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Two obstacles for biopesticide commercialization, long shelf life and reliable efficacy, are both affected
by moisture availability. Three biopesticide delivery systems, TRE-G, PEC-G, and PESTA, were
analyzed by dynamic vapor sorption analysis. The objective was to investigate the moisture sorption
profile of each system in air at 25 °C and a relative humidity (RH) ranging from 0 to 90%. The
formulations sorbed up to 12.7% moisture. In rehydrating from 0.00 to 90% RH, TRE-G and PEC-G
were >63% and >58% faster than Pesta, respectively. In losing moisture from 90 to 0.00% RH, Pesta
was 3.4 and 2.3 times slower than TRE-G and PEC-G, respectively. The GAB model was inadequate
for describing moisture sorption, but the Young and Nelson model showed good correlation (r> 0.990)
for all three formulations. Moisture distribution for all formulations was obtained. The implications of
the findings as they relate to shelf life and dew period requirements of biopesticides are discussed.
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INTRODUCTION

Despite the efforts of more than 15 years of intercontinental
research devoted to various aspects of discovering useful patho-
gens and developing viable propagules as biopesticides, numerous
research gaps remain for these technologies that are to be applied
seasonally like synthetic pesticides. There are some bioinsecticides
and biofungicides available commercially, but only a few bioher-
bicides have been registered globally to date (7). As noted by
Jones and Burges (2), formulations of beneficial microorganisms
to control different agricultural pests share common strengths
and technological weaknesses. Development is often hampered
by complex, interrelated biotechnological challenges relating to
production, stabilization, and stimulation of the biologically
active material (3). After extensive evaluations to identify a
microbial pesticide, obstacles that are likely to be encountered
later in a development process include the development of
formulations that (a) are compatible with existing application
technologies, (b) protect biological actives from infrared/heat or
ultraviolet radiation in the field, (c) ensure viability remains high
or relatively unchanged after storage and transport under ambi-
ent conditions, (d) ensure prolonged contact between microbial
actives and target weeds, (¢) ensure moisture availability in the
field, and (f) are cost-effective.

Water activity is a parameter that regulates microbial acti-
vity (4). The importance of this parameter in relation to field
efficacy of particular bioherbicides (5, 6) and bioinsecticides (7) is
known. Moreover, technological strategies to improve field
efficacy, in particular for bioherbicides, have not been reliable
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to date and could lead to other complications including phyto-
toxicity or require innovative application technologies (§). These
measures have been through the inclusion of humectants or
through development/application of emulsion-type formula-
tions (6, 9, 10) to prolong moisture availability. The importance
in relation to shelf life, herein related to conidial longevity, has
also been investigated (7, //—14). Whereas high water activities
may stimulate growth, unwanted growth or germination during
storage can be controlled by both reducing and maintaining the
water activity at or near an ideally low level (¢, /1, 12). Although
these studies confirm the need to dehydrate microbial formula-
tions below a particular water activity threshold, there are draw-
backs associated with many of these studies as they achieve static
and discrete water activities via saturated salt solutions. Salt
solution studies cannot easily address other practical issues of
concern such as whether there is an optimal low water activity
level that may be microbial and/or formulation dependent. They
also cannot easily address how the formulation would respond to
incremental changes in relative humidity (RH) of the air in which
the formulation is being stored or applied. Furthermore, water
activity levels and thresholds are limited to the selection of
saturated salts used. Sorption isotherms generated from studies
using salt solutions show poor continuity of data or limited water
activity range (11, 15). Also, inconsistent responses from conidia
of Beauveria bassiana stored over saturated salt solutions and
hermetic storage have indicated that storage over salt solutions
may be problematic for biopesticide research (/6).

An alternative to the use of salt solutions is an automatic water
sorption analyzer that continuously monitors moisture uptake
or loss in response to changes in the relative humidity of the air
around the sample. Although time-consuming to determine
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experimentally even with a sorption analyzer, sorption isotherms
are important in the prediction of shelf life, selection of storage
conditions and packaging materials, and determination of other
relevant research and development data and decisions (/7). To
our knowledge, there has not been any investigation aimed at
probing the dynamics of water uptake of biopesticide formula-
tions in relation to changes in either ambient temperature or
humidity that did not involve the use salt solutions.

Water activity (4,,) indicates the amount of so-called “free” or
“unbound” water in a system and is mathematically equivalent to
the decimal of relative humidity as shown in eq 1.

Ay=P/Py = RH/100 (1)

Here, P is the partial pressure of water above the sample, Py is the
vapor pressure of pure water at the sample temperature, and RH
is the equilibrium relative humidity (%) of the air around the
sample. In solid formulations, water can be present in different
states. These states as classified in the literature may be bound,
free, capillary, mobile, nonsolvent, and/or unfreezable (/8). At
least 77 different models are available to describe the states of
water within food and food products (79, 20). Some are strictly
theoretical in origin, whereas others are empirically or semi-
empirically derived. These models are utilized in industries, for
example, pharmaceutical, food, and cosmetics, where product
properties are affected by water content and activity. Several
models have been proposed because no single model has been
successful in describing water interaction with all types of
products and over the entire water activity range from 0 to 1.
However, a few models have become more popular than others in
use. The Guggenheim—Anderson—de Boer (GAB) equation (21),
the Brunauer—Emmett—Teller (BET) equation (22), and the
Young and Nelson (Y&N) equation (23, 24) are all examples of
widely used models.

In the present study, the moisture sorption isotherms of three
clay-based biopesticide delivery systems denoted TRE-G, Pesta,
and PEC-G were analyzed using a dynamic vapor sorption
analyzer and were fitted with the GAB and Young and Nelson
models. The main objective is to evaluate the usefulness of the
dynamic vapor sorption technology to biopesticide research and
development. The aim is to investigate the water uptake/loss
behavior of the three biopesticide formulations over the 0—90%
relative humidity range at 25.0 °C. Microscope images were
collected in situ over the range of humidity conditions to detect
any visible, moisture-induced changes in the formulations. The
implications of differences in sorption behavior and any visible
changes will be discussed along with the potential significance of
these studies in developing microbial-based biopesticides.

