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Lay Abstract 

Agricultural formulations have been developed and widely applied to crops in an effort to 
maximize yields to keep up with the food demands of the world’s ever-growing 
population. However, there are still many challenges associated with the application of 
these formulations, such as huge losses due to spray drift, wash-off, and degradation 
during spraying. These issues can reduce the formulation’s overall efficacy and pose 
serious risks to the environment and human health.  
 
The primary objective of this thesis is to explore the agricultural application of a new 
environmentally-friendly active ingredient, copper chlorophyllin (CuChl). To this end, 
this work begins by determining CuChl’s colloidal and adsorption behaviors, with a 
particular focus on its binding tendencies for relevant plant surfaces. Next, a polymer 
combination was designed as a spray adjuvant to enhance CuChl’s rainfastness 
performance and CuChl’s release from dried deposits was characterized. Finally, the 
distribution of dispersed particles in dried suspoemulsion deposits was determined. 
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Abstract 

Copper chlorophyllin (CuChl) is an antioxidant from renewable sources, which has 
shown as a potential active ingredient in agricultural crop sprays. The major objectives of 
this thesis are to understand the colloidal and interfacial behaviors of CuChl, and to 
develop strategies for improving its effectiveness in field applications. In this project, the 
following three areas are examined and analyzed. 
 
In practice, CuChl-based formulations are sprayed directly onto a plant’s foliage. As 
such, there is a need to understand how CuChl interacts with relevant plant surfaces. To 
this end, quartz crystal microbalance with dissipation (QCM-D) was used to quantify the 
adsorption of CuChl aqueous solutions onto four model surfaces: polystyrene, cellulose, 
pullulan, and silica. The results showed that cellulose adsorbed the highest amount of 
CuChl, followed by polystyrene and pullulan. In addition, the results also showed that the 
surfactants, SDS or DTAB, could alter the binding of CuChl to cellulose when used in 
concentrations above the critical micelle concentration. 
 
CuChl is composed of water-soluble and dispersed components, therefore it is not 
intrinsically rainfast, which limits its field application. To immobilize CuChl on leaves, a 
polymer combination of CMC (carboxymethyl cellulose) and PAE (polyamidoamine-
epichlorohydrin) was designed for use as a spray adjuvant. The release behaviors of 
CuChl from dried spray deposits were investigated using varied polymer compositions 
and concentrations and compared with those of a water-soluble dye, brilliant sulfaflavine 
(BSF). The results indicated that a small amount of CuChl was immediately released 
upon exposure to water whereas BSF’s release behavior was dependent on the square root 
of time. The unusual behavior of CuChl was attributed to the presence of particles in the 
solution. These nanoparticles were coated with CMC:PAE complex, with the result of 
being immobilized on parafilm.  
 
Suspoemulsion is the most complex agricultural formulation that is composed of both 
dispersed particles and emulsion droplets. The objective of this work is to understand the 
relationship between the solution properties of suspoemulsions and the resulting dried 
deposits on hydrophobic surfaces. The results showed that the distribution of 
polychlorinated Cu (II) phthalocyanine (PG7) particles in dried deposits was related to the 
extent to which PG7 particles were adsorbed on or entrained in oil droplets. The PG7 
particles that mainly ended up in the center (dome) area after drying were bound to the 
oil/water interface in the suspoemulsion, whereas individually dispersed particles ended 
up in the annulus.  
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Chapter 1 
 
 

Introduction and Objectives 

Since their first recorded use by the Sumerians in 2500 B.C., agrochemicals have been 
employed around the world to ensure sufficient food supplies, either by killing pests and 
weeds or by enhancing crop yields.1 Remarkable efforts have been made by industry and 
academia to improve the effectiveness of agrochemicals, including the development of 
new active ingredients and adjuvants, as well as more effective delivery methods.2-5 The 
application of these innovations is evidenced by data from the Food and Agriculture 
Organization of the United Nations Statistics Divison (FAO), which shows that over 4 
megatons of pesticides were used in 2017.6 
 
Typically, agrochemical concentrates are diluted in water before being sprayed onto the 
foliage. Despite losses during spraying, a small number of droplets will adhere to, spread 
on, and in some cases penetrate into or translocate inside leaves.7 Recent researchers have 
investigated the factors that affect these processes in an attempt to reveal their underlying 
mechanisms, which would be of tremendous assistance to chemists or formulators in 
developing new products.8-11 
 
This chapter introduces agricultural formulations and leaf surface features and provides 
an overview of the related research. Finally, the chapter concludes by describing the 
objectives of this project and providing an outline of this thesis.  
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1.1 Agricultural formulations 

The use of agricultural formulations in modern agriculture has yielded significant 
economic and social benefits. Commercial agricultural formulations are usually 
comprised of a variety of ingredients, with bioactivity being regulated by the 
formulation’s active ingredient (AI), which is commonly a chemical or biological agent. 
Most AIs fall into the general category of pesticides, which are defined by the Food and 
Agriculture Organization (FAO) as substances or mixtures of substances that are used to 
control pests, diseases, or unwanted species or to regulate growth during production, 
storage or transportation.12 Pesticides can be divided into multiple sub-categories, 
including herbicides, insecticides, antimicrobials, fungicides, rodenticides, etc. Of these 
sub-categories, herbicides are among the most commonly used, accounting for more than 
40% of all annual pesticide-usage between 2008 and 2012.13 A brief description of each 
type of pesticide is provided in Table 1-1. 
 
                               Table 1-1 Common pesticide categories and related action. 

Pesticide category Action 
Herbicides Kill unwanted plants 
Insecticides Kill insects 

Antimicrobials Kill microorganisms, e.g. bacteria and viruses 
Fungicides Kill fungi, molds, mildew, etc. 

Rodenticides Kill rodents, such as mice and rats 
 
However, pure AIs are not suitable for field practice because they may be water-soluble 
or instable. To remedy this, AIs are combined with other ingredients, collectively known 
as adjuvants, to produce useable commercial formulations. Adjuvants can aid or modify 
the physicochemical characteristics of spray solutions or the action of an AI, thereby 
enhancing the formulation’s efficacy.14 They may be included in formulations by 
manufacturers as in-can adjuvants, or they can be added to spray solutions separately by 
users as tank-mix adjuvants. Common adjuvants can serve a variety of purposes; for 
example, they can be used as surfactants, spreader-stickers, drift-control agents, and 
penetrants.  
 
Since most agricultural formulations use water as a carrier to deliver AIs, surfactants are 
also often added in order to lower the spray solution’s surface tension. The addition of 
surfactants enhances AI retention, as it causes sprayed droplets to flatten out and wet 
hydrophobic leaf surfaces instead of bouncing off. In particular, researchers have 
developed a new class of organosilicone surfactants that are capable of lowering the 
surface tensions to 20 mN/m which allows droplets to infiltrate the stomatal chamber. 
Furthermore, these new surfactants have also been observed to display rain-resistant 
properties for some herbicides.15-17 Surfactants can also self-assemble to micelles above 
the critical micelle concentration which allows them to solubilize or disperse water-
insoluble AIs. Spreader/stickers can also be used to increase the area covered by a spray 
solution, as well as its ability to stick to target surfaces. Nu Film P® is a commercial non-
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ionic spreader/sticker composed of polymeric terpenes, mineral oil and alkyl amine 
ethoxylate that forms a soft film on the foliage in order to enhance AI contact, wetting 
and adhesion. Consequently, Nu Film P® also protects the AI from the impact of rainfall, 
volatilization and UV degradation. Furthermore, a broad range of droplets are produced 
during spraying with the smallest (<150 µm) being highly susceptible to climatic 
conditions such as wind, which can cause them to drift to off-target sites.18 Hence, drift-
control agents, such as polyacrylamide or polyvinyl polymers, are added to spray 
solutions in order to reduce the number of small droplets.19 Additionally, penetrants can 
also be added to sprays to promote the translocation or diffusion of AIs into the interior 
parts of plants as they help soften or dissolve the plant’s waxy cuticle barrier. Penetrants 
are usually oil-based adjuvants, such as crop oil concentrates (emulsifiable petroleum 
oils) or modified vegetable oils (methylated seed oils).20 For more details on adjuvants, 
please see the book, Adjuvants for Agrichemicals.21  
 
Given the overwhelming variety and availability of adjuvants, it is possible that multiple 
formulations are on the market for a single AI. For example, glyphosate is a broad-
spectrum systemic herbicide that can inhibit the enzyme 5-enolpyruvylshikimate-3-
phosphate (EPSP) synthase. Indeed, more than 750 glyphosate-based products have hit 
the market since Monsanto’s introduction of the first one - known by its tradename, 
Roundup - in 1974.22  
 
While it is critical to consider the type of AI when selecting adjuvants, it is also important 
to consider the formulation type, as this can ensure consistent performance. CropLife 
International, an international trade association of agrochemical companies, provides a 
catalog and coding system, which serves as the industry standard for classifying a wide 
range of agricultural formulations.23 Table 1-2 provides a list of typical formulation types. 
 
