro-
duce aerosols with initial mean (SD) measured sizes of 150 (5.5)
nm, 560 (11.4) nm, and 900 (32.7) nm, respectively (Table 1).
The 150 nm aerosol was generated using a 0.1% albuterol sul-
fate in water solution and exited the SPAG with a flow rate of 15
L/min. For the 150 nm aerosol, the flow delivered to the conden-
sational growth tube was reduced to 7.5 L/min, using a negative
pressure line, thus diluting the delivered aerosol. The 560 nm
aerosol was generated using a 0.1% albuterol sulfate in water
solution at a total flow rate of 9.0 L/min. The 900 nm aerosol
was generated using a 0.5% albuterol sulfate in water solution
and was also delivered at a flow rate of 9.0 L/min. Aerosols were
generated for 5, 2.5, and 1 min, respectively, for the 150, 560,
and 900 nm sizes. Aerosols exiting the SPAG drying chamber
were then mixed with the humidified air and entered the 29 cm
condensation growth tube as shown in the schematic diagram of
the experimental setup in Figure 2.

A modified compressed-air-driven humidifier system
(Vapotherm 2000i, Stevensville, MD) was employed to gen-
erate heated saturated and supersaturated air conditions flow-
ing through the tubular geometry at 20 L/min (25 L/min was
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TABLE 1

Experimental flow conditions

Aerosol inlet

Humidified air inlet

Impactor (ACI) inlet®

150 nm

560 nm

900 nm

Q: 15 L/min (250 cm’/s)?
T:20°C
RH: 82.5%

0: 9.0 L/min (150 cm?/s)
T:21°C

RH: 97.5%

0: 9.0 L/min (150 cm’/s)
T:21°C

RH: 97.5%

Q: 25 L/min (416.7 cm’/s)
T: 25, 30, and 39°C

RH: 100% n®: ~ 0 part/cm?

Q: 20 L/min (333.3 cm’/s)
T: 25,30, and 39°C
RH: 100% n: ~ 0 part/cm?

Q: 20 L/min (333.3 cm’/s)
T: 25, 30, and 39°C
RH: 100% n: ~ 0 part/cm’

Q:32.5 L/min (541.7 cm?/s)
n: 6.0x10* part/cm?

0:29.0 L/min (483.3 cm?/s)
n: 1.2x10° part/cm?

0:29.0 L/min (483.3 cm?/s)
n: 2.8x103 part/cm?

“The flow rate of the aerosol inlet was reduced to 7.5 L/min for the 150 nm case prior to entering the condensation growth tube.
> Ambient particle concentration was approximately <100 particle/cm? and considered negligible.

¢All flow exited through the ACI.

employed for the 150 nm aerosol). As shown in Table 1, the hu-
midified air enters the mixing tee with a relative humidity (RH)
of 100% and temperatures of 25, 30, and 39°C. Each successive
increase in temperature holds more water vapor mass at a RH
of 100%. Therefore, mixing with the 20-21°C aerosol stream
is intended to create a higher degree of supersaturation for each
increase in humidified air temperature. The condensation tube
and impactor were maintained at a constant temperature inside
an environmental cabinet (Espec Environmental Cabinet, Grand
Rapids, MI) corresponding to the temperature of the incoming
aerosol mixture (measured at P2 in Figure 2, as determined be-
low). The temperature of the humidified air / aerosol mixture was
measured independently for each set of experimental conditions
prior to the final growth experiments. Following passage through
the condensational growth tube, aerosols were delivered to the
ACI (Graseby-Andersen Inc, Smyrna, GA) for particle sizing.
The aerosol particle concentration was also determined at the
entrance to the cascade impactor, using a condensation particle
counter (CPC 3022A, TSI Inc, Shoreview, MN) sampling at 25
cm’/s.