MATERIALS AND METHODS

Sorption Analysis. Dynamic gravimetric vapor sorption (DVS) is a
well-established method for the determination of vapor sorption iso-
therms (25, 26). The DVS-1 instrument (Surface Measurement Systems,
London, U.K.) used for these studies measures the uptake and loss of
vapor gravimetrically using a Cahn D200 (Thermo Scientific, Waltham
MA) recording ultramicrobalance with a mass resolution of £0.1 ug. The
high mass resolution and baseline stability allow the instrument to measure
the adsorption and desorption of very small amounts of probe molecule.
The vapor partial pressure around the sample is controlled by mixing
saturated and dry carrier gas streams using electronic mass flow con-
trollers. The temperature is maintained constant +0.1 °C by enclosing the
entire system in a temperature-controlled enclosure.

Preparation of Formulations. Satintone SHB, a calcined kaolin clay,
was provided by Englehard Corp. (Iselin, NJ) for use as a carrier in the
TRE-G and PEC-G granule formulations. Sodium carboxymethylcellulose
(Nilyn XL 90), provided by FMC Corp. (Philadelphia, PA), was used as a
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binder in addition to trehalose (Cargill, Inc., Minneapolis, MN) for the
TRE-G formulation. However, only pectin (Sigma Aldrich) was used as a
binder in PEC-G. The composition of the dry ingredients in the TRE-G
formulation was 76% Satintone SHB, 4% sodium carboxymethylcellulose,
and 20% trehalose (27). For PEC-G, the composition was 85% Satintone
SHB and 15% pectin and is an alternative formulation to TRE-G.

Dry ingredients were mixed until visually homogeneous in a food
processor before mixing in approximately 100% w/w (of dry ingredients)
0.1% (w/v) peptone solution to the TRE-G mixture or §7% w/w deionized
water of the dry mixture for PEC-G. Both of the TRE-G and PEC-G
mixtures were extruded in a pan granulator (LCI Corp., Charlotte, NC)
equipped with a 1.2 mm die and dried respectively in a vacuum oven and a
fluid bed dryer to a water activity of approximately 0.30. The Pesta sample,
>2 years old, was already available. It was prepared by a twin-screw
extruder as described by Daigle et al. (28) and was composed of 40%
semolina, 26.7% kaolin, and 33.3% rice flour on a dry matter basis. The
samples were stored at 4 °C before use.

Sample Preparation for Sorption Analysis. Previously stored for-
mulations at 4 °C were transferred to a desiccator at ~25 °C until they were
ready to be runin the DVS instrument. For the vapor sorption experiments,
each formulation was loaded into the DVS sample pan and immediately
placed into the DVS with a stream of dry (<0.1% relative humidity) air.
The sample was analyzed on a DVS-1 automated sorption analyzer at the
desired temperature (25.0 °C) with a sample size between 17 and 30 mg. The
sample size was sufficient due to the high sensitivity (0.1 ug) and balance
baseline stability of the microbalance used in the DVS instrument.

Sorption Measurements. For each vapor sorption/desorption iso-
therm experiment, the sample was first dried under a continuous flow of
dry air (relative humidity < 0.1%) to establish the dry mass, M,. The
sample was then exposed to the following partial pressure profile: 0—90%
RHin 10% RH steps under a linear air flow speed of 22.1 cm/min. The RH
was then decreased in a similar manner to accomplish a full sorption/
desorption cycle. A second complete sorption/desorption cycle was
collected to detect any irreversible humidity cycling effects. After the
experiment was completed, the sample was inspected visually to detect if
any changes occurred during the DVS experiment.

During the experiment, the instrument was run in dm/d¢ mode (mass
variation over time variation) to determine when mass equilibrium is
reached after each humidity increase or decrease. A fixed dm/dr value of
0.001% min~" was selected as the criterion for equilibrium for all partial
pressure segments. This criterion permits the DVS software to automati-
cally determine when equilibrium has been reached and complete a relative
humidity step. When the rate of change of mass falls below this threshold
over a determined period of time, the relative humidity set point will
proceed to the next programmed level. A maximum stage time of 360 min
and a minimum stage time of 15 min were selected for these experiments.

At the end of each relative humidity step, digital color images were
collected in situ via the video microscopy accessory (Surface Measurement
Systems) to optically detect any moisture-induced structural changes. The
microscope sits below the sample and captures images at the end of each
RH step. The camera captures digital color images at 100 x magnification.

For data analysis, two different isotherm models that offer extended
water activity range of application were selected to model the experimen-
tally measured sorption isotherms. The GAB and Y&N models were used
to fit the moisture sorption isotherms for all three formulations. The data
were analyzed by multiple regression analysis that was done using the DVS
Isotherm Analysis Suite (v. 2.1.1) software package by Surface Measure-
ment Systems.

Mathematical Models. GAB Equation. The GAB model is an
extension of the BET model. It is a kinetics model based on the formation
of multimolecular layers and condensation and is recommended by the
European Project Group COST 90 on physical properties of food for the
characterization of water sorption of food materials due to the relatively
wider A,, range (0.05—0.9) in comparison to the BET model
(0.05-0.5) (29).

The GAB equation can be written in many forms. The most common is

W, CKA,
W= (1—=KA,)[1 + (C—1)KA4y] @)

where W is the moisture content of the sample on a dry mass basis at a
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water activity of A,,. The three remaining terms, Wy, C, and K, are
sorption parameters that are characteristics of the formulation. The W,
term is the GAB monolayer capacity, which indicates moisture content
corresponding to the monomolecular layer on the entire free surface of the
sample, whereas C and K are so-called “energy” constants related to the
heat of sorption for the monolayer and the layers above the monolayer or
the intermediate layers, respectively. According to the model, water
molecules in the first monolayer interact more strongly with the sample
than molecules in the intermediate layers.

Y&N Model. Young and Nelson (23, 24) hypothesized that water
interacting with a sample is subjected to two types of forces. In addition
to surface binding forces accounted for in the GAB model, Young and
Nelson hypothesized that diffusional forces were also present and that this
force could become dominant when multimolecular layers of water were
present. It was further hypothesized that as the amount of surface water
increased, diffusional forces would increase and ultimately exceed binding
surface forces to enable movement of water into the sample. In addition to
providing insight into the distribution of water in a sample, the model also
provides an explanation for the observation of a hysteresis. According to the
model, when the relative humidity of the environment is reduced, movement
of water from within the sample occurs after the molecular layers have been
removed. This movement, also driven by diffusional forces, is caused by
moisture concentration gradients within and around the sample.