                                     Table 1-2 Typical types of agricultural formulations. 

Type Code Description 
Emulsifiable 
concentrate 

EC An oil solution comprised of an agrochemical and 
emulsifiers that emulsifies after dilution in water 

Emulsion  EW Concentrated oil-in-water emulsion 
Granule GR A non-caking and free-flowing granular 

formulation consisting of an agrochemical and an 
adsorbent carrier  

Suspension concentrate SC A stable suspension of solid particles in oil or 
water (more common) phase 

Suspoemulsion SE A mixture of emulsion and suspension  
Wettable powder WP A powder formulation comprised of an 

agrochemical, wetting/dispersing agents, and an 
inert carrier 
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In this research, copper chlorophyllin (CuChl) was studied as a potential agricultural 
active ingredient. CuChl is a semi-synthetic derivative of chlorophyll that is prepared via 
saponification to remove the phytyl group and the isocyclic cyclopentanone ring and via 
metal replacement with copper.24 The resulting CuChl is usually a water-soluble mixture 
of various chlorins and other materials.25-26 Much work has been done to analyze and 
determine the composition of commercial-grade CuChl mostly from Sigma.26-28 Tumolo’s 
review provides a list of the chemical structures of chlorins that may be detected in 
commercial products.29 
 
Although CuChl is commonly claimed to be water-soluble, Salin et al. showed that 
CuChl solutions could not pass through a dialysis tubing with a cut-off molecular weight 
of 6-8 kDa.30 In another work, the presence of particles in CuChl solutions at pH=3 or 5 
was also confirmed by dynamic light scattering (DLS).31 
 
In addition to its application as a food additive, CuChl has demonstrated the ability to 
protect against oxidative damages induced by reactive oxygen species (ROS) as well as 
the ability to inhibit the activities of mutagenic/carcinogenic compounds.32-33  
 

1.2 Leaf surface structure 

Agricultural formulations are often sprayed directly onto the foliage, which is known as a 
foliar application. As such, spray droplet retention and deposit structures after dry-down 
are greatly affected by leaf surface characteristics.  
 
To reduce water loss, the outermost epidermis of most terrestrial plant leaves is covered 
with a thin protective extracellular membrane, known as a cuticle. Holloway established a 
theoretical bilayer cuticle model based on ultrastructural features (shown in Figure 1-1).34 
As can be seen, the outer layer, the cuticle proper (CP), consists of alternating layers 
forming a lamellate region with a thickness of less than 200 nm whereas the inner cuticle 
layer (CL) displays a reticulate structure with a variable thickness.35 

Figure 1-1 Holloway’s theoretical plant cuticle structure. Modified from reference34. 
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Although the cuticle structure varies between plant species, organs or ontogenic stages, its 
chemical composition usually consists of two classes of hydrophobic substances: cutin 
and wax. The cuticle’s basic framework is formed by cutin, which is a polyester of C16 
and C18 fatty acids, though in some species it can also be formed by cutan, which is an 
ether-linked aliphatic biopolymer.36-37 Wax, either embedded in the network as 
intracuticular wax or superimposed on the surface as epicuticular wax, is a mixture of 
long-chain hydrocarbons and sometimes aromatic chemicals.38-40 Since the cuticle is 
linked to the epidermal cell wall, it will likely also contain polysaccharides, pectin and 
phenolics.41-42 
 
Epicuticular wax often forms different three-dimensional microstructures along with an 
underlying two-dimensional wax film; however, these three-dimensional structures may 
not be present on all species. Much work has been done to characterize the microstructure 
morphologies of leaf surfaces, particularly through the use of a scanning electron 
microscope (SEM). For instance, Barthlott’s analysis of SEM micrographs of more than 
13000 species resulted in the identification of 23 distinct morphologies, with platelets and 
tubules being the most common.43 Some examples of these morphologies are shown in 
Figure 1-2. In addition, several researchers have attempted to correlate morphology with 
chemistry, with the results of these studies showing that this relationship is strong for 
certain morphologies. For example, tubules are comprised of four main constituent 
chemicals: nonacosan-10-ol, β-diketone, alkanediol and δ-lactone.44-45 
 
The chemistry and structure of the cuticle enable many functions, including serving as a 
transport barrier for uptake and loss, as well as water repellency.46 In particular, lotus 
leaves derive their superhydrophobic properties from the hierarchical structures of 
micron-scale epidermal cells (papillae) and nano-scale superimposed hydrophobic wax 
crystals. To mimic the magic of nature, intensive research has been conducted to prepare 
anti-adhesive and self-cleaning surfaces based on hierarchical structures.47-49 
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1.3 Recent studies in the literature 

As noted above, agricultural formulations are sprayed onto plants to control pests or 
weeds. A small number of sprayed droplets will adhere to, spread out on and in some 
cases penetrate through leaf surfaces. The formed dried deposits on leaf surfaces are 
likely exposed to an irrigation or rain event to be washed off. Numerous researchers have 
investigated the entire process in an effort to gain a more robust understanding of it. This 

 
Figure 1-2 SEM micrographs of epicuticular wax microstructures on different leaf 
surfaces: (a) fissured wax crust on Crassula ovata; (b) wax platelets and a wax layer 
(indicated by an arrow) on Aloe striata; (c) β-diketone wax tubules on Eucalyptus 
gunnii; (d) nonacosan-ol tubules on top of Thalictrum flavum glaucum; (e) wax plates 
on Aloe porphyrostachys; (f) rosettes of platelets on Robinia pseudoacaia; (g) wax 
rodlets on cabbage (Brasiica oleracea); (h) transversely ridged rodlets on Sassafras 
albidum. Figure from reference.41 
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section provides an overview of the literature related to deposition, wetting, deposit 
distribution, rainfastness, and penetration. 
 
1.3.1 Deposition  

When spray droplets contact the leaf surface, they may either adhere to it, bounce off of it 
or shatter into smaller droplets.50 The spray droplet behavior is usually governed by 
droplets’ size and velocity, the surface tension of the solution, and the leaf’s surface 
features (wettability and surface roughness). Researchers have used high-speed cameras 
to visualize the impact process and track the trajectories of spray droplets.51-52 

 
1.3.1.1 Adhesion or bounce  

Sprayed droplets possess kinetic energy that will cause them to spread on leaf surfaces. 
Due to the surface tension, initial kinetic energy will be partially converted to potential 
energy stored in the interface.53 As maximum spreading is reached, the droplet starts to 
recoil or recede back towards its original shape. The maximum spreading diameter 
���� is calculated as follows54 

���� = � ∗ �
�����

�(����� ��)����
√��

�
       Equation 1-1 

 
Figure 1-3 Three outcomes of a droplet impacting a surface: a) adhesion; b) bounce; c) 
shatter. Picture from reference51. 
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where � is the droplet diameter, and �� is the advancing contact angle of the droplet on 
the leaf surface. The Weber (��) and Reynolds numbers (��) are determined by, 

        �� =
����

�
               Equation 1-2 

         �� =
���

�
                 Equation 1-3 

wherein �, �, and � are the solution’s density, surface tension, and viscosity, respectively, 
and � is the droplet velocity. 
 
During spreading and recoiling, partial energy loss occurs due to friction. If the energy 
loss is large enough, the droplet will not be able to detach from the leaf surface and will 
remain there; conversely, if enough energy is left over after the droplet reforms to a 
sphere, it will bounce off of the leaf.  
 
1.3.1.2 Shatter 

If a droplet impacts the surface with a high amount of energy, it may break up into many 
smaller droplets. This phenomenon, known as shattering, may enhance retention due to 
the fact that shattered droplets are slower and therefore more likely to be captured by 
nearby leaf surfaces. The shattering of droplets will occur if the following criterion is 
met:55 

                                                    ����� > ��      Equation 1-4 

where � is a constant that is equal to 57.7 for a wide range of substrate roughness, usually 
including leaves.  
 
1.3.2 Wetting 

After being retained, droplets begin to spread out and wet leaves. Although wetting is 
usually a complicated dynamic process that is influenced by many factors, this section 
focuses on the static contact angle at equilibrium, as it is considered to be a useful unit for 
predicting a surface’s wettability. Based on static contact angle values, Koch et al. 
classified four types of surface wettability: superhydrophobic (≥150°), hydrophobic 
(90°~150°), hydrophilic (10°~90°) and superhydrophilic (0°~10°).41 
 
The wetting behavior of a liquid drop on a solid surface is regulated by three interfacial 
tensions between solid-gas, solid-liquid, and liquid-gas. Complete and zero wetting are 
two extremes with respective values of 0° and 180°. In most cases, partial wetting is 
observed with a spherical droplet. For a flat ideal surface that is rigid, smooth and 
homogeneous, the static (equilibrium) contact angle �� can be calculated using Young’s 
equation,56 

                                                  ��� = ��� + ��� cos ��         Equation 1-5 
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where ���, ���, ��� are the interfacial tensions between solid-gas, solid-liquid and liquid-
gas respectively.  
 

