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ABSTRACT

Hygroscopicity is one of the most important physicochemical properties for nanoparticle science and engineering.
Hygroscopicity determines the ability of a particle to swell or contract in the presence of water vapor. The hygroscopicity
for organic aerosol is a known function of the solute molar volume. This is particularly true for low-molecular weight (<
200 g mol") organic compounds used for drug delivery. In this work, four commonly used biodegradable hydrophilic
compounds, mannitol, lactose, gelatin and polyethylene glycol are measured with a fast and unique hygroscopicity-cloud
condensation nuclei activation technique. Flory-Huggins Kohler theory is used to estimate the single parameter
hygroscopicity. Results show that for the high molecular weight compounds, a water-polymer interaction parameter must
also be considered and the water-polymer interaction parameter for nanoparticles can be determined in the supersaturated
regime. The water affinity becomes essential to nanoparticle hygroscopicity, and the organic molar volume contribution
starts to decrease as the molecular weight increases. Furthermore, we provide a new size-dependent parameterization for
hygroscopicity of polymers. In summary, the water affinity of the interaction parameter can be measured for nano-particles

and plays an important role of the water uptake of organic nano-particles.
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1. INTRODUCTION

Organic aerosol is ubiquitous and regularly breathed in by the human body. Indeed, organic
particles can contribute up to 30%-80% of the atmospheric acrosol mass burden (Zhang et al. 2007)
and can comprise of short dicarboxylic acids to long polymeric chains (Kalberer et al. 2004).
Additionally, organic nano-particles are intentionally produced and inhaled for aerosol therapy
(Muralidharan et al. 2015; Azarmi et al. 2008; Gill et al. 2007; Agnihotri et al. 2004; Malcolmson
and Embleton 1998). The health effects of inhaled particles depends on the deposition in the
respiratory system; the final particle deposition is controlled by particle size (Gill et al. 2007;
Malcolmson and Embleton 1998). These particles might not stay at nano-size but likely up-take
water and grow to larger particles after exposure to high relative humidity in the respiratory system
(Kim et al. 2013; Shelly et al. 1988). Larger particles have greater gravitational settling and
impaction; thus affecting the drug delivery efficiency or potentially causing unwanted health
effects (Vu et al. 2015; Longest and Hindle 2012; Longest et al. 2011; Hindle and Longest 2010;
Broday and Georgopoulos 2001). Longest and Hindle, 2012 proposed that nanoparticle enhanced
condensational growth (ECG) could reduce the number of exhaled particles and increase the
deposition efficiency of drug particles in respiratory tract. Longest and Hindle, 2012 used a non-
hygroscopic drug, budesonide, and hygroscopic excipient mimics (sodium chloride, citric acid and
mannitol) in the study. The ECG simulations showed that larger wet particles can be ~ 3 to 4 times
greater than the initial dry particle diameter and the ability of modeled inhaled organic
nanoparticles to swell was governed by aerosol size and hygroscopicity (Longest and Hindle 2012).
Hence an improved understanding and measurement of aerosol water-uptake is needed to predict

inhaled particle deposition.

Hygroscopicity is related to but different than solubility (Sullivan et al. 2009). It is an
important property in aerosol science, applied to predict aerosol droplet formation (Man et al. 2008)
and drug efficiencies in pharmaceutical science (Anbarasan et al. 2018; Visalakshi et al. 2005).
Hygroscopicity can be measured with bulk and nano-scale measurements. However, the
experimental methods to measure hygroscopicity differs vastly between nano and macro scales
(Tang et al. 2019). Bulk (macro-scale) hygroscopicity measurements require significant amounts
of substance (~milligrams) and are usually measured by gravimetric sorption methods that weigh
the mass difference before and after the water sorption (Anbarasan et al. 2018; Weinmiiller et al.