The experimental sorption and desorption data can be fitted with one of
the following equations:

Ms = A(0+0a)+ By (3)
Mp = A(0+ ) + BORH max 4)

Mg and Mp are equilibrium moisture contents for the respective cycle at
each relative humidity, and RH ;. is the maximum relative humidity that
the sample is exposed to. The 4 and B terms are characteristic of the
formulation and are defined as

Py Vu(is‘

4= B ®
Py Vabs

pot ©

where p,, is the density of water at the experimental temperature, D is the
sample dry weight, and V4 and Vs are, respectively, the volumes of
adsorbed and absorbed water. The Greek terms 6, o, and ¢ ineqs 3 and 4
are related to an E term through the mathematical expressions

RH
b = RE+(-RHE 0
ERH E? E—(E—1)RH

a = E—(E—I)RH+(E—1)IH{ 5 } (E+1)In(1 —RH)
®)
¢ =O0RH 9)

where the E term is given as
E e %H (10)

Ineq 10, ¢; (J/mol) is the heat of adsorption of water bound to the surface
of the sample, ¢; (J/mol) is the heat of condensation of water molecules, kg
is Boltzmann’s constant (1.38 x 107>* J/K), and T (K) is the absolute
temperature at which the experiment is carried out. The experimental data
must be fitted to determine the values of 4, B, and E for each sample
because Vg, Vabs, and ¢ are unknown parameters.

RESULTS AND DISCUSSION

Morphological Changes. Water interactions with pharmaceu-
tical or food formulations are well-known. Besides influencing
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microbial activity, water facilitates chemical reactions by either
acting as a solvent or as a reactant, especially in hydrolysis
reactions. In food products, moisture levels measured as water
activity affect chemical reactions such as lipid autoxidation,
vitamin degradation and Maillard reactions in addition to
chemical properties such as the stability of proteins and activity
of enzymes by enabling conformational changes. Because most
biopesticide formulations are composed of common food ingre-
dients and materials, similar conclusions regarding moisture-
induced changes within a biopesticide could be expected. Micro-
scope images were collected in situ over the 0—90% RH range to
detect any visible, moisture-induced changes in TRE-G, Pesta,
and PEC-G.

Representative images for TRE-G, Pesta, and PEC-G are
displayed in Figure 1, panels A—C, respectively, at 0% RH
sorption and 90% RH sorption. The video images did not reveal
any optically discernible water sorption induced morphological
changes over the 0—90% RH range. The images taken at 0, 10, 50,
and 90% RH for each formulation are nearly indistinguishable
(data not shown). TRE-G, PEC-G, and Pesta all remain structu-
rally intact in environments up to 90% RH. Furthermore,
desiccation after exposure to 90% RH did not appear to induce
any macroscopic changes to these formulations (data not shown).
Although no major morphological changes are apparent, there
may be a slight degree of swelling as the humidity is increased,
which could be attributed to water interaction with carbohydrates
present in each formulation, in particular to polysaccharides (30).
Visible inspection of the formulations after the experiment was
completed indicated that no changes were observable by the
naked eye.

Moisture Sorption and Desorption Isotherms. The relationship
between equilibrium moisture content and water activity of a
sample at a constant temperature is a moisture sorption isotherm.
This may be presented graphically or as an equation. When the
sorption and desorption isotherms differ over all or part of
the water activity range, a so-called hysteresis occurs. Herein,
the criterion used for equilibrium was a constant dm/dr value of
0.001% min~". Furthermore, the samples were allowed a maxi-
mum stage time of 360 min and a minimum stage time of 15 min at
each relative humidity. By imposing these conditions on the
definition of equilibrium, no equilibrium is reached when either
the absolute value of dm/ds > 0.001% min~' or when a sample
requires >360 min to equilibrate. In these studies, |dm/d¢|
exceeded 0.001% min~' at 0% between cycles for TRE-G
(=0.00190% min~") and at 70% (0.00121% min~") and
90% (0.00124% min ") (absorption, cycle I), 10% (—0.00101%
min~") (desorption, cycle I), 0% (—0.00148% min ') between
cycles, and 10% (—0.00102% min~") (desorption, cycle ) for
Pesta. In other words, TRE-G and Pesta require > 360 min to
reach equilibrium at particular relative humidities. Therefore, the
presented isotherms are not associated with absolute equilibrium
but instead are based on the criterion for equilibrium as described
above.

The water vapor isotherm plots for the three formulations are
shown in Figure 2, panels A (TRE-G), B (Pesta), and C (PEC-G).
The equilibrium sample weight at 0% RH was used as the
reference for all subsequent sample weights. The isotherm plots
shown in Figure 2 display the percent change in mass (referenced
from the dry mass, M) versus the actual percent partial pressure
of water vapor (see eq 1). The red and green traces follow the
sorption portion of the isotherm, whereas the blue and pink traces
follow the desorption portion of the isotherm during the first and
second cycles, respectively.

All three formulations sorb significant amounts of water.
For instance, at 90% RH, the TRE-G, Pesta, and PEC-G
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Figure 1. Video images collected of TRE-G (A), Pesta (B), and PEC-G (C) during the first sorption cycle at 0 and 90% RH sorption stage.

formulations sorbed up to 5.0% (Figure 2A), 12.7% (Figure 2B),
and 5.6% (Figure 2C) moisture (based on dry weight), respec-
tively. All three formulations are nonporous materials. These
relatively large changes in mass suggest the presence of a bulk
absorption mechanism or an absorption process coupled to
adsorption in contrast to moisture uptake solely by adsorption.
This is most evident for the Pesta and PEC-G formulations. The
presence of a bulk moisture absorption mechanism is also
supported by other moisture sorption properties. First, all three
formulations exhibit relatively slow sorption kinetics (discussed
below). Second, the three formulations show significant hysteresis
(Figures 2) across a wide range of humidities (discussed below).
Collectively, these results indicate a dominant mechanism of bulk
absorption for all three formulations.