Figure 1-4 Three theoretical models of wetting. 
 

However, real surfaces, such as leaves, are far from ideal. Wenzel integrated the effect of 
roughness to produce a modified equation for the static contact angle ��, assuming the 
liquid droplet can infiltrate grooves completely,57 

cos �� = � ∗ cos �� = � ∗
�������

���
       Equation 1-6 

wherein the roughness factor, r, is defined as the ratio between actual and projected 
surface areas. For a smooth surface, r=1, while r>1 for a rough surface.  
 
In other cases, the roughness of the surface greatly reduces the contact area between the 
droplet and surface underneath. For example, Wagner et al.’s investigation of six species 
using confocal and atomic force microscopes revealed that hierarchical structures caused 
a 95% decrease in the contact area of a water droplet compared to the projected area.58 
Cassie and Baxter regarded surface roughness as chemically heterogeneous and 
calculated the contact angle, ���, with individual component wettability.59 The equation 
is displayed as follows: 

                                 cos ��� = �� ∗ cos �� + �� ∗ cos ��    Equation 1-7 

wherein �� and �� are the fractions of surface types 1 and 2, and  ��and �� are 
corresponding contact angles. 
 
For superhydrophobic surfaces, the air is trapped between the droplet and surface. We 
define ��=180°, and �� = 1 − �� in order to simplify the equation as follows: 

 cos ��� = � ∗ (cos � + 1) − 1       Equation 1-8 

wherein � is the ratio between the solid-liquid contact area and its projected area.  
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1.3.3 Deposit distribution 

Evaporation causes spray droplets to dry up on leaf surfaces, leaving residues of different 
distribution patterns that can affect AI penetration and efficacy. For example, Faers et 
al.’s investigation of the deposit residues of suspoemulsion formulations revealed that the 
close association between the AI and adjuvant oil can enhance uptake.60 The following 
sub-sections briefly explore three basic distribution patterns of a simple particle-laden 
solution on a smooth surface and their underlying mechanisms.  
 

Figure 1-5 Cross-sectional illustration of different deposit distributions formed by 
drying sessile drops of a particle-laden solution. 

 
1.3.3.1 Coffee-ring distribution 

Similar to coffee stains, agricultural droplets containing suspended particles present an 
annulus or ring-like pattern on leaves after evaporation. In 1997, Deegan et al. proposed a 
mechanism to explain this phenomenon.61 Specifically, they suggested evaporation occurs 
along the surface of an aqueous droplet when it is placed on a solid surface. The 
evaporation flux �(�) in a sessile drop with a contact angle, ��, is given by 

�(�) ∝ (� − �)��      Equation 1-9 

in which  

      � =
�����

������
            Equation 1-10 

and � and � are the droplet radius and the radial coordinate, respectively. 
 
Based on Equation 1-9, evaporation flux varies with the position, with the highest 
evaporation rate being obtained as � approaches �. The pinned contact line of the droplet 
induces an outward capillary flow to replenish the liquid at the edge, which transports 
particles outwards as well. For a thin drop with a center height that is far smaller than �, 
the mass of solute, ��, in the ring is62 
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�� = �� �1 − �1 −
�

��
�

(���)
��

�

�
(���)�

   Equation 1-11 

 
where �� is the initial solute mass, and �� is total drying time. 

 
1.3.3.2 Dome plus annulus distribution 

Sometimes, a dome can be observed in the center of annulus residues.63 Hu et al. have 
ascribed this formation to a reversed flow, Marangoni flow.64 Temperatures along the 
liquid-air surface are non-uniform due to different thermal conduction paths, with the 
lowest value being found at the top center of the droplet. These variations in temperature 
result in different surface tensions throughout the droplet. The surface-tension gradient 
induces an inward flow, termed Marangoni flow, to carry particles back towards the top 
of the center. 65 As a result, particles can either precipitate to adsorb onto the substrate or 
be recirculated to the edge. However, Marangoni flow is usually suppressed in water 
droplets, which is why the coffee ring formation tends to be more common. 
 
Surfactants are also known for their efficiency in altering the surface tension, which 
allows them to generate different scenarios depending on whether they collaborate or 
compete with the thermal-induced gradient. For instance, the coffee ring effect can be 
enhanced or reversed depending on the type or concentration of the surfactant.66-69 
Karapetsas et al. summarized the effect of surfactants as follows:1) they are able to 
induce the Marangoni flow via the surface-tension gradient; 2) they can slow the 
evaporation rate; 3) they are able to influence the dynamics of the contact line; 4) they 
can facilitate interactions between particles; and 5) they are able to initiate particle 
interactions with liquid-solid as well as liquid-gas interfaces.70-71  
 
1.3.3.3 Uniform distribution 

Uniform distribution may also be observed depending upon the balance between capillary 
and Marangoni flow or for droplets with a mobile contact line. In addition, uniform 
distribution has been achieved via other methods, such as preparing ellipsoidal particles 
or heating the substrate, which have been carried out in lab-scale experiments.72-73 
 
While uniform distribution is always preferred in printing and coating applications, 
optimal patterns for agricultural residues vary based on AIs, plants and purposes. For 
instance, Faers et al. argue that the coffee ring is an acceptable pattern as uptake can be 
promoted by a strong association between the AI and adjuvant in the ring structure.60  
 
1.3.4 Rainfastness 

A rain-free period is usually recommended in commercial labels. This recommendation is 
often related to the product’s rainfastness performance, which refers to its ability to resist 
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loss due to rain or overhead irrigation, thereby maintaining its biological effectiveness.74 
As such, good rainfastness performance can improve retention and reduce application 
times, which lowers economic costs and risks to the applicators. 
 
In the 1990s, organosilicone surfactants were reported as rainfastness adjuvants for some 
herbicides.75-77 The adjuvants that have recently been proposed in the academic literature 
usually fall into two categories: film-forming materials or encapsulation carriers. Sun et 
al. from Akzo Nobel Chemicals International B.V. patented methylethylhydroxyethyl 
cellulose (MEHEC) as a drift-control and rainfastness agent.78 They mixed the 0.2 wt% 
MEHEC solution with a water-soluble model dye, tartrazine, at 1:1 ratio and deposited 
drops of the mixture onto parafilm. The dried deposits were then placed under a simulated 
rain source, which was produced by quickly pouring 400 g of water into a vessel with 
small holes at the bottom for 15 seconds. The retained deposits were visually compared 
before and after simulated rain, with the results suggesting that MEHEC provided better 
protection than the comparison adjuvant, guar gum. In 2016, Dr. Khutoryanskiy’s group 
developed laboratory-scale and simulated raintower washing methods to evaluate the 
rainfastness performance of fluorescently labeled poly(vinyl alcohol) (PVA) deposits on 
Vicia faba leaf surfaces. By monitoring coverage with fluorescent microscopy, they found 
the rainfastness performance of PVA enhanced with molecular weight and crystallinity.79 
In a subsequent study, they found that chitosan displayed better retaining coverage via the 
identical protocol than commercial BOND or PVA.80 Furthermore, they also created a 
formulation by combining chitosan with a water-dispersed fungicide, azoxystrobin, and 
assessed the adjuvancy of chitosan via a quantitative spot and wash analysis. After a one-
hour rain washing (10 mm/h), nearly 100% of the azoxystrobin was retained under the 
protection of chitosan. 
 

 
Figure 1-6 (A) and (B) are schematic diagrams of the lab-scale and simulated raintower 
methods, respectively; (C) is a representative wash-off result. The coverage area of a 
PVA deposit before and after the wash-off is processed by ImageJ and plotted. Picture 
from reference.80 
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Although the addition of film-forming adjuvants can be effective, another strategy is to 
design functional carriers to encapsulate the AI. Yu et al. functionalized poly(lactic acid) 
nanoparticles with carboxyl, amine and acetyl groups individually in order to encapsulate 
the biocide, abamectin, and to evaluate their adhesion to cucumber foliage via 
fluorescence imaging and HPLC. The adhesion was found to follow the order of H2N-
PLA-NS > CH3CO-PLA-NS > HOOC-PLA-NS, owing to hydrogen bonds, electrostatic 
interaction and covalent bonds. These nanoparticles also displayed additional desirable 
benefits, such as sustained-release behaviors and higher photostability.81 In addition, Jia 
et al. have prepared polydopamine microcapsules via in-situ emulsion polymerization at 
the interface in order to encapsulate avermectin for the purpose of prolonging foliar 
retention.82 
 
1.3.5 Penetration 

Foliar penetration is a key factor in the efficiency of systemic agrochemicals that are 
supposed to translocate in the interior of plants. Foliar penetration is a complex process 
that is influenced by a number of factors, including the formulation’s physicochemical 
properties, such as molecular weight, lipophilicity and AI concentration, chemistry and 
microstructure of  the leaf surface, including cuticle and stomata, and environmental 
conditions viz temperature and humidity.83-88 Two possible pathways of foliar penetration, 
via cuticle and via stomata, are illustrated in Figure 1-7.89 

Figure 1-7 Cuticular and stomatal pathways across a wheat leaf. Adapted from 
reference89. (Copyright © 2019 American Chemical Society. Adapted with permission.) 
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1.3.5.1 Cuticular pathway 

Both lipophilic and hydrophilic molecules were observed to penetrate through the cuticle 
in previous investigations.90-92 Thus, it was postulated that the cuticle contains two paths 
of lipophilicity and hydrophilicity. In particular, the hydrophilic path was explained by 
“polar pores” or “aqueous pores” in the astomatous cuticle which are formed by water 
adsorption on polar domains consisting of free carboxyl and/or hydroxyl groups in cutin 
or polysaccharide fibers extending from underlying cell walls.91, 93-94  
 
Although cuticular penetration is a continuous diffusion process driven by the 
concentration gradient, it is usually divided into three separate steps for analysis: sorption 
into the cuticle, diffusion through the cuticle and desorption from the cuticle. The basic 
aspects of sorption and transcuticular diffusion will be illustrated in the following sub-
sections. 
 