2006; Visalakshi et al. 2005). Several aerosol, particularly nanoparticle, methods exist and have
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been recently reviewed (Tang et al. 2019). One of the most versatile methods to estimate
hygroscopicity exposes particles to supersaturated water humidities using a Cloud Condensation
Nuclei counter (CCNc) [e.g., but not limited to CCN (Vu et al. 2019; Kumar et al. 2009; Dinar et
al. 2008; Petters and Kreidenweis 2007)]. Bulk and nano-scale methods produce different
hygroscopicity estimates; the total surface area of nanoparticles can be larger than bulk substances
and the water vapor liquid equilibrium occurs on significantly different time scales. Furthermore,
as water vapor condenses on nanoparticle seeds, the concentration of solute at equilibrium could
be much more dilute than the equilibrium concentration of a bulk scale experiment. Indeed, the
mechanism of nano-particle enhanced condensation growth in human respiratory system parallels
that of nano-particle hygroscopic growth in the atmosphere. Thus single-parameter hygroscopicity
estimates proposed for atmospheric nano-particles (Petters and Kreidenweis 2007) may be applied

to predict the final droplet size of inhaled nano-particles.

The hygroscopicity of water-soluble inorganic materials behaves ideally and the water
activity of dilute droplets can be approximated with Raoult’s law and Kdohler theory (Sullivan et
al. 2009; Petters and Kreidenweis 2007). Hence the derived thermodynamic hygroscopicity is
simply the ratio of the molecular volume of the solute to water, multiplied with the van’t Hoff
disassociation coefficient (Sullivan et al. 2009). However, organic interactions with water can be
non-ideal. The predicted hygroscopicity derived from Raoult’s-Kohler theory deviates from
measurements as the molecular weight of the solute surpasses 300 g mol™!. This is particularly true

for large molecular weight organic polymers (Petters et al. 2009).

Polymer nanoparticles are common drug delivery materials (Muralidharan et al. 2015;
Azarmi et al. 2008) and are also formed in the atmosphere (Kalberer et al. 2004). Thus, there exists
thermodynamic theory to account for the polymeric water-uptake of nanoparticles (Petters et al.
2006; Petters et al. 2009). To account for polymer nano-particle behavior in a solvent, previous
work by Petters et al. 2006 combined the water activity from Flory-Huggins theory with Kdhler
theory to predict the final wet droplet size of organic particles. Flory-Huggins theory (Flory 1942)
assumes the interaction parameter is independent of organic volume fraction if the solvent readily
dissolves the solute. Petters et al. 2006 applied the model of Wolf et al. (2003) into Flory Huggins-
Kohler (FHK) theory, transforming the interaction parameter as a function of volume fraction and

three additional fitted parameters. FHK theory (Petters et al. 2006) also assumes that the molar



volume of the solute approaches infinity, the contribution of the molecular weight is negligible

and the water polymer interaction defined by three fitted parameters dominates.

The water polymer interaction parameter has been previously measured with bulk
gravimetric sorption techniques (Weinmiiller et al. 2006; Karimi et al. 2005). However as with
hygroscopicity measurements, the equilibrium concentration and water polymer interactions
derived from bulk measurements do not account for sphericity assumptions at nano-scales (Tang
et al. 2019). The equilibrium water uptake on a nanoparticle is large; the wet particle diameter can
be 10 to 100 times greater than the dry particle diameter thus forming a dilute solution. Conversely,
for macro-scale measurements water absorbs on the surface of the material. Visalakshi et al. 2005
measured the water uptake behavior of 0.1g of different antituberculosis drugs by a gravimetric
method; the water content was sub-saturated and ranged from 2% to 55% at high relative humidity
(~93%). For polymer hydrogels, Weinmiiller et al. 2006 used water vapor sorption method with
hydrogel layer 1 to 3 um, and the sorption water activity ranged from 0.077 to 0.85. Again, Flory-
Huggins theory assumes the interaction parameter is constant for very dilute solutions. Hence the
Flory-Huggins theory assumption may be inadequate for bulk hygroscopic estimates but

appropriate for hydrophilic substances at nano-scale.

Four common hydrophilic organic inhalable drug delivery materials are experimentally
tested in this study with atmospheric CCN activation measurement and modelling techniques.
Mannitol, lactose, gelatin and polyethylene glycol (PEG) have significantly different molecular
weights (182, 342, ~75000, and ~100000 g mol!, respectively; see Table 1). The range in
properties will be used to examine and derive physical meaning to the relationship of nano-particle
hygroscopicity and the water-interaction parameter. Furthermore, experimental results will be

compared to a combination of existing theory, explicit and empirical droplet models.