In separate experiments for each of the cases considered in
Table 1, the temperature and humidity of the humidified air and
aerosol mixture streams at the inlet to the condensational growth
tube were measured. These measurements were performed us-
ing the Humicap Handheld Meter (HMP75B, Vaisala, Helsinki,
Finland) positioned at the mid-plane of the tubing (P1 on Figure
2) and a sheathed Type K thermocouple (Omega Engineering
Corp., Stamford, CT) positioned at the mid-plane of the tubing
(P2 on Figure 2), respectively. The Humicap Handheld Me-
ter has a stated temperature accuracy of +0.2°C (at 20°C) and
40.25°C (at 40°C). It has a RH accuracy of £1.7 % (at 20°C)
and +1.8% (at 40°C) between 90-100% RH. The probe was
factory calibrated using traceable standards and supplied with a
NIST calibration certificate. The probe was housed in a plastic
filter and incorporated a sensor pre-heater, which was employed

to prevent condensation during equilibration prior to measure-
ment and had a response time of 17 s in still air. In all cases,
experimental duration (>30 s) was sufficient to allow equili-
bration of the probes. Particle sizing of these aerosols was not
performed during temperature and humidity measurements due
to possible drug deposition on the probes altering the measured
distribution.

Analysis of Initial and Final Droplet Sizes

The initial aerodynamic particle size distribution of the
aerosol exiting the SPAG drying chamber was determined using
the 10 stage MOUDI operated at 30 & 2 L/min (MSP Corp,
Shoreview, MN), which allowed size fractionation between 50
nm and 10 um. Humidified co-flow air (99% RH) was supplied
to the impactor, which was placed in the environmental cham-
ber and held at constant temperature and humidity conditions
of 25°C and 99% RH. The final aerodynamic particle size dis-
tribution of the aerosol exiting the condensational growth tube
was determined using the ACI operated at 28.3 &£ 2 L/min. The
ACI is preferable for the larger particle sizes observed follow-
ing condensational growth. Similarly, the impactor was placed
in the environmental chamber and held at constant temperature
conditions (as previously described) and at a relative humidity
of 99%. For both the initial and final particle size distributions,
following aerosol generation, washings were collected from the
impaction plates to determine the drug deposition. A 1:1 ad-
mixture (25 mL total) of methanol and de-ionized water was
used, and the solutions were then assayed using a validated
HPLC-UV method for albuterol sulfate. The mass of drug on
each impaction plate was determined and used to calculate both
the initial and final aerodynamic particle size distributions of
the drug aerosols. Aerosol droplet size distributions were re-
ported as albuterol sulfate mass distribution recovered from the
impactor. The mass median aerodynamic diameter (MMAD)
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was defined as the particle size at the 50th percentile on a
cumulative percent mass undersize distribution (D50) using
linear interpolation. Five replicates of each experiment were
performed. Statistical comparisons were made using a paired
t-test, comparing the initial MMAD with that obtained fol-
lowing exposure to enhanced condensational growth condi-
tions. Significance was assessed at P < 0.01 using a two-
tailed test.

Numerical Model of Droplet Size Change

A numerical model of evaporation and condensation for a
single droplet was developed, based on the governing equations
of heat and mass conservation (Ferron 1977; Hinds 1999). Cou-
pling between the heat and mass transport was included such that
droplet temperature increased during condensation due to the la-
tent heat of water vapor. A rapid mixing model (RMM) approach
was employed, which assumes that concentrations and temper-
atures within the droplet are constant with negligible gradients
compared with much larger gradients outside of the droplet.
The RMM approach was previously validated for application to
respiratory aerosols by Longest and Kleinstreuer (2005). The
governing differential equations for multi-component droplet
evaporation and condensation used in this study were reported
in detail by Longest and Xi (2008).