Sorption. Agrochemicals are sorbed into the cuticle as they are applied to the foliage. The 
sorption equilibrium state is governed by the cuticle/water partition coefficient  

��� =
��

��
           Equation 1-12 

where �� and �� represent molecule concentrations in the cuticle and water phase, 
respectively. 
 
Many efforts have been made to determine ��� experimentally, with the resultant values 
having been compiled by Riederer.95 However, it is impractical or tedious to measure all 
values experimentally due to the variability of agrochemicals and plant species. Thus, 
Schönherr and Riederer developed a method of predicting ��� that used the 
physicochemical parameters of agrochemicals. Using this method, they correlated ��� 
with the 1-octanol/water partition coefficient ��� or water solubility �� as follows:92 

log ��� = 0.057 + 0.970 log ��� (� = 0.987)    Equation 1-13 

log ��� = 1.118 − 0.569 log �� (� = 0.978)        Equation 1-14 
 
Transcuticular diffusion. The fundamental equation for steady-state diffusion is given by 
Fick’s first law. When transport occurs across a membrane, within the context of this 
research, a cuticle, a particular parameter permeance P (m/s) is used. Hence, the flux J 
(mol/(m2*s)) is given by 

� = �(�� − ��)           Equation 1-15 

wherein �� and �� represent molecule concentrations at the cuticle’s inner and outer 
surfaces, respectively. 
 
� is a combined parameter shown in the following equation,96 
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                                                         � =
��

�
     Equation 1-16 

where � (m2/s) represents the diffusion coefficient in the cuticle, � is the partition 
coefficient between the cuticle and the adjacent solution and  � (m) is the length of the 
diffusion path. 
 
As the cuticle is tortuous, Equation 1-16 can be modified by including the tortuosity, �, of 
the diffusion path.84  

� =
��

�
∗

�

�
         Equation 1-17 

However, the real cuticular penetration process is far more complicated than described by 
the equations above. For example, the cuticle’s heterogeneous structure and non-steady 
state in actual practice wherein temperature and concentration change with evaporation 
lead to deviations from the theoretical case.  
 
1.3.5.2 Stomatal pathway 

The infiltration of stomata also contributes to the penetration of foliar-applied 
agrochemicals.97 Since the critical surface tension of a leaf is usually lower than 30 
mN/m, formulations containing organosilicone surfactants, e.g. Silwet L‐77, were 
reported to display stomatal penetration.15, 98 In addition, hygroscopic chaotropic salts 
were also demonstrated to reduce the surface tension of solutions and enable the 
hydraulic activation of stomata (HAS), thereby promoting penetration.99 
 

1.4 Challenges in agrochemical development 

Although agrochemicals are necessary to ensure that there is an adequate food supply, 
their overuse has led to great environmental damage, including soil and water 
contamination, reduced biodiversity, pesticide resistance, and pesticide residues in food 
commodities.100-105 These adverse outcomes have provided an impetus for the 
government and the public to re-evaluate acceptable levels of toxicity in agricultural 
products and to enact new regulations designed to reduce harm and conserve the 
environment. One example of such progress was the banning of 
dichlorodiphenyltrichloroethane (DDT) in a number of countries after Rachel Carson 
demonstrated its devastating effects on the environment, wildlife and human health in her 
book “Silent Spring”.106-107  
 
At present, the rational design and use of agrochemicals are widely advocated. Much 
progress, including the adoption of upgraded application methods and the development of 
formulations with improved physicochemical properties, has been made. Furthermore, 
integrated pest management (IPM) was proposed as an ecological and economic approach 
for keeping pest populations within acceptable levels, while also reducing or minimizing 
impacts on the environment and human health.108-109 Indeed, there is a long way to go 
before the goal of sustainable agriculture is achieved.  
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1.5 Objectives 

Recent work has shown that CuChl, either alone or in combination with synthetic oil, can 
provide protection for plants facing drought or salt stress.110-111 With respect to foliar 
application, it is of importance to understand CuChl’s binding tendencies for relevant 
plant surfaces. Since CuChl is a mixture of water-soluble and dispersed components, it is 
washed off of leaves during rainfall or irrigation relatively easily. Thus, it is necessary to 
develop spray adjuvants to immobilize CuChl onto leaves while simultaneously 
controlling the amount of CuChl that is available to enter leaves.  
 
Another goal of this research is to understand the relationship between the properties of 
agricultural suspoemulsions and the resulting dried deposits.  
 
Therefore the specific objectives of this research are as follows: 
 

1. To characterize aqueous CuChl solutions and to quantitatively determine the 
adsorption of CuChl on model surfaces: pullulan, silica, cellulose, and 
polystyrene; 

 
2. To develop adjuvants to immobilize CuChl on hydrophobic surfaces and to 

understand the factors affecting the release behaviors of CuChl when dried 
deposits are exposed to water; 

 
3. To investigate how formulation variables influence the distribution of PG7 

particles in the dried deposits of suspoemulsion sessile drops on parafilm. 
 

1.6 Outline 

Chapter 1 presents the background information of the project, including an overview of 
agricultural formulations and leaf surface structures, and a review of studies related to 
spray droplet deposition, wetting, deposit distribution, rainfastness and penetration. 
Chapter 1 also introduces the objectives of this project and provides an outline of this 
thesis. 
 
Chapter 2 presents an evaluation of the colloidal and interfacial properties of aqueous 
CuChl solutions. The adsorption behaviors of CuChl on model surfaces, such as 
polystyrene, cellulose, pullulan and silica, are quantified with QCM-D and compared with 
the behaviors of an authentic standard, CuCe6. In addition, paper chromatography is used 
to assess the effects of surfactants on CuChl’s ability to bind to cellulose. This work has 
been published on Colloids and Surfaces A: Physicochemical and Engineering Aspects. 
 
Chapter 3 details how the polymer pair of CMC and PAE can be used to immobilize 
CuChl onto hydrophobic parafilm surfaces. To demonstrate this, the release behaviors of 
dry deposits containing CuChl and the polymers are quantified and compared with dry 
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deposits containing a water-soluble dye, BSF and polymers. The significant differences in 
their release behaviors are also analyzed and explained. This chapter is in preparation for 
publication. 
 
Chapter 4 investigates how formulation variables affect the deposit structures that form 
when sessile drops of suspoemulsions are dried on waxy parafilm surfaces. This work has 
been published on Colloids and Surfaces A: Physicochemical and Engineering Aspects.  
 
Chapter 5: This chapter summarizes the contributions of this thesis. 
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Chapter 2 

Adsorption of Copper Chlorophyllin on Model Surfaces 

To employ CuChl as a potential agricultural active ingredient, chapter 2 first details the 
colloidal properties of aqueous CuChl solutions. CuChl’s binding tendencies for model 
surfaces are measured via QCM-D in order to understand how CuChl interacts with 
relevant plant surfaces. Furthermore, the effect of surfactants, which are commonly used 
in commercial products, on CuChl’s ability to bind to cellulose is assessed via paper 
chromatography.  

All experiments, except AFM, were carried out by myself. Xiao, Dr. Niinivaara, and 
Daniel helped with AFM measurements. Dr. Terazono assisted me in analyzing MS 
results. Dr. Liu and Dr. Fefer reviewed the paper and provided useful comments. I 
summarized the data and wrote the draft. Dr. Pelton helped me rewrite the draft to the 
final version. 