2. MATERIALS AND METHOD

Dry nanoparticles particles were generated from atomized organic solutions. Specifically, 0.01g
of mannitol (Sigma Aldrich, 99+), lactose (Sigma Aldrich, 99+), gelatin (Sigma Aldrich, Type A,
BioReagent, powder, gel strength ~300g ), and polyethylene glycol (PEG, also known as
polyethylene oxide, PEO, Sigma Aldrich, quality level 200, powder), were dissolved into 250 ml
of ultra-purified water (Milipore® 18MQ). Additional properties of these compounds are

presented in Table 1. A Collison type atomizer then generated wet droplets from the solution. The
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droplets were subsequently heated to 100°C via a heated coil and dried via a silicon dryer. The
relative humidity after the silicon dryer has been measured and is than 5% RH. The dry poly-
disperse ultrafine aerosols are then sampled at 0.8 liter per minute with a scanning mobility particle
sizer (SMPS). The SMPS consists of an Electrostatic Classifier, Differential Mobility Analyzer
(TSI DMA 3080) and Condensation Particle Counter (TSI CPC 3776). The DMA size selects the
poly-dispersed dry aerosols by electrical mobility and produces mono-dispersed aerosols. The
mono-disperse aerosols were then split into the CPC and Cloud Condensation Nuclei Counter (TSI
CCNC-100 )(Roberts and Nenes 2005) with a 0.3 liter per minute and a flowrate 0.5 liter per
minute flowrate, respectively, to analyze the CCN activity. The total particle concentration (CN)
is counted by the CPC and the concentration of particles that form droplets at a selected size and
constant supersaturation (CCN) is counted by the CCNC. The ratio of the CCN to CN is computed
with Scanning Mobility CCN Analysis Method (SMCA) (Moore et al. 2010) and a critical diameter
(Dc) is computed. The CCN to CN ratio is a normalized value and particles of the same
composition will activate the same regardless of number concentration. Furthermore, we generate
particles to maintain good counting statistics (above 50 particles per cm®) and below limits where
water depletion effects may occur (less than 10,000 particles per cm® (Fofie et al. 2018; Lathem
and Nenes 2011). For a given constant supersaturation, s, and compound, the experiment is
repeated four times. By measuring the CCN/CN ratio at several different supersaturations,
supersaturation and dry diameter (s-D.) data is obtained. The supersaturation is then varied from

0.2% to 1.2%. (s-D.) measurements are required to calculate nanoparticle hygroscopicity.



Table 1: Nano-particle Properties of Compounds used in this study

Van’t
Molecular Molar
. Density ~ Hoff
Compound Name Formula Classification Weight Volume
[kgm?3]  Factor
[kg mol'x1073] [ m? mol "]
Ammonium .
(NH4)2S04 Inorganic Salt 132.142 74.70 1769* 2.5
Sulfate
Mannitol CeH1406 Polyol 182.17% 113.85 1600° 1
Lactose Ci2H2:011 Disaccharide 342.32 222.27 1540¢ 1
Gelatin C10H15039N31 Polymer ~75000b 55555.5 1350¢ 1
Polyethylene
CanHan204p+1 Polymer ~100000° 89285.7 1120f 1
Glycol (PEG)

2 PubChem data base.https://pubchem.ncbi.nlm.nih.gov/ ® Provided from Manufacturer, Sigma Aldrich.® Predicted
data is generated using the ACD/Labs Percepta Platform - PhysChem Module ¢ dfepharma.com ¢ Average value

from http://nitta-gelatin.com/ f from https://www.chemsrc.com/

3. THEORY AND CALCULATIONS
Droplet formation is a function of S and can be can be described with Kohler theory (Kohler 1936)

as follows:
A
S = ayexp (3) (1)

where a,, is the water activity of the solution and D is the wet diameter of the droplet. 4 is a

coefficient related to the droplet properties and equals

__ 4AMy0y

"~ RTpw (2
where M,, is the molecular weight of water, R is the gas constant, T is the temperature and p,, is
the density of water. gy, is the surface tension of the droplet which is assumed to be the same as
pure water. Although solute dissolves in the solution, the droplet is assumed to be dilute and have

the properties of pure water.