Non-continuum effects on the heat and mass transfer of the
nanoaerosol were accounted for using the Knudsen correlations
given by Fuchs and Sutugin (1970) and Finlay (2001). The
temperature-dependent saturation pressure of water vapor on
the droplet surface was determined from the Antoine equation.
This saturation pressure was modified for hygroscopic effects
with an experimentally determined activity coefficient for al-
buterol sulfate. Individual activity coefficients were measured
for albuterol sulfate mass fractions ranging from 0.005 to 0.28.
The resulting data was fit to a multi-component form of Raoult’s
law (Hinds 1999), resulting in a van’t Hoff factor of i = 0.865.
The influence of the Kelvin effect on droplet surface concen-
trations of water vapor was also included, which increases as
droplet size decreases below approximately 1 um. The resulting
increase in surface vapor pressure will reduce the potential for
condensation and increase the potential for evaporation at a
given RH condition. As a result, condensation may not occur
or may be reduced as a function of droplet size even for super-
saturated relative humidity conditions. Based on particle size,
slip velocities were neglected and the Nusselt and Sherwood
numbers were approximated with diffusional estimates (Clift
et al. 1978). The resulting coupled governing equations for
droplet heat and mass transfer were solved using a variable time-
step accuracy-controlled coupled differential equation solver in
the numerical package MathCAD 13 (Mathsoft Apps.). Reduc-
ing the accuracy control limit by an order of magnitude had a
negligible (less than 1%) effect on the final predicted aerosol
diameters.
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RESULTS

In Vitro Evaluation of Aerosol Growth

Relatively monodisperse nanoaerosols from an albuterol sul-
fate solution (0.1% or 0.5% w/v) were generated using the
SPAG. In addition to particle size, humidified air and aerosol
inlet conditions were adjusted as specified in Table 1. Initial
drug aerosol particle size distributions were determined as the
aerosol exited the SPAG drying tube with MMADs and standard
deviations (SD) shown in Table 2. Final drug aerosol MMADs
following passage through the condensation growth tube were
similarly determined and are also shown in Table 2, along with
SD values, based on a minimum of five replicates. In each case,
the humidified inlet air was at saturated conditions (RH = 100%
£ 1.8%). For a saturated air inlet temperature of 25°C, signif-
icant size change is observed with the 150 nm aerosol (P <
0.01 paired t-test), but diminishing changes occur for the 560
and 900 nm droplets (Table 2; P > 0.01 paired t-test). Con-
sidering a humidified air inlet temperature of 30°C, significant
size increases are observed for each of the three initial aerosol
diameters measured. At this temperature, all three size groups
increase to 1000 nm (1.0 wm) or above, which can significantly
improve filtering efficiency. In addition, the initially 560 and
900 nm droplets increase in diameter to above 2000 nm (2 um),
which will improve lung retention to near 100% (Heyder et al.
1986; Stahlhofen et al. 1989) and can potentially be used for
targeted lung deposition. Increasing the air inlet temperature to
39°C results in more available water mass for condensation and
further increases in aerosol growth. However, the percentage of
size increase associated with increasing the temperature from 30
to 39°C is relatively small, compared with the previous temper-
ature increase. This diminished return on final aerosol size, as
temperature is increased, may be due to either (i) an increased
loss of water mass on the tube walls due to higher RH values or
(if) a limit in particle size increase resulting from the available
amount of water vapor.

Considering the effect of initial size, a significant increase
in final diameter is associated with increasing the original size

TABLE 2
Final droplet mass median aerodynamic diameter (MMAD)
based on the in vitro ACI measurements. Standard deviation
values based on a minimum of five replicates for each case are
reported in parentheses. Estimated initial mass fractions of
albuterol sulfate in the 150, 560, and 900 nm droplets were
100%, 31%, and 49%, respectively

Final MMAD at specified inlet temperature

Initial size 25°C 30°C 39°C

150 nm (5.5) 432 nm* (54) 988 nm* (58) 1228 nm* (79)
560 nm (11.4) 610 nm (37) 2256 nm* (168) 2664 nm* (129)
900 nm (32.7) 1158 nm (145) 2240 nm* (116) 2630 nm* (86)

*P < 0.01 paired t-test compared to initial size.
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TABLE 3
Numerical predictions of final aerosol size and potential for two-way coupling during aerosol growth. Based on the experiments,
the numerical model assumed the initial mass fractions of albuterol sulfate in the 150, 560, and 900 nm aerosols were 100%,
31%, and 49%, respectively

Initial aerosol ~ Humidified air  Numerical prediction of

Percent error for

¢ (Significant growth  y(Two way coupling

size (nm) inlet temp. (°C)  final aerosol size (nm)  predicted size (%) if £ > 0.3)? if y >0.1)°
150 25 160 63 30287 1.3E-6
30 180 82 28196 1.5E-6
39 1290 5 71 6.7E-3
560 25 880 44 37 0.027
30 1620 28 13 0.15¢
39 3120 17 18 0.21°¢
900 25 1510 30 21 0.12¢
30 2040 9 12 0.30¢
39 3330 26 16 0.40°