This chapter and supporting information are allowed to reprint as they appear on Colloids 
and Surfaces A: Physicochemical and Engineering Aspects with permission from 
Elsevier. 
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A B S T R A C T

Measured were the colloidal and adsorption properties of copper chlorophyllin (CuChl), a complex mixture
derived from chlorophyll that is used as a food additive and in other applications. CuChl has an “apparent
solubility” (it is a mixture) of 0.1 g/L in PBS buffer. Dynamic light scattering of dilute solutions showed the
presence of particles with diameters in the range 10−800 nm. Nanoparticle tracking analysis (NanoSight LM10)
showed the majority of nanoparticles had hydrodynamic diameters 100−200 nm. Dialysis experiments revealed
that 58 % of a 0.1 g/L CuChl was present as dispersed particles. QCM-D measurements showed that aqueous
CuChl adsorbs on surfaces giving a maximum adsorbed coverage, Γmax, that is sensitive to the type of surface;
cellulose > polystyrene> >pullulan > silica= 0. No adsorption was observed on silica. Centrifuged CuCe6,
a pure chlorin, showed essentially the same adsorption behaviors as centrifuged CuChl mixtures on polystyrene,
suggesting that chlorins are the dominant adsorbed species from CuChl mixtures on hydrophobic surfaces.
Centrifuged CuChl and CuCe6 usually gave lower Γmax values compared to non-centrifuged samples. In all cases,
rinsing with buffer after CuChl or CuCe6 adsorption resulted in the immediate removal of some of the adsorbed
chlorins. With cellulose there was no further dissolution, whereas with polystyrene, the adsorbed layer even-
tually was entirely removed. AFM measurements showed the adsorbed materials included nanoparticles. The
surfactants SDS or DTAB could displace CuChl adsorbed on cellulosic filter paper only if the surfactant con-
centrations were above the critical micelle concentration.

1. Introduction

Copper chlorophyllin (CuChl) is a green dye found in some foods,
[1,2] it is sold as a health food, and CuChl has been the subject of many

investigations of potential applications including biomedical [3], pho-
tocatalytic [4] and photovoltaic devices [5]. This interest reflects the
attractive properties of CuChl, including it is inexpensive, it has ap-
provals for use in some foods, and CuChl is green, figuratively and
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literally. We are interested in the potential application of CuChl and
related chlorins for the protection of agricultural crops. [6]

CuChl is extracted from the hydrolytic degradation of chlorophyll.
The manufacturing process includes the replacement of the magnesium
ligand with copper 2+, yielding a more stable product compared to the
parent chlorophyll. Ryan and Senge in their 2015 review [5] estimated
CuChl production was only “several thousand tonnes worldwide”.

Although there is much literature describing potential applications
of CuChl, there is little information regarding some of the most basic
physical-chemical properties. This contribution describes some prop-
erties of aqueous CuChl including water-solubility, particle size and the
adsorption/desorption behaviors with model surfaces. These are non-
trivial measurements because, as discussed below, aqueous CuChl is a
mixture of chemicals, some of which are present as nanoparticles. We
believe this information may contribute to understanding CuChl me-
chanisms in a variety of applications. The following paragraphs sum-
marize the results from some relevant prior work.

1.1. CuChl composition

CuChl is a chemical mixture, and much like commercial lignin or
starch, the composition of the mixture depends upon the source, the
extraction and the purification processes. The chemical composition of
food grade CuChl has been summarized in recent reviews [1–3]. Fig. 1
shows the structures of the most relevant chlorins and the nomenclature
used herein; a more extensive set of chlorin structures is given in Tu-
molo’s review [1].

In early work, Inoue et al. reported the composition of four (un-
named) commercial CuChl mixtures; CuCe4 was the major component 
(35–60 wt %), with minor amounts of CuCe6, rodin g7 and pheo-
phorbide a [7]. The contents of non-chlorin materials ranged from 8 to 
43 wt%. Presumably these were other chlorophyll breakdown products 
and inorganic salts. Chernomorsky et al. used measurements of copper 
and nitrogen elemental compositions to estimate the purity of four lots 
of CuChl. The purities ranged from 23 to 60 % [8].

Many published studies used CuChl from Sigma-Aldrich without 
purification. Sigma Canada sells two grades of CuChl, “Commercial 
Grade” and “Pharmaceutical Secondary Standard; Certified Reference 
Material”; in both cases Sigma gives the structure as CuCe6. Based on 
copper analysis, Ferruzzi et al. estimated the purity of Sigma CuChl to 
be 48 % assuming the only chlorophyllin was CuCe4 [9]. In a more 
detailed analysis of CuChl from Sigma, Mortensen and Geppel reported 
Cu chlorin e6, Cu chlorin p6, and Cu isochlorin e4 were the main con-
stituents [10]. To summarize, whereas biomedical applications ideally

require pure copper chlorins [11], food coloring, textile dying and
many other potential applications could be served by CuChl mixtures.
Herein we report properties of CuChl mixtures, making some compar-
isons with pure CuCe6.

1.2. CuChl water solubility

We have found no reported water solubility values for CuChl in the
literature. In spite of the fact that some authors claim CuChl mixtures
are water-soluble [12], CuChl solutions contain dispersed particles.
Salin et al. reported in 1999 that aqueous Sigma CuChl could not pass
through 6−8 kDa cut off dialysis tubing, suggesting the presence of
particles [13]. Aydin et al. prepared spin coated films of CuCe6 and
observed 40 nm particles on the film surface [14]. Dynamic light scat-
tering (DLS) showed similar sized particles. A very recent publication
also presented DLS evidence that CuChl was aggregated [15]. They
further showed that the particle size was reduced by the presence of
sodium alginate or xanthan gums; presumably the polysaccharides are
acting as colloidal stabilizers.

The octanol-water partition coefficient, Kp, is a measure of solute
hydrophilicity. Kp has been reported for metal ligand-free Ce6 in PBS
buffer [16]. Kp ranged from 10 at pH 6.7 down to about 3 at pH 7.6. By
contrast the Kp of chlorophyll is about 275 in water [17]. Kp values
have little meaning for mixtures of solutes and thus we have found no
values for CuChl. The above values for Ce6 should be a good approx-
imation for CuCe6.

The water-soluble components of CuChl could be surface active. 
However, we have found no reports of CuChl surface activity. A recent 
paper describing the use of flotation to purify CuChl suggests that some 
chlorins must be surface active [18]. In summary, the literature sug-
gests CuChl is a water-borne material that is present as a mixture of 
particles, large and small, plus truly water-soluble components.

1.3. CuChl interactions with surfaces

Whether it is dying fabrics [19] or fabricating devices [18], many 
CuChl applications involve immobilizing the green dye on surfaces. 
Hou et al. reported a kinetic study of CuChl adsorption onto silk [20]. 
The CuChl was 50 % actives, of which 85 % was CuCe4 and 15 % CuCe6. 
The binding results were obtained as a function of CuChl concentration, 
pH (6–8), temperature (70−90 °C) and NaCl concentration. Most ex-
periments were conducted at pH 8 because CuChl precipitated at pH 6. 
The binding kinetics and isotherm results suggested high affinity 
binding. The adsorption capacity of the silk in 9 g/L NaCl solution was
∼ 4 times greater than in salt-free water. Increasing the temperature
from 70 to 90 °C caused a decrease in adsorption capacity. In a similar
study it was shown that the CuChl adsorbs onto cotton [21]. The
amount of bound CuChl was increased by pre-treating the cotton with
cationic chitosan. Other surfaces capable of binding CuChl include
hydrotalcite, a synthetic cationic clay [22,23], and TiO2 [24]. Few of
these studies address desorption, and none seems to address the pre-
sence of CuChl particles.

Herein we report on our efforts to characterize aqueous CuChl so-
lutions in terms of the presence of dispersed particles. In addition, we
present quartz crystal microbalance (QCM-D) measurements of CuChl
binding results to model surfaces (silica, cellulose, polystyrene, and
grafted pullulan). The adsorption measurements were made to give
initial insights into CuChl binding to various surfaces in leaves when
CuChl is applied as a crop spray. Finally, we illustrate the conditions
under which some surfactant solutions can remove CuChl adsorbed on
cellulose.

Fig. 1. Structure of major components of CuChl.
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2. Experimental section

2.1. Materials

Commercial-grade sodium copper chlorophyllin (CuChl) fine
powder (Batch NO. S005.S00201.G0034.170207) was obtained from
Organic Herb Inc., Hunan, China. The total copper content is 5.3 % as
specified by the manufacturer, which is at the high end of the Sigma
commercial grade specification. Authentic standard of Cu chlorin e6
trisodium salt (CuCe6), above 95 % purity, was obtained from Frontier
Scientific (Logan, UT). Cysteamine hydrochloride, sodium cyanobor-
ohydride (NaBH3CN), 37 % hydrochloric acid (HCl), deuterium oxide
(D2O) and dodecyltrimethylammonium bromide (DTAB) were pur-
chased from Sigma–Aldrich. Dimethyl sulfoxide (DMSO) and acetone
were obtained from Caledon Laboratories (ON, Canada). Sodium hy-
droxide (NaOH) was acquired from LabChem Inc. (Zelienople, PA). 95
% ethanol was supplied by Greenfield Global Inc. (Canada). Phosphate
buffered saline (PBS, 10 X liquid concentrate) and sodium dodecyl
sulfate (SDS) were obtained from Bioshop Canada Inc. Food-grade
pullulan was purchased from Hayashibara Co., LTD. (Japan). All che-
micals were used without further purification. All water used in the
experiments was deionized and further purified by an EMD Millipore
Milli-Q® Advantage A10 System (Thermo Scientific).