For the simple Kohler theory (Kohler 1936), a,, is approximated by Raoult’s law and is equal to

the molar fraction of water, x,,. Henceforth, we refer to this model as Raoult-Kohler (RK) theory,


http://nitta-gelatin.com/

as introduced by Petters and Kreidenweis in 2007. For organic polymers in RK theory, the van’t
Hoff coefficient, i = 1 and the single-parameter hygroscopicity, « is the ratio of the molecular
volume of water and the molecular volume of solute (Sullivan et al. 2009). If saturation, S, and
particle diameter, D. are experimentally known, x- hygroscopicity with RK assumptions is

determined from experimental data as follows (Petters and Kreidenweis 2007):

443
KRk = 2rnin sy )
Flory-Huggins-Kohler (FHK) theory expands RK to account for polymer behavior (Petters et al.
2006, 2009) (see Appendix) such that:

S=1-@)expl(1—-F)p + xp*]exp (%) (4)

where ¢ is the volume fraction of the polymer, F is the reciprocal of the chain segments of the
polymer equal to the ratio of the molecular volume of water and the solute and y is the Flory-
Huggins interaction parameter. The interaction parameter, y is related to the solubility of the solute
and solvent. The droplet will separate into two phases if the interaction parameter is larger than
0.5. The solvent is considered a good solvent if the interaction parameter is smaller than 0.5. The
interaction parameter for a given solute is often unknown and it is assumed constant. Furthermore,
water is assumed to dissolve the solute and is thus assumed to be a good solvent in droplet studies.
x 1s obtained from the curve fittings of the (s-Dc) data. Equation 5 is combined with the single-
parameter hygroscopicity, x (Petters and Kreidenweis 2007) in Eq. 4, and the term for Flory-

Huggins-Kohler hygroscopicity, xrux, is as follows:

1
(1-¢) exp[(1-Fo+xp?]

| ®

1-¢
KFHK - 7 [_1 +

Equation 6 accounts for entropic and enthalpic changes of polymers in droplet solutions.
Specifically, the first term in the exponent [(1-F)¢] relates to the entropic disorder of the molecules
mixing and particle sizes that relate to the processes of mixing. The second term in the exponent
[x¢?] is the enthalpy term and molecular interactions are represented by the interaction parameter.

The above equation can be simplified (see Appendix) such that,

Kruk-s = —(X —0.5)@ + F (6)



where Kpyk_s 18 the simplified hygroscopicity. The thermodynamic interpretation is more explicit
in the simplified equation; In Eq. 7, the hygroscopicity is the ratio of the molecular volume of
water and the solute, adjusted by the water affinity-the interaction parameter, and is a combination
of the entropy and enthalpy terms. This shows that the hygroscopicity depends not only on the
molar volume now but also the molecular interaction. Notice that when ) equals to zero, the ideal
solution formed and the hygroscopicity is purely entropic controlled by the polymer model. For
the non-polymer chemical, this entropy model may not be applicable. With the x as a degree of
freedom, the deviation from an inaccurate model may be included into x and cause X to be highly

negative.

If the saturation increases for a given nano-polymer, there exists a critical polymer volume fraction,
@, at the point of droplet activation. ¢, is determined from the derivative of saturation to volume

fraction equal to zero:

Pc = (—6x¥)_3/5 (7

Thus, the simplified, Flory-Huggins-Kohler hygroscopicity xrrks can be predicted from

experimental parameters as follows:

D—d)_3/5 +F (8

Kpux—s = —(x — 0.5) (_6X 0

If the nanoparticle solute has F — 0 then the single-parameter x-hygroscopicity will be

proportional to Dd_3/ >

. Thus, hygroscopicity decreases when the dry diameter increases. When
the interaction parameter is 0.5, k-hygroscopicity = F. In other words, for a polymer where /' — 0
the solute does not dissolve; x = 0 and the particle is non-hygroscopic (Sullivan et al. 2009). For
inhaled hydrophilic biodegradable nano-particle systems, water is assumed a good solvent and

thus Eq. 8 will be compared to experimental data to test the new model.