Although the formulations sorb significant amounts of water
and appear to do so by a similar mechanism, there are notable
differences in sorption properties. In particular, the degree of
hysteresis and water uptake capacity were quite different among
formulations. Figure 2 shows the comparison between the sorp-
tion (red and blue traces) and desorption (green and pink traces)
isotherms for the three formulations. The formulations are
distinguishable by their hysteresis. Notable differences between
each formulation are the hysteresis loop shape and the degree
of hysteresis over the 4,, range. The degree of hysteresis obeys
the trend TRE-G < PEC-G < Pesta for both cycles 1 and 2
(Table 1). Whereas a maximum in hysteresis is reached at a low
Ay, or ~0.10 for TRE-G, the maximum occurs in the mid to low
A,, range (i.e., 0.30—0.60) for Pesta and in the mid to high range
(i.e., 0.50—0.70) for PEC-G. The variations in hysteresis across

these formulations are not surprising because the type of main
constituent material(s) is known to affect the hysteresis (37).
Similarly, hysteresis loop shapes are also governed by the type of
materials in the sample in addition to the sample temperature.
Hysteresis can be grouped into three food categories: high-sugar,
high-protein, and high-starch foods. In the former, there is an
absence of hysteresis above 0.65, whereas the total hysteresis may
be large in contrast to the second case, where a moderate
hysteresis begins at 0.85. In the latter case, a large hysteresis loop
is generally observed with a maximum in hysteresis at ~0.70 (37).
A trend that is consistent with a high-sugar food is observed for
TRE-G, whereas Pesta and PEC-G exhibit hysteresis comparable
to high-starch foods. This may be attributed to the relatively high
percent composition of trehalose in TRE-G and the starch
materials in Pesta and PEC-G. Differences in hysteresis maxi-
mum between these pseudofood materials and pure food materi-
als may be attributed to the clay constituent in TRE-G, Pesta,
and PEC-G.

Whereas a small hysteresis loop suggests surface layer sorption,
a large hysteresis loop is indicative of bulk absorption uptake
coupled with a diffusion-limited desorption mechanism. The
degree of hysteresis observed for the three formulations
(Table 1) indicates that water desorption from the bulk is most
likely diffusion-limited or that the diffusion rates of water from
within the bulk to the surface and from the surface to the
surrounding atmosphere are comparatively slower than that of
the overall sorption process.

TRE-G, Pesta, and PEC-G are also distinguishable by their
water uptake capacity. The absolute uptakes among the three
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Figure 2. Water vapor sorption/desorption isotherms from two successive
cycles for TRE-G (A), Pesta (B), and PEC-G (C) at 25 °C showing
hysteresis.

formulations are quite different. The water uptake capacity obeys
the trend TRE-G < PEC-G < Pesta. The differences are most
drastic at 90% RH, at which TRE-G shows a 5.0% change in
mass, PEC-G a 5.6% change in mass, and Pesta a 12.7% change
in mass (Figure 2).

Together, the water uptake capacity and hysteresis results sug-
gest that Pesta has the greatest capacity for bulk water absorption,
followed by PEC-G and TRE-G. At present, it is unknown
whether solid-state formulations exhibiting relatively poor water
uptake capacity would be less efficacious biopesticides than those
featuring greater uptake capacities. Further studies are required to
confirm the significance of water uptake capacity as a useful
property for improving the efficacy of solid-state biopesticide
formulations and to determine whether water uptake capacity
influences survival and germination of biopesticide propagules.

Water—Biopesticide Interactions. Large differences in the water
sorption behavior among the three formulations are also evident.

Lyn et al.

Table 1. Difference between Sorption and Desorption Isotherms or Hystere-
sis for TRE-G, Pesta, and PEC-G at 25 °C

difference in moisture content (%)

RH (%) TRE-G Pesta PEC-G
Cycle |
0.0 0.55 —0.45 0.03
10.0 1.06 0.54 0.32
20.0 0.85 0.98 0.50
30.0 0.66 1.14 0.65
40.0 0.44 1.23 0.7
50.0 0.07 1.42 0.82
60.0 —0.14 1.69 0.89
70.0 —0.09 1.47 0.94
80.0 0.04 0.74 0.65
90.0 0.00 0.00 0.00
Cycle Il

0.0 —0.10 0.00 —0.05
10.0 0.54 0.85 0.26
20.0 0.35 1.24 0.43
30.0 0.22 1.37 0.55
40.0 0.14 1.35 0.62
50.0 0.12 1.31 0.66
60.0 0.10 117 0.70
70.0 0.09 1.00 0.66
80.0 0.12 0.68 0.57
90.0 0.00 0.00 0.00

TRE-G shows the biggest difference, with an apparent moisture-
induced, irreversible change (Figure 3A). During the 60% RH
sorption step, the mass initially increases and begins to steadily
decrease instead of leveling off. This trend continues for the 70
and 80% RH steps. This decrease could be due to several reasons:
release of volatile components, phase change, formulation de-
gradation, or chemical reaction. Although there are several
reasons, the liberation of volatile compounds, chemical reactions,
and formulation degradation are unlikely explanations for the
observed sorption behavior. The organic constituent materials in
the TRE-G formulation, a high molecular weight carbohydrate
(sodium carboxymethylcellulose) and a relatively low molecular
weight sugar dimer (trehalose), are nonvolatile materials with
very low or nearly zero vapor pressure and are chemically inert
with respect to intraformulation ingredients under the prevailing
experimental conditions. A more plausible explanation is that
carbohydrates out of thermodynamic equilibrium, that is,
trapped in metastable energy state(s), underwent a moisture-
induced “phase” transition. In particular, trehalose is likely to be
the material that would produce this change. A multipurpose
additive in biopesticide formulations, trehalose is known to
respond to increasing water activity by undergoing a second-
order phase transition from an amorphous, metastable state
lacking long-range order to a more ordered or crystalline
state (32). The mass loss and the relatively longer durations
necessary for mass equilibration between 60 and 80% RH are
consistent with such a process (Figure 3A). With increasing
moisture uptake, solute mobility increases, which facilitates
crystallization (33). As the crystallization mechanism proceeds,
“bound” water becomes “free” as it is expelled from the trehalose
crystal lattice. In turn, the sample mass steadily decreases as
expelled water molecules evaporate until dynamic equilibrium is
reached between adsorbing and desorbing molecules, at which
point no further change in mass is detectable.