Standard regenerated cellulose membranes (pre-wetted Spectra/
Por® 6, MWCO 1 kDa, product number 132640 and Spectra/Por® 4,
MWCO 12−14 kDa, product number 132706) were purchased from
Spectrum Laboratories, US. Schleicher & Schuell® filter paper (grade
602H, diam. 125mm) was obtained from Sigma-Aldrich. Gold, cellu-
lose, silica and polystyrene sensors were supplied by Q-sense (Sweden).
Falcon® 96-Well tissue culture treated black microplates with clear
bottom were purchased from VWR.

2.2. CuChl and CuCe6 stock buffer dispersions

Most experiments were performed in three buffers that were pre-
pared from phosphate buffered saline (PBS) concentrate that was di-
luted to give PBS, 0.1 PBS and 0.01 PBS. CuChl buffer solutions were
prepared by adding 5.0 mg of dry CuChl to 50mL buffer in a 90mL
Leakbuster™ specimen container. The mixture was dispersed (vortexed)
with a vibromixer (Mini Vortex Mixer, VWR) at 3000 rpm for 1min.
CuCe6 stock buffer solutions were sonicated (Branson 3510 ultrasonic
cleaner) for 3 h in an ice bath. Fresh stock solutions were prepared
daily.

In an effort to remove dispersed particles, some dispersions were
centrifuged with a Beckman L-80 XP) at 50,000 rpm (260,000g) for
30min at 23℃. The supernatant concentrations were typically 0.095 g/
L for CuChl and 0.082 g/L for CuCe6. Stock solutions that were em-
ployed directly in experiments after preparation are termed “un-
treated”, whereas “centrifuged” solutions consisted of the supernatant
after ultracentrifugation.

2.3. Composition analysis

Mass spectrometry (electrospray ionisation-ESI, Bruker maXis 4 G
Q/ToF) was employed in both positive and negative ion modes to
analyze the composition of CuChl. The solvent used was methanol.
CuCe6 was also characterized as a reference.

2.4. CuChl dialysis

20mL of 0.1 g/L CuChl 0.1 PBS solution was placed in 29mm dia-
meter dialysis tubing with a MWCO of 12−14 kDa. The tubing was
placed in a beaker containing 2 L of 0.1 PBS solution which was gently
stirred with a magnetic stir bar in the dark. The external solution was
replaced every 12 h and the experiment was terminated after 7 days. In
parallel, a solution of CuChl in 0.1 PBS was stored in the dark for the

same period. Based on the absorbance at 404 nm the CuChl con-
centration decreased by 15 % after 7 days, a result consistent with the
literature [25].

After 7 days of dialysis, the volume of retentate, vr, was measured
with a 25mL graduated cylinder. The CuChl concentration in the re-
tentate, cr, was determined by the absorbance at 404 nm after 10-fold
dilution with 0.1 PBS. The biggest assumption in this analysis is that
absorbance changes reflect the change in concentration of all the ma-
terials in the CuChl mixture.

2.5. Dynamic light scattering (DLS) particle size distributions

The hydrodynamic diameters of CuChl and CuCe6 particles in buffer
solutions were measured with a Malvern Zetasizer Nano ZS which is
equipped with a He-Ne 4.0 mW laser operating at 633 nm and a de-
tector angle of 173°. 1 mL of 0.1 g/L sample solution was put in a
cuvette (four-sided clear polystyrene, 10mm, 4.5 mL) and then equili-
brated in the light scattering cell for 1min at 23℃. Measurements were
performed in triplicate with the measurement position fixed at 4mm,
with an attenuation index of 11. The data were analyzed using Zetasizer
software, version 7.01 where the CONTIN algorithm was fitted to ob-
tain the size distribution.

2.6. NanoSight particle size distributions

Untreated or centrifuged CuChl and CuCe6 stock solutions in 0.1
PBS solutions were diluted with 0.1 PBS buffer to have a final con-
centration of 6mg/L. NanoSight measurements were performed with a
Malvern NanoSight LM10 instrument equipped with a LM14C laser
with a wavelength of 532 nm and a syringe pump (Harvard Apparatus,
Catalog NO. 98-5362). Samples were injected into the chamber at a
flow rate of 0.1 mL/min, captured by a CMOS camera and analyzed by
NanoSight NTA 3.4 software.

2.7. UV–vis absorbance

The Infinite® M1000 (Tecan) was used to record the UV–vis absor-
bance of CuChl and CuCe6 buffer solutions. In a typical experiment, 200
μL of 0.1 g/L sample solution was deposited into one well of the Falcon®
96-well flat-bottom tissue culture treated microplate (polystyrene,
black with clear bottom) and measured with a wavelength range be-
tween 300 and 800 nm. For each sample, four replicas were measured.

2.8. Synthesis of thiolated-pullulan

Our procedures for the hydrolysis and thiolation of pullulan were
based upon the literature with minor changes [26]. 5 g of pullulan was
dissolved in 250mL of water and heated to 80 ℃ in an oil bath. The pH
was adjusted to 2 by adding 37 % HCl dropwise. The hydrolysis pro-
ceeded under reflux and magnetic stirring at 400 rpm for 72 h. Then the
solution was cooled to room temperature and neutralized with 1M
NaOH to pH 7. The solution was purified by dialysis with 29mm dia-
meter tubing with a MWCO of 1 kDa against water for 7 days and freeze
dried.

0.8 g of hydrolyzed pullulan, 202.1mg of cysteamine hydrochloride
and 195.6 mg of NaBH3CN were dissolved in 50mL of DMSO sequen-
tially. The solution was held at 60 °C and stirred magnetically at
400 rpm for 72 h. After the solution was cooled to room temperature,
100mL of acetone was then added to precipitate the polymer. The
product was dissolved in water and dialyzed against a mixture of
ethanol and water (v/v, 50/50) for 3 days and against water for 7 days,
followed by freeze-drying.

2.9. Quartz crystal microbalance Adsorption/desorption (QCM-D)

Gold sensors were cleaned by UV/ozone Procleaner™(BioForce
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Nanosciences) for 10 min and placed in a mixture solution of water, 
ammonia (25 %) and hydrogen peroxide (30 %) (v:v:v, 5:1;1) for 5 min 
at 75 ℃. After rinsing with water, the sensors were dried with nitrogen 
gas and treated with UV/ozone for another 10 min. The cleaning pro-
tocol for silica sensors was similar except that they were immersed in a 
2% SDS solution for 30 min at room temperature after the initial UV/
ozone treatment. The polystyrene sensors were immersed in the solu-
tion of 1% Deconex 11 for 30 min at 30 ℃ and rinsed with water. They 
were kept in water for 2 h followed by the rinsing with 99 % ethanol 
and drying with nitrogen gas. The cellulose sensors were rinsed with 
water and dried with nitrogen gas. Moreover, cellulose sensors were 
soaked in water overnight to ensure equilibrium swelling before 
adsorption experiments.

Adsorption experiments were carried out with an E4 QCM-D in-
strument from Q-sense AB (Sweden) where the frequency and dissipa-
tion data from the third overtone were used to analyze the adsorption
behaviors. All the experiments were performed with PBS buffers of
different dilution factors at 23℃. The flow rate of the solution was
constant at 0.1mL/min.

For cellulose, silica and polystyrene sensors, injections sequence
was as follows: (1) a buffer feed until a stable baseline was obtained; (2)
0.1 g/L sample in buffer solution until the frequency shift was less than
1.0 Hz in 10min; and, (3) a buffer rinse to characterize desorption. To
obtain the pullulan-coated surface, 1 g/L thiolated-pullulan buffer so-
lution was pumped through a gold QCM-D sensor followed by the three
steps above.

2.10. Surfactant displacement of CuChl and CuCe6 from cellulose

5 μL of 0.1 g/L CuChl or CuCe6 buffer solution (0.1 PBS) was de-
posited on a filter paper (grade 602H, Schleicher & Schuell®) strip 
(5.5 × 1 cm2) about 10 mm from the bottom and left to dry at room 
temperature for 2 h. The paper strip was supported vertically above a 
90 mL Leakbuster™ specimen container containing surfactant in buffer 
solution. Upon contacting the solution, the liquid was allowed to climb 
to near the top of the paper, taking between 5 and 25 min. The paper 
strip was then removed, and allowed to dry for two hours. The location 
of colored CuChl after surfactant elution was obtained from images 
taken with a ChemiDoc™ MP imaging system (Biorad, nr. 170–8280) 
running Image Lab™ 4.1 software. The strips were illuminated by UV 
Trans for 0.1 s. The SDS concentrations were 1.6 mM, 8.2 mM, and 41 
mM, whereas the DTAB concentrations were 2.8 mM, 14 mM, and 70 
mM.