4. RESULTS AND DISCUSSION

Figure 1 shows the CCN activation data of (NH4)2SO4 and four hydrophilic biodegradable
nanoparticles exposed to ~1% supersaturation. At 50% CCN/CN efficiency, the critical activation
diameter, D, is defined. At 1% s (NH4)2SO4 activates at 25 nm. (NH4)2SOs4 is inorganic, readily

disassociates and is more hygroscopic than mannitol (D. = 46 nm), lactose (D. = 50 nm), gelatin



(Dc = 74 nm), and PEG (D¢ = 54 nm). A smaller D. for a constant s indicates more hygroscopic
material and thus the organic nanoparticles have larger D. than (NH4)2SO4. In RK theory, D. is
expected to increase as the molecular weight increases (Petters et al. 2009). However, for PEG
(100,000 g mol™!) the activation dry diameter is similar to lactose (360 g mol™') and RK theory
prediction for hygroscopicity fails.

1.2 T
1.0+
0.8+
=
Q
Z 06
(8]
[&]
04
(NH;),S0,4 A
02 Gelatin [J
Mannitol >
0.0y & i l L [l
o] 20 40 60 80 100 120

Particle Dry Diameter (nm)

Figure 1. The droplet activation for ammonium sulfate (red triangles, 132 g mol™), mannitol (blue
diamonds, 182 g mol™), lactose (pink circles, 342 g mol™), gelatin (green squares, ~75000 g mol ™), and
PEG (grey rhombus, ~100000 g mol™") at ~1% supersaturation. A sigmoidal fit (solid line) determines
critical dry diameter, D, at CCN/CN=0.5.

The experiments are repeated over a range of s and the s-D. data is shown in Fig. 2. s-D. is used
to determine organic nano-particle x-values derived from RK theory and FHK theory and the
water-polymer interaction parameters, . Lower molecular weight compounds mannitol and
lactose (< 500 g mol™!) are shown in Fig. 2a and higher molecular weight polymers (gelatin and
PEG) are shown in Fig. 2b. The hydrophilic organic compounds deviate from RK theory (Petters
etal. 2009) (Fig. 2). However, the RK prediction deviates more for larger molar volume molecules
(Figs. 2 and 3). FHK, assumes the nano-particle behaves as a polymer and when y =0, the FHK
model is an improvement over RK theory for gelatin and PEG. FHK with y =0 is similar to RK
for lactose and mannitol and underpredicts the hygroscopicity of non-polymers. The FHK model

is improved by decreasing y. A smaller y implies that a smaller supersaturation with the same dry
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diameter is required for droplet formation and therefore greater water up-take will occur for the
same amount of solute. The best fit y for mannitol and lactose ( -12 and -8.3, respectively) agree

well with the non-exponential response of the s-D. data (Fig. 2a.).

Previously measured polymer interaction parameters for PEG and gelatin range from
0.42~0.46 (Dormidontova 2002; Borchard et al. 1980). These values are obtained from density
differences of the melting temperature induced by changing the concentration of polymer in water.
y values less than 0.5 favor mixtures with water. Negative y values suggest that interactions are
highly favorable and water vapor readily adheres to the aerosol surface. In our study, we obtain
the polymer water interaction parameters in a supersaturated environment. The values are negative
(-2.6 for PEG and -0.42 for gelatin) and indicate that the propensity for water to adsorb on the
nanoparticle surfaces in supersaturated conditions is more significant than previously considered.
It should be noted that the derived interaction parameter does not include droplet curvature effects
at the air-water interface; the surface tension of the droplet is assumed to be a dilute solution with
the same as pure water. Additional surface tension measurements were conducted for PEG,
mannitol, and lactose (see supplemental Figure S1). PEG is found to be weakly surface active,
and gelatin was unable to be dissolved for surface tension droplet measurement. The negative y
for both PEG and gelatin confirms that the curvature effect for nano-scale droplet formation may
be non-negligible. Thus the polymer water uptake behavior at the nano-scale may be different
from the bulk-scale. Previous studies have observed these differences in scales for polymer surface
property (Hahm 2014), mechanical property (Crosby and Lee 2007) and glass transition
temperature studies (Napolitano and Wiibbenhorst 2011). It is possible that y, that accounts for
surface tension affinity of water at the droplet air interface, would be smaller for nano particles
than that of values derived from bulk phase study. Hence, the negative y is likely derived from
confounding effects of neglecting the surface tension contribution (Equations 4-8) or the nature of
the nano sizes. More studies must be conducted to understand the polymer water interaction