Although it is unclear from these studies whether the anomaly
observed is caused entirely by phase transitions of trehalose, the
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Figure 3. Two successive sorption/desorption cycles showing water sorp-
tion kinetics for TRE-G (A), Pesta (B), and PEC-G (C) at 25 °C.

observation is consistent with previous findings. In similar sorp-
tion analysis studies, Burnett et al. (34) reported on water
sorption mediated crystallization of lactose, which was accom-
panied by a sharp loss in mass after crystallization. Other
researchers have also reported on similar phenomenon, that is,
the release and loss of water upon crystallization (25, 35). The
sorbed water vapor is most likely penetrating the bulk of the
material, inducing this presumed phase change.

Interestingly, after the desorption process of cycle 1, the TRE-
G sample did not return to its initial mass at 0% RH (Figure 3A).
This indicates water mass uptake and further supports, in con-
junction with mass conservation laws, the rejection of loss of
volatiles and decomposition as plausible explanations for the
anomaly in the sorption step. Whereas this uptake could be the
result of chemical bond formation, it is likely instead to be in
the form of physisorbed water onto trehalose monomers con-
nected by hydrogen bonds or as hydrated crystals. The existence
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of trehalose in either an anhydrous or hydrated state is well-
known (35—37) and so is the difference in sorption potential of
the different crystalline forms (32). The transformation appears
to be irreversible as the steady decreases in mass seen in the first
cycle are not seen in the second sorption cycle (Figure 3A). Below
the 60% RH level the second sorption isotherm is drastically
different from the first cycle. A recent study evaluating the effects
of aging on the physical properties of amorphous trehalose under
experimental conditions similar to those presented concluded that
water sorption could lead to irreversible changes in amorphous
trehalose (38). Surana et al. also concluded that water sorption
rate and potential were affected by nucleation. Similar results are
observed for TRE-G and are discussed below. The implications of
irreversible phase transitions in relation to efficacy of solid-state
biopesticides are presently unknown.

Water Sorption Kinetics. Figure 3 displays the response times
for equilibration as defined herein for TRE-G (Figure 3A), Pesta
(Figure 3B), and PEC-G (Figure 3C) in response to positive and
negative changes in the relative humidity of the surrounding air at
25 °C. The red trace, plotted on the left y-axis, indicates the
percentage change in mass referenced to the dry mass (after initial
drying stage), M, as a function of time. The blue trace, plotted on
the right y-axis, traces the target percent partial pressure of water
vapor or target relative humidity (see eq 1) in the DVS as a
function of time.

All three formulations show different response times. In the
initial sorption cycle, PEC-G shows the fastest overall response to
positive changes in relative humidity, followed by TRE-G and
then Pesta. However, after the first rehydration/dehydration
cycle, a different trend was observed. TRE-G emerged as the
fastest formulation followed by PEC-G and then Pesta. In cycle 1,
the response times for TRE-G and PEC-G to change A4, from
0.00 to 0.90 were 63 and 68% faster than Pesta, respectively,
whereas in the subsequent cycle the response time was 78%
(TRE-G) and 58% (PEC-G) faster than for Pesta, respectively.
Evidently, the irreversible physicochemical change that occurred
for TRE-G in cycle 1 affected the subsequent sorption behavior.
The sorption kinetics of TRE-G stored at low 4, (<0.60) and
then exposed to air with a high moisture content (=60% RH) is
notably faster in cycle 2 than in cycle 1. After the physicochemical
change, TRE-G sorbed water at a relatively faster rate than PEC-
G and Pesta. The subsequent water uptake capacity of TRE-G
was also affected by the physicochemical change. The moisture-
induced physicochemical change to TRE-G decreased the for-
mulation water uptake capacity by 11% or to ~4.5%. Similar
results for trehalose have been reported (38).

Whereas the formulation response time to positive relative
humidity changes > 10% obey one of the trends TRE-G (fastest) <
PEC-G < Pesta (cycle 1) or PEC-G (fastest) < TRE-G < Pesta
(cycle 2), the response time to decreases in relative humidty obeys
the order TRE-G (fastest) < PEC-G < Pesta (slowest) for both
cycles 1 and 2. The response time to negative changes in relative
humidity are also different from the rehydration process for each
formulation. In cycle 1, 71 and 57% faster response times with
respect to Pesta were observed, respectively, for TRE-G and
PEC-G in response to a change in relative humidity from 90 to
0.00%. A similar response was observed in cycle 2 for TRE-G
(70%) and PEC-G (56%) (Figure 3). When the moisture level of
air decreased from 90 to 0.00% RH, Pesta was slower than TRE-
G and PEC-G by a factor of 3.4 and 2.3, respectively.

Fast sorption times for solid-state biopesticides could poten-
tially lessen the dependency on long dew periods. Previous studies
have established a correlation between dew periods and effi-
cacy (3,5, 6). One mechanism to improve efficacy might be to
design biopesticides with short sorption times. After all three
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Table 2. Correlation Coefficients (r) and Parameter Values Estimated from the GAB and Y&N Models for PEC-G, TRE-G, and Pesta at 25 °G?

formulation Cans Kaas monolayer capacity (mol/g) IaaB Avan (mol/g) Bygn (mol/g) Even Fvan
PEC-G 0.801 7.76 0.000821 0.990 0.000452 0.001168 0.3210 0.995
TRE-G 0.762 6.49 0.000871 0.833 0.000569 0.000432 0.0660 0.986
Pesta 0.000719 0.003170 0.8570 0.966
PEC-G 0.779 6.925 0.000911 0.991 0.000511 0.000965 0.2860 0.998
TRE-G 0.791 293.8 0.000707 0.954 0.000667 0.000177 0.0037 0.990
Pesta 0.000719 0.003206 0.8570 0.997

@ Fitted parameters Cgag, Kaas, and monolayer capacity (mol/g), Wiy, are the three characteristic sorption properties of the sample according to the GAB model that is valid for
Ksag =< 1. The parameters Aygn, Byan, and Eygy are the Young and Nelson fit parameters, where Aygy is related to the amount of condensate adsorbed on the formulation sample
surface, Bygy is the amount of condensate absorbed in the bulk, and Eygy is related to the binding strength of sorbed water vapor to the formulation surface. Values are obtained

from analysis and fitting of the moisture sorption and desorption isotherm.

formulations were hydrated to a water activity of 0.90, Pesta,
PEC-G, and TRE-G appear to be capable of producing up to 9, 4,
and 2 h of sufficient “free” moisture, respectively, to a fungal
biopesticide active if the air humidity decreased to <70% RH
(Figure 3). The implication of this finding is that another
mechanism to improve efficacy would be to engineer biopesticides
with slow moisture desorption times. Such a formulation could
effectively lengthen the duration in which “free” moisture is
available for microbial activity despite decreases in ambient
relative humidity.