“Importance of size change if the aerosol were treated as a single droplet (Finlay 1998).
®Mass of droplets divided by mass of vapor per unit volume (Finlay 1998).
“Two-way coupling predicted based on y greater than or equal to approximately 0.1.

from 150 to 560 nm (Table 2). In contrast, the final aerosol size
is similar between the 560 and 900 nm initial diameter cases for
each of the three inlet temperatures. The Kelvin effect, which
increases the partial pressure of water vapor on the surface of
nanodroplets as the size is reduced (Finlay 2001), may be a
limiting factor in the amount of size increase associated with
the 150 nm aerosol. However, for larger initial particles (560
and 900 nm), the ECG process appears to produce final aerosol
diameters that are not highly dependent on the initial size for
each inlet temperature condition.

Numerical Predictions of Aerosol Growth

Bulk temperature and relative humidity conditions were es-
timated as mass-flow-rate-weighted averages of the aerosol and
humidified air inlet conditions (Table 1). This approach assumes
that the aerosol and humidified streams are fully mixed at the
start of the condensational growth zone. The resulting relative
humidity conditions for saturated air inlet temperatures of 25,
30, and 39°C were approximately 99.8, 101, and 104%, respec-
tively. The numerical model accounted for the Kelvin and Fuchs
effects, the concentration dependent activity coefficients, and
the coupling between droplet heat and mass transfer. However,
condensation growth in this model was not limited by depletion
of the water-vapor in the continuous phase (i.e., the bulk temper-
ature and humidity were held constant). Numerical predictions
of final droplet size based on a calculated residence time in the
condensation growth zone of 0.17-0.19 s (Table 1) are presented
in Table 3, along with percent errors in comparison with the in
vitro results. Relative percent errors are calculated as

experimental value — numerical value
lexp va 4 v uI><1OO. [1]

experimental value

The model predictions are in agreement with the in vitro mea-
surements in some cases, with relative percent errors below 5%.
However, the model predictions do not agree with the experi-
ments in other cases, with a maximum error of approximately
80%. In general, the model results under predict the growth of
the initial 150 nm aerosol and over predict the growth of the
560 and 900 nm droplets. Initial mass fractions of albuterol sul-
fate in the 150, 560, and 900 nm droplets were estimated to
be 100%, 31%, and 49%, respectively. Under prediction of the
150 nm, aerosol final size may be associated with limitations in
the correlation used to predict the surface activity coefficient at
high mass fractions of albuterol sulfate. For the initially larger
sizes, over predictions of the final MMAD, in some cases, may
be due to depletion of the water vapor available for continued
growth. This, and other factors, are not considered in the model.
The effect of size change in the droplet phase on the amount of
available water vapor is referred to as two-way coupling.

In order to evaluate the effects of two-way coupling on the
final droplet size, the analytical analysis of Finlay (1998) was ap-
plied. Briefly, Finlay (1998) defined the non-dimensional num-
ber ¢ as the ratio of added mass to existing droplet mass, which
is large (>0.3) if the size change is significant. A second pa-
rameter, y, represents the ratio of particle mass to the mass
available for condensation until equilibrium is reached. A value
of y greater than approximately 0.1 indicates that two-way cou-
pling is significant, and a value greater than approximately 3.0
indicates that condensational growth is not possible due to high
aerosol concentrations. Considering these non-dimensional pa-
rameters applied to the initial aerosol sizes (150, 560, and 900
nm), growth is expected to be significant, and two-way coupling
is not expected. In Table 3, ¢ and y values are reported based on
the final predicted droplet sizes and experimentally determined
outlet number concentrations of 6 x 104, 1.2 x 10°, and 2.8 x



ENHANCED CONDENS

(a) Initial 150 nm aerosol

10 0
[ . T =25°C

I . Tinlel =30 UC
8 _ D Tinlel =39 OC

—

6_
'Do i
5

4._

2F

Exp. Num. Exp. Num. Exp. Num.