derived from CCN activation.
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Figure 2. The relationship between supersaturation and nanoparticle dry diameter activation and droplet
growth. (s-D.) data for ammonium sulfate (red triangles) and RK theory (solid lines) are shown for
reference. Dashed lines apply FHK theory with y = 0 and best fit single water-activity interaction
parameter, y. (a) Shows data and theoretical fits for gel-like low molecular weight non-polymers,
mannitol and lactose. (b) Shows data and theoretical fits for polymers PEG and gelatin. Radult-Kohler
(RK) theory predicts a smaller activation dry diameter with a smaller molecular weight. The RK line for
PEG is beyond the range of the figure. RK theory fails (not shown) for PEG with a molecular weight of
100,000 g mol™'. Note supersaturation, s = (S — 1).

Figure 3 compares the calculated hygroscopicity (krx or xruk) as a function of the solute
molar volume. Each solutes D. is used to estimate the xrx and xruk at supersaturation = 1%. The
experimentally determined xrx and xruk values for non-polymer compounds are similar (< 0.05
deviation) and within experimental uncertainty of mannitol and lactose data points. xrx and xrrk
can be calculated from theoretical known values and compared to the calculated values from
experimental data. krx derived from experimental data do not fall on the theoretical xrx line (Fig.
3). RK theory assumes the ideal dilute droplet solution has a water activity equal to mole fraction
of water and thus an increase in solute molar volume results in an exponential decrease in
hygroscopicity. The dashed lines represent the Flory-Huggins Kohler theory under a constant dry
diameter and best fit interaction parameter. For small molar volumes (< 100 mol cm™), the FHK

and RK converge with hygroscopicity in range of 0.3 to 0.4. However, as the molar volume
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increases, krrk plateaus, and deviates from theoretical RK behavior. Hence, xrrx depends on both

the dry diameter and the interaction parameter when the molar volume is large.

It is noted that the interaction parameter is an experimentally determined parameter and
additional parameters are likely the reason why the predicted FHK hygroscopicity fits much better
than the RK hygroscopicity. This is also why the Wolf model, with three additional fitting
parameters for the interaction parameter is avoided. Instead, the interaction parameter is
considered a constant in this work. To reduce the fitting parameters and make physical meaning
between the parameters more explicit, we consider the interaction parameter as a constant

independent to the volume fraction and compare the simplified model (xrrk-s) to kruk.
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Figure 3. Nano-particle hygroscopicity as a function of molar volume. Data points are the critical
activation diameters, D. at s = 1% for lactose (pink circles), mannitol (blue triangles), PEG (grey
rhombus) and Gelatin (green squares). The solid line is the RK prediction while the dashed lines
are the FHK prediction for the measured D. and best fit interaction parameter, . In FHK,
hygroscopicity is a function of both the dry diameter and the interaction parameter (Eq. 6). The
dry diameter can be measured and the interaction parameter is determined from Fig. 2.

12



T T T T T LI T T I | I H
4 _
Krenk
Kenk-s Simplified
¢ -
Ry x
2 2
L 'S
) ‘a . A Mannitol
<) . X
3 o o W Gelatin
o o ’ o
5 o
2 5 ¢ PEG
>
T I
X m Gelatin v _
T L o i I
™ : L
‘: Mannitol / _
y -
PEG p ".
00t (a) - /o (b)
! ! I I I Lo 1 ! 0.0 | | 1 1 | 1 +H
3 4 25T 2 3 000 002 004 0.6 008 010 012 014
Particle Dry Diameter (nm) PolymerVolume Fraction, ¢

Figure 4. (a) Relationship between hygroscopicity and dry diameter. The hygroscopicity decreases with the
increasing dry diameter in both theory and experiment except for mannitol. (b) Comparison of -
hygroscopicity FHK to simplified FHK theory. The dashed lines are the simplified equation (7) while the solid
lines are the theoretical FHK prediction using Eq. (6).