Modeling of Sorption Isotherms. GAB Model. The GAB
equation (eq 2) was applied to the moisture sorption isotherms
for TRE-G, Pesta, and PEC-G at 25 °C. For the PEC-G formu-
lation, there was good correlation with the GAB model (r ~
0.990). Neither Pesta (no fit) nor TRE-G in cycle 1 (r = 0.833)
showed very good correlation with the GAB model. The W,
(mol/g), C, and K GAB parameter values (eq 2) and correlation
coefficients for cycles 1 and 2 are given in Table 2. Although the
model is applicable over a wide range of A4, up to the maximum
studied (0.90), the GAB equation did not provide a successful fit
to the Pesta data, suggesting that the model is inappropriate for
this formulation. This could be attributed to one or a combina-
tion of several factors. One factor may be the presence of non-
equilibrium relative humidity steps in the isotherm. Another may
be assumptions associated with the GAB model that are not
applicable to these systems (i.e., the GAB model assumes homo-
geneous surface and monolayer formation). Experimental sorp-
tion properties had indicated the presence of a bulk absorption
mechanism for all three formulations. Because the GAB model
does not account for bulk absorption, this may be due to
differences between the actual sorption mechanism and that
proposed by the GAB model. Although the model shows rela-
tively good fits to TRE-G (r=0.833, cycle 1; r=0.954, cycle 2) and
PEC-G (r=0.990, cycle 1, r=0.991, cycle 2), the moisture uptake
capacity for these two formulations was approximately 50% less
than that of Pesta. The relatively stronger deviation in sorption
mechanism between experiment and theory for Pesta may give
rise to the lack of fit discovered when the GAB model was applied.

Although Pesta sorbed the most water, TRE-G and PEC-G
also gained an appreciable amount of moisture (Figure 2). The
disparity between the fittings of the GAB model to the different
formulations suggests that the GAB model is not suitable for
either PEC-G or TRE-G despite the good data fits. This conclu-
sion is supported by the magnitude of the Kgap values (Table 2)
that exceed the limit 0 < K < I imposed by the physics behind the
GAB equations (/7,39). The simplicity of this multilayer adsorp-
tion model is inadequate in describing the sorption behavior of
these three biopesticide formulations.

Y&N Model. The Young and Nelson model showed good
correlation with the experimental sorption isotherm data for all
three formulations at 25 °C: TRE-G (r=0.986, cycle 1; r=0.990,
cycle 2), Pesta (r=10.966, cycle 1; r=0.997, cycle 2), and PEC-G
(r=0.995, cycle 1;r=0.998, cycle 2). The first cycle fits for TRE-G
and Pesta show slightly lower r values when compared to PEC-G.
This is most likely due to equilibrium not being reached at all
relative humidity steps. Improved fitting may be achieved if all
isotherm points were at equilibrium. However, because the r
values for these samples are 0.96 or above, valid conclusions can
be inferred from the fit parameters.

The 4 (eq 5), B (eq 6), and E (eq 10) Y&N parameter values
and correlation coefficients for cycles 1 and 2 are given in Table 2.
In contrast to the GAB model, the Y&N model includes a
hypothesis to account for the possibility of water being absorbed
into the sample (23, 24). Experimentally determined water uptake
capacity and degree of hysteresis suggest the presence of a bulk
absorption mechanism in the moisture sorption processes for all
three formulations. The extra component in the Y &N model may
explain the relatively better correlation coefficient values in
comparison to the GAB model. As a result, the Y&N model is
able to provide additional insight into the distribution of water
sorbed by the three biopesticide formulations.

Eygnisanenergy term relating to the strength of interaction of
water vapor with the surface of the sample (eq 10) and is similar to
the C term in the GAB model. The Ay gy term is related to the
moisture capacity of a monomolecular layer (eq 5) and is similar
to W, in the GAB model, whereas By is related to the amount
of moisture absorbed by the sample and has no counterpart in the
GAB model (eq 6). After experimental data are fitted and the 4,
B, and FE terms are obtained, the remaining parameters 6, o, and
¢ can be calculated using eqs 7, 8, and 9, respectively. These
parameters can then be used to determine the distribution of
moisture for a sample at a particular 4,, during a sorption or
desorption cycle by using eqs 3 and 4, respectively. Table 3
presents the Y&N moisture distribution for TRE-G, Pesta, and
PEC-G as each formulation undergoes a rehydration process
from a dry state (4, =0). Also shown is the equilibrium moisture
content of each of the three formulations at each relative
humidity. 46 is the amount of moisture present in the first
monolayer, 4(6 + o) is the amount of moisture externally
adsorbed and includes the first molecular monolayer plus the
so-called “multilayer”, and Be is the amount of moisture intern-
ally absorbed or “bulk” moisture (26). The amount of moisture is
expressed as a percentage of the moisture content at each relative
humidity. Table 4 summarizes the moisture distribution of TRE-
G, Pesta, and PEC-G at 25 °C and at each relative humidity
investigated during the desorption process.
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Table 3. Comparison of TRE-G, Pesta, and PEC-G Sorption Moisture Distribution for Successive Sorption Cycles at 25 °C According to the Y&N Model?

J. Agric. Food Chem., Vol. 58, No. 3, 2010

1811

TRE-G Pesta PEC-G
sorption moisture sorption moisture sorption moisture
RH (%)  content (% w/w) A0 A6 + o) Be content (% w/w) A6 A + o) By content (% w/w) A0 A + o) By
Cycle |
0.0 0.00 0 0 0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.0
10.0 0.61 84.6 93.6 6.4 0.45 64.6 71.5 28.5 0.64 73.2 81.1 18.9
20.0 0.98 72.5 89.0 11.0 1.29 47.3 58.3 4.7 1.05 57.2 70.4 29.6
30.0 1.30 62.8 85.7 14.3 2.22 37.0 51.0 49.0 1.39 46.6 63.9 36.1
40.0 1.64 54.8 83.4 16.6 3.12 30.2 46.8 53.2 1.73 38.8 59.9 40.1
50.0 2.16 47.8 81.8 18.2 3.91 25.2 445 55.5 2.08 32.9 57.4 426
60.0 2.57 417 81.0 19.0 4.69 21.3 43.6 56.4 2.46 28.2 56.3 437
70.0 2.85 36.1 80.8 19.2 6.13 18.1 44.0 56.0 3.01 24.2 56.3 437
80.0 3.35 30.5 81.4 18.6 8.36 15.3 45.9 54.1 3.92 20.5 57.6 424
90.0 5.02 245 83.2 16.8 12.35 12.5 50.4 49.6 5.57 16.7 61.2 38.8
Cycle Il