(c) Initial 900 nm aerosol

10 o
. Tunlel =25°C

- . Tur\lel = 30 UC
8 I:l Tt =39°C

drd,

4+

ATIONAL GROWTH 479
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FIG. 3. Comparison of experimental measurements and numerically predicted growth ratios of final to initial aerosol diameters (d/d,) at three humidified air
inlet temperatures for initial sizes of (a) 150 nm, (b) 560 nm, and (c) 900 nm with initial albuterol sulfate mass fractions of 100%, 31%, and 49%, respectively.
In vitro error bars represent +/— one standard deviation (SD) of the experimental data. Inaccuracies in the numerical predictions for the 150 nm aerosol case may
be due to limitations of the correlation used to predict the surface activity coefficient at higher mass fractions of drug. For most other cases, the numerical model

provides a reasonable estimate of the growth ratio.

10° part/cm3 for the 150, 560, and 900 nm aerosols, respectively.
Considering the ¢ parameter, size change is expected to be large
for all cases. However, the mass of available water vapor (y)
indicates that two-way coupling may occur for the two larger
aerosol sizes evaluated at most inlet temperatures. Moreover,
the coupling is expected to be strongest for the cases with the
largest final size (i.e., initial diameters of 560 and 900 nm and
an inlet temperature of 39°C).

Although y values above 0.1 are observed for the two larger
aerosol sizes, two-way coupling cannot fully explain the ob-
served differences between the numerical predictions and ex-
perimental results. If two-way coupling was the primary factor
controlling these differences, then the model should over predict
growth in all cases in a manner proportional to the size of y.
Comparisons between Tables 2 and 3 indicate that this is not the
case. Specifically, at 30°C, the growth of the two larger aerosol
sizes (560 and 900 nm) is under predicted. In contrast, at 39°C,
the numerical model over predicts the final aerosol size, which

is consistent with two-way coupling. This data suggests that
multiple factors, in addition to two-way coupling, may produce
differences between the experimental and modeling results. Ad-
ditional factors that may influence the rate of growth include:
loss of water vapor on the growth tube wall, incomplete mixing,
and experimental uncertainties in the temperature and humidity
measurements. Two-way coupling is most likely to have a mild
to moderate influence on the growth, which is strongest for the
larger aerosols and higher temperatures (i.e., larger y values)
considered.

A comparison of experimentally determined and numerically
predicted final to initial diameter growth ratios (d/d,) is pre-
sented in Figure 3. The numerical model provides a reasonable
approximation of the experimentally observed growth ratios.
However, large differences remain between the numerical pre-
dictions and experimental data for the initial 150 nm size at
inlet temperatures of 25 and 30°C. As indicated, this may be the
result of limited activity coefficient data for highly concentrated
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FIG. 4. Numerical predictions of growth ratios (d/d,) over a 1 s period for a range of RH values (99.5-104%), body temperature conditions (Tpoay = 37°C),
and initial aerosol sizes of (a) 560 nm and (b) 900 nm. Relatively minor changes in the RH condition result in large changes in the rate of aerosol growth and the
final size achieved. As a result, ECG appears to be an effective method for changing the size of an aerosol after inhalation, thereby nearly eliminating mouth-throat

deposition and ensuring full lung retention.

albuterol sulfate aerosols. Considering the cases where coupling
is expected (the 560 nm aerosol with T, = 39°C and the 900
nm aerosol with Tjye = 30 and 39°C), relatively little differ-
ence is observed between the numerical model predictions and
the experimental data. As a result, it is concluded that two-way
coupling (which is absent in the numerical model) does not sig-
nificantly limit particle growth in the system of interest. Based
on the percent errors reported in Table 3, this limitation appears
to be 30% or less. Growth ratios are largest for the highest inlet
temperature considered Ty = 39°C. Under this condition, the
growth ratios for the 150, 560, and 900 nm initial aerosol sizes
are approximately 8, 4, and 3, respectively.