For solutes such as lactose, gelatin and PEG, the FHK hygroscopicity decreases with the
dry diameter (Figure 4a). The hygroscopicity for mannitol is almost a constant and does not
decrease with the dry diameter and deviates from the prediction. Lactose, gelatin and PEG are
larger compounds; the molecular weight and molar volume of mannitol is less than 200g mol™! and
200 x 10 mol m™, respectively. Although the hygroscopicity is related to the dry diameter, for
and non-polymer chemicals, the predicted hygroscopicity was underestimated, which means the
entropy model for polymer is not applicable anymore. FHK hygroscopicity should not be used to

calculate the dry diameter for non-polymer, especially by equation (8).

Figure 4b shows that the simplified FHK model (xruk-s and Equation 6) works well for both
experiment data and in theory. Equation (6) predicts nanoparticle hygroscopicity if the volume
fraction is known. For a small polymer (<0.1 and as is the case for nanoparticle water droplet
formation), the simplified xrrk-s agrees well with FHK prediction. Furthermore, the simplified
model works just as well as FHK for gelatin, lactose and PEG. Both models do not agree with
mannitol experimental data. Mannitol has a constant hygroscopicity and constant volume fraction

that is not related to the dry diameter.
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5. SUMMARY

Hygroscopicity is an important factor and estimates of particle hygroscopicity must also be
determined at nano-scales. In this work, we showed the relationship between the hygroscopicity
and the water-polymer interaction parameter for four common nano-particle compounds employed
in aerosol therapeutics. The final wet particle size of inhaled and exhaled particles can be predicted
by estimated and actual hygroscopicity values. Thus, it is critical to measure and also define
accurate models to describe the water up-take of hydrophilic, biodegradable polymers frequently

used as drug delivery materials to define aerosol therapy efficiency.

The supersaturated CCN measurement technique can measure they hygroscopicity of
mannitol, lactose, gelatin and PEG particles. For all four compounds, traditional Raoult-K&hler
theory poorly predicts the behavior of the organic compounds. Flory-Huggins K&hler theory with
a constant interaction parameter can improve predictions of droplet formation. Indeed, the addition
of another parameter is necessary, and the interaction parameter dominates the behavior of the
hygroscopicity. The FHK model is less applicable for non-polymeric organics but can be applied

to non-polymers with high molecular weights and molar volumes.

We studied the robustness of the FHK water uptake model for biodegradable nano particles
and derived a simplified equation to be used if the RH and dry particle diameter is known. The
application of the FHK model to hygroscopicity shows that for polymer material, entropy, the
tendency of molecules mixing, the enthalpy and the interaction of the molecules must be
considered. Under the good solvent assumption, the volume fraction is small and the
hygroscopicity can be simply described as a function of dry diameter and interaction parameter.
Our results show that for mannitol, a compound with molecular weight under 200g mol™!, the
hygroscopicity is constant and does not depend on the dry diameter. An independence of
hygroscopicity with dry diameter suggest that entropic mixing is not important. Hence, the final
size of the nano particles inhaled can be predicted through hygroscopicity if the dry diameter of

the particles were known.
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APPENDIX

Kohler theory shows that
A
S = a,exp (5) (A1)

Where S is saturation, a,, is the water activity of the solution and D is the diameter of the droplet. 4 is a
coefficient related to pure water droplet properties which is equal to

4My, 0
A= (A2)

Where M,, is the molecular weight of water, R is the gas constant, T is the temperature and p,, is the
density of water. g,, is the surface tension of the droplet which is assumed to be the same as pure water.

If the solute is a polymer, then the water activity can be described through Flory-Huggins Theory
ay = (1 —@)exp[(1 - Fo +xp?l (A3)

Where ¢ is the volume fraction of the polymer. y is the Flory-Huggins interaction parameter which is
assume to be independent of volume fraction since that water is a good solvent for the polymer solute. F is
the ratio of the molecular volume of water and the solute.