2.11. Atomic force microscopy (AFM)

Images of QCM-D sensor surfaces, after adsorption experiments,
were recorded with an Asylum MFP-3D instrument (Asylum Research,
US) in tapping mode and processed in Igor Pro 6.37 running Asylum
research 13.03.17 software. The images were taken under ambient
conditions using a NANOSENSORS™ Super SharpSilicon™-Non-contact/
Tapping mode-High resonance Frequency (SSS-NCHR) tip with a spring
constant of 49 N/m and a resonance frequency of 333 kHz in tapping
mode. The length, mean width and thickness of the tip were 125, 30
and 4.3 μm respectively.

3. Results

3.1. CuChl composition

The chemical structures of relevant chlorins are shown in Fig. 1.
According to the CuChl supplier (Organic Herb Inc.), the copper content
was 5.3 wt%. Assuming all the copper is present as a chlorin ligand and
that the predominant chlorin structure was CuCe4, the copper chlorin
content of our CuChl was 54 wt%. Based on mass spectra, CuCe6, iso-
CuCe4 and Cu chlorin p6 are the main components of our CuChl (see
spectra Figs. S1, S2 and assignments Table S1 in the supporting in-
formation).

3.2. Solution properties

Measurements of CuChl and CuCe6 were performed in three buffer
solutions: PBS (137mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2mM
KH2PO4); PBS buffer diluted by a factor of 10 (0.1 PBS); or, in PBS
diluted by a factor of 100 (0.01 PBS). Some properties of CuChl and
CuCe6 buffer solutions are summarized in Table 1. For many of the
experiments herein, the CuChl and CuCe6 concentrations were 0.1 g/L,
which corresponds to 0.14mM for pure CuCe6. For undiluted PBS
buffer solutions, the pH of both chlorins was 7.4. CuCe6, which has 3
carboxylic groups per molecule (see Fig. 1) gave lower pH values in the
diluted buffers. By contrast the CuChl mixtures showed only small pH
variations with dilution.

UV-Vis spectra were obtained for CuChl and CuCe6 (see Fig. S3 in
the SI file) for concentrations between 0.005 and 0.02 g/L. Absorbance
at 404 nm versus concentration plots were linear (Fig. S4) and the
corresponding molar extinction coefficients, ε, are summarized in
Table 1. The CuChl values increased somewhat with PBS dilution, the
CuCe6 results showed a greater variation, with the greatest value at the
intermediate PBS concentration. Scuiti et al. reported
ε=1.11×103m2 /mol for Sigma CuChl in water, only 1/3 of the
values we observed in PBS [27].

We attempted to measure CuChl solubility in three buffers by adding 
excess CuChl, mixing, and centrifuging at 260,000g for 30 min. The 
CuChl concentration in the supernatant was determined from the UV 
absorbance of diluted supernatant solutions at 404 nm. The results, 
summarized in Table 1, show “apparent solubilities” because, as shown 
in the following paragraphs, dispersed nanoparticles are present in the 
solution phase even after aggressive centrifugation. The CuChl solubi-
lities were independent of the extent of buffer dilution, whereas CuCe6
lowered the pH of the most dilute buffer to 6.3, giving a lower solu-
bility.

3.3. CuChl colloidal properties

The electrophoretic mobility of untreated CuChl (13mg/L) in 0.1
PBS was -1.62 ± 0.03×10−8 m2/V·s. This result is consistent with the
presence of carboxyl groups on the structures in Fig. 1. Dynamic light
scattering (DLS) and NanoSight experiments were performed to char-
acterize dispersed particles in the CuChl buffer mixtures. Measurements
were made with a Malvern Zetasizer Nano ZS whose laser has a wa-
velength of 633 nm, corresponding to Q band peaks in the chlorin

Table 1
Some properties of CuChl and CuCe6 solutions in diluted PBS buffer. ε is the molar extinction coefficient. The solubility error estimates are the standard deviation of
two replicates.

Buffer Conc. pH ε at 404 nm (m2/mol) Apparent Solubility (g/L)

CuChl 0.1 g/L CuCe6 0.1 g/L CuChl CuCe6 CuChl CuCe6

0.01 PBS 7.6 6.3 3.68×103 3.12× 103 0.097 ± 0.001 0.048 ± 0.001
0.1 PBS 7.3 7.0 3.44×103 4.56× 103 0.095 ± 0.006 0.082 ± 0.007
PBS 7.4 7.4 3.24×103 3.71× 103 0.095 ± 0.003 0.085 ± 0.002
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solution spectra (see Fig. S3). We measured freshly prepared CuChl
solutions dispersions before and after centrifugation (260,000g for
30min.) and the results are summarized in Fig. 2. Note, the intensity
weighted particle size distribution emphasizes the larger particles, and
one should be suspicious of distributions with multiple peaks [28]. We
interpret the untreated result as a broad distribution between 10 and
800 nm. After centrifugation, the CONTIN fits showed two populations
(see Fig. 2A), one with a peak around 20 nm and the other around
160 nm. The presence of large particles was surprising in view of the
aggressive ultracentrifugation. Either the density of particles was very
close to the supporting buffer or new aggregates formed quickly after
centrifugation. Fig. 2B shows the fraction of larger particles increased
with increasing ionic strength (i.e. less buffer dilution).

The Zetasizer software could not generate CONTIN fits for any of the
CuCe6 samples to give particle size distributions, possibly because of the
absorption of the laser light by the green chlorins. However, identical
instrument settings were used for all DLS experiments, facilitating
comparisons of the mean count rates of back-scattered light. DLS count
rates are normally a sensitive measure of turbidity. However, in these
experiments the scattered intensity will be attenuated by light absor-
bance by both soluble and dispersed species. Table 2 summarizes the
results. Both CuChl and CuCe6 showed substantial decreases in count

rates as a result of centrifugation, further likely due to the removal of
dispersed particles. Comparing the particle-free buffer results with the
centrifuged CuCe6, there was no indication of particles in centrifuged
PBS or in 0.1 PBS. Whereas in 0.01 PBS, the count rate was high,
suggesting particles were forming at pH 6.3 with the diluted buffer.

CuChl and CuCe6 dispersions in PBS were also characterized by
NanoSight measurements. This instrument tracks individual particles
and estimates the diameter from the observed diffusion coefficients.
Centrifugation removed the larger particles from CuChl, whereas the
concentration of smaller particles increased. By contrast centrifugation
removed virtually all of the CuCe6 particles.

Given that the total particle concentration in untreated CuChl is
8.9× 108mL−1 (see Fig. 3) and the mean particle diameter is 148 nm,
the corresponding mass concentration can be calculated assuming the
density of CuChl in the particles. If we assume a density of 1 g/mL, the
particles represent 25 % of the total CuChl concentration – this should
be an overestimate as it does not account for the water content of the
particles.

3.4. Dialysis of CuChl dispersions

Further evidence for particles in the CuChl solutions came from
dialysis experiments. Following the lead of Salin et al., [13] 0.1 g/L
CuChl solution was exhaustively dialyzed through a 12–14 kDa mem-
brane and only 42 wt% of the CuChl passed through the membrane.
Following the same procedures, 86 % of the CuCe6 passed through the
membrane. Taken as a whole, the above results suggest that CuChl in
PBS buffer is present as both soluble and dispersed particles. Further-
more, the colloidal fraction of CuChl does not dissolve in buffer with

Fig. 2. Dynamic light scattering particle size distributions of 0.1 g/L CuChl
solutions: A before (i.e. untreated) and after ultracentrifugation (260,000g for
30min); and, B as a function of buffer dilution.

Table 2
Dynamic light scattering mean count rates (kilo-counts per second).

Buffer
Concentration

Buffer CuChl (0.1 g/L)
Untreated Centrifuged

CuCe6 (0.1 g/L)
Untreated Centrifuged

0.01 PBS 32 95 51 838 130
0.1 PBS 32 96 64 128 45
PBS 28 201 90 119 33

Fig. 3. NanoSight particle size distributions of 6mg/L CuChl and CuCe6 dis-
persions in 0.1 PBS before and after ultracentrifugation. The numbers beside
the labels are the total particle concentrations.
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dilution or dialysis. CuCe6 is essentially particle-free at higher pH va-
lues after centrifugation.

3.5. CuChl adsorption on polystyrene

Our ultimate interests involve understanding the transport of CuChl
and related chlorins into plants. Because transport is slowed by ten-
dency of CuChl to adsorb on surfaces, the goal of the following studies
was to determine the binding tendencies of the CuChl mixtures on 4
surfaces - grafted pullulan, silica, crystalline cellulose, and polystyrene.
The measurements were made with a quartz crystal microbalance
(QCM-D) instrument. All the QCM-D sensor surfaces, except the pull-
ulan coated ones, were purchased from Q-Sense. The pullulan surface
was prepared by treating a gold coated sensor with thiolated pullulan.