Potential for Continued Aerosol Growth

An advantage of the numerical model is that conditions can
be adjusted to predict growth under different scenarios. The ef-
fect of RH on aerosol growth at a bulk air temperature of 37°C,
consistent with the temperature of the respiratory airways, for
two initial aerosol sizes is shown in Figure 4. The time interval
for aerosol growth has been extended from the residence time
in the in vitro model (approximately 0.17-0.19 s) to an approx-
imate time period of one inhalation cycle (approximately 1 s).
Considering the unaltered relative humidity of the respiratory
tract to be 99.5% (Ferron 1977), little growth is observed, which
arises from hygroscopic effects of the dissolved albuterol sul-
fate. In contrast, saturated and supersaturated conditions, up to
a RH of 104%, result in growth ratios that range from approxi-
mately 2 to 14 for the 560 nm aerosol and 2 to 8 for the 900 nm
aerosol. These values are expected to be overestimates of actual
growth due to the omission of both two-way coupling effects and

vapor loss on the tube wall or in the respiratory tract. However,
these estimates indicate the approximate scale and time history
of growth that can be obtained within the time period of one
respiratory inhalation cycle. Furthermore, these values become
more accurate for decreased aerosol number concentrations, as
with environmental aerosols or therapeutic aerosols delivered
over a longer exposure period.

DISCUSSION

In this study, the effects of initial nanoaerosol size and inlet
conditions on condensational aerosol growth were evaluated for
temperatures and humidities appropriate for efficient low-power
aerosol filtration or respiratory drug delivery. Factors limiting
aerosol growth were identified as the residence time in the con-
densation growth zone, the Kelvin effect, two-way coupling, and
some condensation adhering to the growth tube walls. Still, sig-
nificant growth was observed for the initial nanoaerosol droplets
and the relatively low temperatures considered. Growth above
1000 nm occurred for a saturated inlet temperature of 30°C and
all initial aerosol sizes. Growth near 3000 nm was observed
in some cases for an inlet temperature of 39°C, which is only
2°C above standard body temperature. As a result, ECG appears
feasible for targeted respiratory drug delivery and as a method
to significantly improve the filtration of nanoaerosols without
increasing pressure losses. Interestingly, the two larger initial
aerosol sizes grew to similar mean diameters for each inlet tem-
perature considered. It can be concluded that above a certain
lower size limit, the ECG process will result in a larger aerosol
with a mean size controlled by the applied temperature and hu-
midity conditions. The lower size limit, below which aerosols
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undergo reduced growth, may be controlled by the Kelvin effect,
applied temperature and RH conditions, and available exposure
time.

The results of this study indicate that ECG, at the relatively
low temperatures and humidities considered, may significantly
improve respiratory drug delivery of nanoparticle aerosols, the
therapeutic potential of which has yet to be fully realized. The
initial aerosol sizes considered in this study are known to have
negligible deposition in the MT and in a more general extratho-
racic region that includes the nasal airways (Cheng 2003; Xi
and Longest 2008a; Xi and Longest 2008b). Borgstrom et al.
(2006) reported that in addition to minimizing drug loss and
side effects, reduced MT deposition can significantly reduce
variability in lung deposition, making inter- and intra-subject
dosing more consistent. As shown in Longest and Xi (2008),
the inhalation of saturated air several degrees above body tem-
perature can increase the RH of the airways to supersaturated
conditions. Furthermore, the generation and delivery of a warm
saturated airstream is not technically challenging (Larsson et al.
2000) and not harmful to the patient (Branson et al. 1993). In-
creasing the size of respiratory aerosols to 2 um and above will
ensure lung deposition in most cases (Stahlhofen et al. 1989).

A primary concern with the enhanced condensational growth
approach applied to respiratory drug delivery is that aerosol
number concentration will significantly limit size growth due to
two-way coupling. The numerical model results of this study in-
dicate that two-way coupling may be a factor even in the growth
of nanoaerosols. Nevertheless, the desired size increases for ef-
fective respiratory drug delivery were observed both experimen-
tally and numerically at concentrations consistent with clinical
aerosol generation systems (1 —5 x 10°part/cm?). Large aerosol
growth ratios, like those illustrated in Figure 4, can potentially
be used to target deposition to specific regions of the lungs.
However, lower particle concentrations and higher RH values
than those used in the in vitro experiments may be required to
achieve the growth ratios reported over 1 s in Figure 4. Based
on these findings, further development and optimization of the
ECG respiratory drug delivery concept will include evaluation
in a more complex respiratory geometry, optimization for in vivo
airways and boundary conditions, and animal model testing.