0.0 0.00 0 0 0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.0
10.0 0.60 88.3 97.7 2.3 0.60 64.4 71.3 28.7 0.63 77.2 85.4 14.6
20.0 0.96 78.3 95.8 42 1.50 471 58.0 42.0 1.06 62.2 76.5 235
30.0 1.21 69.6 94.5 5.5 2.42 36.8 50.7 49.3 1.39 51.6 70.8 29.2
40.0 1.41 61.8 93.4 6.6 343 30.0 46.5 53.5 1.76 43.6 67.1 32.9
50.0 1.58 54.7 92.7 7.3 4.46 25.0 44.2 55.8 2.20 37.2 64.8 35.2
60.0 1.80 48.1 92.3 7.7 5.63 21.2 43.3 56.7 2.63 32.0 63.7 36.3
70.0 213 41.8 92.2 7.8 6.98 18.0 43.7 56.3 3.21 27.4 63.7 36.3
80.0 2.70 35.4 92.5 7.5 8.80 15.2 456 54.4 3.94 23.2 64.9 35.1
90.0 4.33 28.2 93.3 6.7 12.74 12.4 50.2 49.8 5.43 18.8 68.1 31.9

@ A0 is the amount of moisture in the first molecular layer, A(6 + o) is the amount of moisture externally adsorbed and includes the first molecular monolayer, and By is the
amount of moisture internally absorbed. Amounts are expressed as a percentage of the moisture content.

Table 4. Comparison of TRE-G, Pesta, and PEC-G Sorption Moisture Distribution for Successive Desorption Cycles at 25 °C According to the Y&N Model?

TRE-G Pesta PEC-G
desorption moisture desorption moisture desorption moisture
RH (%) content (% w/w) A0 AO+o) Be content (% wiw) A0 AO+o) Be content (% w/w) A0 AO+o0) Be
Cycle |
0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.0 0.0
10.0 1.12 55.9 61.8 38.2 1.44 19.7 21.8 78.2 0.93 29.1 32.2 67.8
20.0 1.28 52.4 64.2 35.8 2.72 19.2 23.7 76.3 1.52 28.1 34.6 65.4
30.0 1.41 48.8 66.6 334 3.81 18.7 25.8 74.2 2.01 27.0 37.1 62.9
40.0 1.53 45.3 69.0 31.0 4.80 18.1 28.1 71.9 2.42 25.9 39.9 60.1
50.0 1.68 418 71.5 28.5 5.78 174 30.8 69.2 2.87 24.6 429 57.1
60.0 1.88 38.1 74.0 26.0 6.83 16.6 34.0 66.0 3.32 23.1 46.2 53.8
70.0 2.22 34.2 76.6 23.4 8.05 15.6 37.9 62.1 3.92 21.5 50.1 49.9
80.0 2.84 29.9 79.6 20.4 9.54 14.4 43.0 57.0 454 19.5 54.7 45.3
90.0 4.47 245 83.2 16.8 12.80 125 50.4 49.6 5.54 16.7 61.2 38.8
Cycle Il

0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.0 0.0
10.0 1.25 744 82.2 17.8 1.45 19.5 21.6 78.4 0.95 35.6 394 60.6
20.0 1.42 68.4 83.7 16.3 2.75 19.1 23.5 76.5 1.55 34.1 42.0 58.0
30.0 1.54 62.7 85.0 15.0 379 18.6 25.6 74.4 2.01 32.6 44.7 55.3
40.0 1.66 57.1 86.4 13.6 478 18.0 27.9 72.1 2.44 30.9 475 52.5
50.0 1.81 51.7 87.6 12.4 5.77 17.3 30.6 69.4 2.92 29.1 50.6 49.4
60.0 2.00 46.4 88.9 11.1 6.81 16.5 33.8 66.2 3.39 27.1 54.0 46.0
70.0 2.32 40.9 90.2 9.8 7.98 15.5 37.7 62.3 3.92 24.9 57.7 42.3
80.0 2.93 35.1 91.6 8.4 9.47 14.3 42.7 57.3 457 22.2 62.2 37.8
90.0 4.44 28.2 93.3 6.7 12.74 12.4 50.2 49.8 5.49 18.8 68.1 31.9

A0 is the amount of moisture in the first molecular layer, A(6 + o) is the amount of moisture externally adsorbed and includes the first molecular monolayer, and By is the
amount of moisture internally absorbed. Amounts are expressed as a percentage of the moisture content.

As can be seen from Table 3, the relative distribution of
moisture in the three different locations—monolayer, multilayer,
and bulk—are quite different among the three formulations. For

example, Table 3 shows Pesta exhibits the greatest capacity for
bulk water followed by PEC-G and then TRE-G. This trend is
evidently independent of cycle effects. These results are consistent
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with the experimentally determined uptake capacity. An identical
trend was observed for the uptake capacity. Another trend
observable in Table 3 is the amount of moisture in the first
molecular layer in direct contact with the sample surface.
Although there is no simple experiment to experimentally confirm
the amount of moisture at the water-surface interface, the Y&N
model indicates that TRE-G has the greatest capacity to hold
water at this interface, followed by PEC-G and Pesta.

Table 4 presents the Y&N moisture distribution for each
formulation as the materials undergo a dehydration process
starting from a “wet” state (4, = 0.90). It can be seen that the
majority of the water content of Pesta is distributed within the
bulk, followed by PEC-G and then TRE-G. This trend is
independent of cycle effects. These results are consistent with
the experimentally observed response times for the formulation in
response to negative changes in relative humidity.