F = ’;—W (A.4)

Where v,, is the molecular volume of water and vy is the molecular volume of the solute. Notice that F'is
the reciprocal of f'in Petters et al. (2006) study. The volume fraction is

D 3
=" (A.5)

Where D is the dry particle size of the polymer.

Combine equation (A.1) and (A.3) we have the Flory- Huggins-Ko6hler theory
A
S=Q0-@)explA—Fo + xp*lexp ()  (A6)

S=1—-¢@)exp[(1 —F)g + yp?lexp (D% 0'/3) (A.6)

The definition of the hygroscopicity k from Petters et al. is

1 _ e
—=1+k2 (A7)

w

Combine with Flory-Huggins theory (equation (A.3)), we have

+ 1
(1-¢) exp[(1-F)o+x9?]

K:1—7<p[_1

| @8
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From equation (A.8), k now is a parameter that depends on the volume fraction of the polymer. The
maximumk happens when ¢ = 1, and becomes

1
Kmax = i 40

To calculate the critical diameter D, and the critical volume fraction ¢,, where ¢, = D;>/D.>, we have

as

1, = 0 =—exp [(1 —F)oc + x9* + iqocm] + (1= ¢c) [(1 — F)@c + 2xpc +
@ Dq
1A

— A
30, 9e 23| exp (1 = F)g. + x? + D—dcpcl/3](A-10)
— - _ 14  -2/3| =
1+ 1 -9 |1 =P + 200 +55-0722 =0 (a1D)

For a soluble polymer with high molecular volume, since F and ¢, is approaches zero, equation (A.11) can
be further simplified, and ¢, become

pa\~—3/5
oc = (-6x2) (A.12)

By Taylors’ expansion to the second order of equation (A.8), the hygroscopicity as a function of volume
fraction can be written
K”(O) 2

(0
Kl(,)‘/’c"' o Pe =—(x—05)¢. +F (A.13)

k(@c)~

Substitute equation (A.12) into equation (A.13)

3

k=—(—05)(-6x22) *+F (A.14)
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FIGURE CAPTIONS

Figure 1. The CCN activation for ammonium sulfate (red triangles, 132 g mol ™), mannitol (blue diamonds,
182 g mol™), lactose (pink circles, 342 g mol™), gelatin (green squares, 75000 g mol™), and PEG (grey
rhombus, 100000 g mol™) at ~1% supersaturation. A sigmoidal fit (solid line) determines critical dry
diameter, D, at CCN/CN=0.5.

Figure 2. The relationship between supersaturation and nanoparticle dry diameter activation and droplet
growth. (s-D.) data for ammonium sulfate (red triangles) and RK theory (solid lines) are shown for reference.
Dashed lines apply FHK theory with y = 0 and best fit single water-activity interaction parameter, y. (a)
Shows data and theoretical fits for gel-like low molecular weight non-polymers, mannitol and lactose. (b)
Shows data and theoretical fits for polymers PEG and gelatin. Radult-Ko6hler (RK) theory predicts a smaller
activation dry diameter with a smaller molecular weight. The RK line for PEG is beyond the range of the
figure. RK theory fails (not shown) for PEG with a molecular weight of 100,000 g mol™.

Figure 3. Nano-particle hygroscopicity as a function of molar volume. Data points are the critical activation
diameters, D, at s = 1% for lactose (pink circles), mannitol (blue triangles), PEG (grey rhombus) and Gelatin
(green squares). The solid line is the RK prediction while the dashed lines are the FHK prediction for the
measured D. and best fit interaction parameter, . In FHK, hygroscopicity is a function of both the dry
diameter and the interaction parameter (Eq. 6). The dry diameter can be measured and the interaction
parameter is determined from Fig. 2.

Figure 4. (a) Relationship between hygroscopicity and dry diameter. The hygroscopicity
decreases with the increasing dry diameter in both theory and experiment except for mannitol. (b)
Comparison of k-hygroscopicity FHK to simplified FHK theory. The dashed lines are the
simplified equation (7) while the solid lines are the theoretical FHK prediction using Eq. (6).
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