The simple model of droplet growth employed in this study
provided a reasonable estimate of the trend in size increase.
Considering the 150 nm aerosol, differences between model
predictions and experimental results are most likely due to lim-
itations in the correlation used to predict the surface activity
coefficient at high mass fractions of albuterol sulfate. For the
560 and 900 nm cases, nondimensional analysis indicates that
two-way coupling may be partially responsible for over predic-
tions of aerosol size in some cases. However, other factors not
included in the model, as well as experimental uncertainties, are
also likely responsible for differences between the experimen-
tal results and numerical calculations. Considering the experi-
ments, accurate humidity measurements near 100% are known
to be difficult with an expected inaccuracy of +1.8% for the
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instrument that was used. Factors not considered in the numer-
ical model include incomplete mixing of the airstreams, some
loss of water vapor on the growth tube walls, and thermal cou-
pling. The experimental geometry employed a standard mixing
tee design (Figure 2) and had a maximum Reynolds number of
2170, indicating some transition to turbulence near the mixing
region with likely relaminarization through the tube. However,
this un-optimized combination of the flow streams and primar-
ily laminar conditions likely result in incomplete mixing of
the humidified air and aerosol. Therefore, the bulk fully mixed
properties used in the simple isolated droplet model may have
been inaccurate for predicting total growth compared with the
experiments. Furthermore, incomplete mixing means that a tem-
perature gradient exists across the flow field and across the tube
wall. In the experiments, the measured centerline temperature at
the mixing tee outlet was used to set the temperature of the cab-
inet and control the wall conditions. However, local differences
from this centerline temperature, due to incomplete mixing, re-
sulted in some condensation onto the walls of the growth tube.
This loss of vapor mass reduced the experimentally observed
outlet aerosol size. Finally, the two-way coupling analysis only
considered the effect of available vapor mass. Thermal two-way
coupling can also occur, in which condensation onto the aerosol
increases the bulk air temperature, thereby reducing the relative
humidity and potential for further condensation. Based on the
simple one-dimensional droplet model employed in this study,
it is not practical to isolate the relative contributions of each of
these factors. Instead, further investigation of this system, using
a computational fluid dynamics (CFD) approach that can resolve
airstream mixing, turbulence, wall conditions, and mass/thermal
two-way coupling is needed.

In addition to enhanced respiratory drug delivery, results of
this study illustrate the potential of ECG for improving filtering
efficiency and developing systems for the sorting and separation
of nanoaerosols at relatively low temperatures and supersatura-
tion values. As discussed, increasing the size of nanoaerosols
to above 1 um can greatly improve filtering effectiveness with-
out increasing flow rates and pressure losses. This concept has
previously been suggested to improve the performance of wet
scrubbers and impactors, using high temperature steam injection
or large temperature differences on the order of 40°C or more
(Lui et al. 1993; Sun et al. 1994; Sioutas and Koutrakis 1996).
However, the current study is the first to illustrate the growth of
nanoaerosols at relatively low temperature differences, which
require less energy to improve filtration and for temperatures
that can be tolerated for direct inhalation. Considering the sepa-
ration of nanoaerosols from a polydisperse distribution, the ECG
approach can be used to increase the size of droplets above what
appears to be a Kelvin limit. These larger micrometer aerosols
can then be easily filtered and removed using conventional
impaction, leaving only the nanoaerosol fraction. The Kelvin
limit, below which size increase is diminished, can be con-
trolled as a function of the condensing vapor species surface ten-
sion, RH conditions, and exposure time. Further numerical and
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experimental studies are needed to better develop the ECG pro-
cess for improved particle removal, particle sorting, and other
applications. However, results of the current study indicate that
the ECG process is an effective mechanism for significantly
increasing the size of nanoaerosols at relatively low temper-
atures and realistic particle concentrations that can be applied
when nanoaerosol size is either detrimental or when droplet size
needs to be modified as a function of time or location.
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