Optimal Water Activity. TRE-G and PEC-G are newly
developed formulations that have been used as microbial
delivery systems for other applications (27). Very little is
known about the shelf life of various microorganisms in either
PEC-G or TRE-G, in contrast to Pesta. Several researchers
have shown that shelf life, in terms of microbial viability, is
optimal when Pesta is dried and stored at low water activities.
Connick et al. (/1) demonstrated that C. truncatum viability is
best in Pesta stored at 0, 12, or 33% RH in comparison to 53
and 75% RH. Honeycutt and Benson (40) reported on en-
hanced binucleate Rhizoctonia spp. survival in Pesta stored at
12 or 33% RH by approximately 2—3 months in comparison to
53 and 75% RH. Shabana et al. (/4) reported optimal shelf life
at 11% RH for Fusarium oxysporum f. sp. orthoceras in
contrast to 53 and 59% RH. In all of these shelf-life studies,
a similar storage temperature of 25 °C was used. Although low
water activity may be conducive to long shelf life, a practical
solid-state biopesticide must be able to hydrate from the dry
state to an appreciable moisture level within a probable
duration in which high moisture levels are present to facilitate
microbial growth and infection. For fungal growth, an 4, >
0.70 is generally required, whereas a higher A4,, exceeding 0.89
is typically required for bacterial growth (4), making irrigated
crop systems or long dew periods ideal conditions for biopesti-
cides. To cause severe infection of target weeds, a minimum
dew period of 12 h is required (3). For biopesticides to be
considered as a competitive pest control tool, they must be able
to perform in the absence of a dew period and/or with dew
periods of <12 h, which is more likely to occur than the
presence of dew periods of > 12 h. Whereas Pesta shows the
greatest capacity to gain water, it shows the slowest response to
changes in relative humidity. For example, Pesta initially at
Ay = 0.10 needed at least 4.5 h to reach a water activity of
0.20 when the ambient air changed to 20% RH. By compar-
ison, TRE-G and PEC-G required comparatively less time, 1.3
and 0.9 h, respectively (Figure 3). It is interesting to note that
Pesta dried to a A,, = 0.10 would require 29—41 h to reach a
water activity of 0.70—0.90 or to facilitate bacterial/fungal
growth, whereas TRE-G and PEC-G would require a mini-
mum of approximately 8.6 and 7.9 h, respectively, to enable
fungal growth or 13.6 and 12.3 h, respectively, to facilitate
bacterial growth. As indicated earlier, one mechanism to
improve efficacy might be to design biopesticides with fast
sorption rates.

New Paradigm. The ability to identify, measure, and optimize
properties that correlate to stability or efficacy will be crucial for
the success of future biopesticides. Although no organism was
incorporated into TRE-G, Pesta, or PEC-G, the DVS method of
analysis proved to be useful in the comparison of these different
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matrices. Despite TRE-G and PEC-G sharing a similar compo-
nent, Satintone SHB, at a concentration >75%, the formula-
tions could still be differentiated by several sorption properties.
Thus, sorption properties can be monitored using the dynamic
vapor sorption technique and may be used as guides in the
designing and tailoring of formulations. These initial studies
suggest that advancements in biopesticide development in regard
to water—biopesticide interactions may be possible through the
use of a dynamic vapor sorption analyzer.

Similar to other industries such as drugs, pharmaceuticals, and
cosmetics, the active materials for microbial biopesticides are
often dependent on a carrier for chemical and physical stability
and to improve bioavailability. All ingredients in a formulation
including the active material contribute to the sorption behavior
of the product (47). However, sorption studies on carrier matrices
devoid of the active ingredient are frequently performed to
compare different constituent materials and candidate formula-
tions (42,43). Although an effect on sorption properties may arise
from addition of an active material, the contribution is largely
consistent across carrier matrices because the chemical potential
u and activity a of the active ingredient remain unchanged (44).
Thus, the desired sorption behavior is governed by the carrier
matrix components and composition. Consequently, emphasis
may be directed towards identifying functional matrices. How-
ever, unlike neat chemical actives, the contribution by a microbial
active will be intrinsic not only to the organism of interest but also
to any associated residual chemistries from the particular meth-
ods of cultivation and harvesting. In other words, the microbial
contribution to the sorption behavior of potential biopesticide
matrices is the same regardless of carrier matrix for a given source
of the microbial active.

Earlier shelf-life studies that used saturated solutions were
limited to discrete relative humidity values attainable with com-
mon salts. Consequently, it remains unclear whether formula-
tions stored at water activities between 0.33 and 0.53 would
exhibit shelf life comparable to those stored at 0, 0.12, and 0.33.
Because the need to lessen the dependency on lengthy dew periods
has been a long-standing challenge in biopesticide development,
new approaches may be necessary. Figure 3 illustrates that Pesta
stored at Ay, = 0.40 would require about 60% less time to
rehydrate to a 4y, = 0.70 in contrast to storage at A,, = 0.10.
TRE-G and PEC-G would require ~65 and 61% less time,
respectively. A significant implication of these findings is that
both the storage— and infection—moisture requirements should
be considered simultaneously when a final storage water activity
is selected for solid-state biopesticides.

The findings suggest that a dew period may not be imperative
for solid-state formulations; however, a sufficiently high humidity
would be required. Furthermore, the data shown in Figure 3
indicate that a sufficiently long exposure to highly humid air
would also be required. The minimum exposure duration to
support microbial growth is shown to be influenced by formula-
tion. It has also been shown that sorption (hydration) and
desorption (dehydration) kinetics are potentially important prop-
erties that should be considered in the development and optimi-
zation of biopesticides. The ideal solid-state biopesticide would
exhibit fast hydration kinetics and a slow dehydration rate.
Optimization of such a biopesticide would involve optimizing
sorption and desorption kinetics of the carrier matrix in addition
to other properties that may be required, such as UV resistance or
rainfastness.

In summary, water vapor sorption experiments were performed
on three different biopesticide formulations. The formulations
could be differentiated by sorption properties, that is, water uptake
capacity and rehydration/dehydration rates. The experimental
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results indicate a bulk absorption dominated moisture-sorption
mechanism for all three formulations. The in situ video images
did not reveal any visible transformations, except for minor
swelling. It was found that the GAB model is not appropriate
for these formulations. The Y&N model showed good correlation
with experimental data. Of the three formulations, Pesta shows the
greatest moisture uptake capacity followed by PEC-G and then
TRE-G; however, Pesta was very slow to rehydrate. The response
time order was PEC-G (fastest) < TRE-G < Pesta (slowest) for
rehydration and TRE-G (fastest) < PEC-G < Pesta (slowest) for
dehydration.
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