We first focus on CuChl adsorption onto the polystyrene, the most
hydrophobic of the 4 surfaces. The QCM-D experiments involved the
continuous flow of aqueous solution over the polystyrene coated quartz
sensor in three sequential stages: 1) initial equilibration with buffer; 2)
exposure to CuChl solution; and, 3) rinsing with buffer. Each experi-
ment generates two curves, one is the change in frequency (Δf3) versus
elution time and the other corresponds to the dissipation (ΔD). The Δf3
values are the frequencies minus the initial frequency. The subscript 3
denotes the data were based on the third overtone. Many examples of
the dissipation curves are given in supporting information.

Fig. 4A shows QCM-D Δf3 curves for untreated and centrifuged of 
CuChl on polystyrene. For both samples, the addition of CuChl resulted 
in an initial rapid increase in the absolute value of Δf3, leveling to a 
steady-state value. The negative sign corresponds to an increase in mass 
on the sensor surface. When the rate of change of Δf3 was < 1 Hz in 10 
min, the instrument switched from flowing CuChl solution to the buffer 
rinse. Initially rinsing gave a rapid decrease in adsorption, (i.e.

Δf3 became less negative). However, after the initial phase of rinsing the
centrifuged sample show a slow, continual desorption.

Two values were extracted from the Δf3 curves: Δfmax the maximum
negative value of Δf3 before rinsing; and, t½ the rinsing time required
for Δf3 to decrease to 0.5 Δfmax. t½ is a measure of the desorption/
dissolution rate, the lower t½ the faster was the CuChl removal from the
surface. Δfmax is a measure of the surface adsorption capacity. The
adsorption of CuChl on polystyrene was repeated three times over a
year, serving as a measure of reproducibility. The resulting Δfmax values
were −9.2, −11.4, and −12.1 Hz – the latter value corresponds to the
curve in Fig. 4. Δf3 versus elution time curves of the three replicates are
compared in Fig. S5.

Fig. 4A shows that centrifugation of the CuChl dispersion impacts
the QCM-D binding curves. The untreated (i.e. not centrifuged) CuChl
dispersion gave a large Δfmax and a t½= 19.3 h (beyond the plotted
range in Fig. 4, see the extended data in Fig. S6). However much of the
bound material was quickly removed when the CuChl feed was replaced
by rinsing buffer. By contrast, the centrifuged CuChl dispersion gave a
smaller Δfmax, and with a t½ =4.9 h, indicating the desorption was
much faster compared to the untreated CuChl. Therefore whether
centrifuged or not, CuChl adsorption on polystyrene was reversible.

Fig. 4B compares the adsorption characteristics of centrifuged pure
CuCe6 with the centrifuged commercial CuChl mixture. The adsorption
capacities, Δfmax, values of the two curves were equal within experi-
mental uncertainty. This is indirect support for the suggestion that al-
though CuChl is a complex mixture in which ∼50 % of the material is
unidentified, the main adsorbing species from CuChl are the chlorins,
not the other components.

To further elucidate the nature of the CuChl adsorbed layer on 
polystyrene, we used atomic force microscopy (AFM) to examine the 
dry QCM-D sensor surfaces after the adsorption/desorption experi-
ments. The top row of images in Fig. 5 shows the dry polystyrene sensor 
surface removed before the buffer rinsing would normally commence –
the conditions corresponding to Δfmax. The surface is covered with 
particles with a broad particle size distribution. In the middle row, the 
very large particles, seen in the top row image, are gone leaving mainly 
nm scale particles more akin to the particle size distributions shown in 
Fig. 2. The AFM image of a cleaned, unused polystyrene sensor showed 
no particles and is shown in Fig. S7.

The bottom images in Fig. 5 show a polystyrene surface after ad-
sorption of CuCe6. In spite of the high purity of the chlorin, and having
been centrifuged, there are many particles in the CuCe6 adsorbed layer.
Recall that the NanoSight measurements in Fig. 3B gave a total nano-
particle concentration of 2.6× 107mL−1.

3.6. Comparing CuChl and CuCe6 adsorption on cellulose and polystyrene

CuChl adsorbs onto cellulose surfaces, hence the interest in CuChl as
a textile dye. Fig. 6 shows QCM-D curves for centrifuged CuChl and
CuCe6 adsorption on cellulose from PBS buffer. In both cases buffer
rinsing removed weakly bound material, however, the remaining ad-
sorbed material did not desorb. More CuChl adsorbed on cellulose
compared to CuCe6. This is in contrast to the corresponding behavior on
polystyrene (see Fig. 4B) where both chlorins gave the same amount of
adsorption.

Table 3 compares QCM-D adsorption results for CuChl with CuCe6, 
on the two surfaces with two buffer concentrations. Because for all of 
our results, ΔD/ Δf3 <10 −7 s [29] we applied the Sauerbrey equation 
to convert Δfmax values to mass coverage Γmax (mg/m2). The main ob-
servations from Table 3 are: 1) CuChl and CuCe6 give very similar 
adsorption (Γmax) values in spite of CuChl being a crude mixture in-
cluding particles; 2) only a small fraction of adsorbed material was 
removed with buffer rinsing from cellulose; and 3) PBS solutions always 
gave more adsorption than 0.1 PBS solutions.

The Γmax values in Table 3 span the range 1.09–3.48mg/m 2; are
these values reasonable? Assuming CuCe6 as representative of CuChl,

Fig. 4. The adsorption of CuChl 0.1g/L and CuCe6 0.1 g/L in PBS (pH 7.4) onto
polystyrene QCM-D sensor surfaces.
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Fig. 5. Atomic force microscopy images polystyrene of dried QCM-D surfaces after exposure to untreated 0.1 g/L chlorin dispersion in PBS.

Fig. 6. The adsorption of centrifuged CuChl and CuCe6 on cellulose in PBS
buffer, pH 7.4.

Table 3
Summary of QCM-D results for untreated CuChl and untreated CuCe6 adsorp-
tion on polystyrene and crystalline cellulose. Γmax is the maximum coverage
adsorbed chlorin before the buffer rinse and t1/2 is the buffer rinsing time re-
quired to remove ½ of adsorbed material, Γmax/2.

Buffer ΔD3/ Δfmax (10−7 s) Γmax (mg/m2) t1/2 (h)

Cellulose CuChl 0.1 PBS 0.7 1.60 > 18.4
PBS 0.5 2.92 > 0.5

CuCe6 0.1 PBS 1.0 1.57 12.0
PBS 0.6 2.67 > 19.9

Polystyrene CuChl 0.1 PBS 0.4 1.09 0.2
PBS 0.3 2.16 18.0

CuCe6 0.1 PBS 0.3 2.05 0.08
PBS 0.2 3.48 3.5
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the projected area of a single molecule lying flat on a surface was es-
timated to be 1.8 nm2 using the software Avogadro. If the surface is
fully covered with a monolayer of CuCe6 lying flat, the corresponding
mass coverage is Γmax = 0.66mg/m2. Since no surface is completely
covered, a more reasonable estimate for an adsorbed layer of individual
chlorin molecules is Γmax = 0.5 mg/m2. The experimental values in
Table 3 are up to 5 times greater than this estimate. Clearly the particles
observed in the AFM images in Fig. 5 contribute to the adsorbed mass.

3.7. Comparing CuChl adsorption on four model surfaces

Fig. 7 summarizes the CuChl maximum adsorption values (Δfmax) o n 
the four model surfaces. Cellulose and polystyrene adsorbed the most 
CuChl, whereas there was no adsorption on silica, and very little on 
pullulan. Adsorption increased with PBS concentration on cellulose and 
polystyrene. The corresponding QCM-D plots are in Fig. S6 - poly-
styrene, Fig. S8 – cellulose, Fig. S9 – pullulan, and Fig. S10 – silica. The 
lack of adsorption on silica could be explained by electrostatic repul-
sion. The electrophoretic mobility of CuChl particles was 
-1.62 ± 0.03 × 10−8 m2/V·s, giving repulsive interactions with nega-
tively charged silica at neutral pH.

3.8. Removal of adsorbed CuChl with surfactants

The application of CuChl in formulated products is likely to include 
surfactants which could influence both the adsorption and removal of 
CuChl from surfaces. We deposited drops of CuChl dispersions on strips 
of filter paper and, after drying, we dipped the end of the filter paper 
into solutions of sodium dodecyl sulfate (SDS) or dodecyl trimethyl 
ammonium bromide (DTAB) in PBS buffer. In what is essentially a 
paper chromatography experiment, the surfactant solution moves up the 
paper strip by the capillary driven flow. The adsorbed CuChl did not 
move with surfactant-free buffer or with surfactant solutions below the 
critical micelle concentration (CMC) of either surfactant. At con-
centrations above their CMCs, both SDS and DTAB transported the 
CuChl up the paper. Fig. 8 shows a typical set of photographs. The white 
line zones at the top correspond to the final positions of the elution 
fronts. Only the high DTAB concentration removed the CuChl deposit 
from the bottom of the strip. Presumably the CuChl is solubilized in the 
surfactant micelles. Others have shown that Cu chlorophyll (i.e. no 
CuChl) binds to nonionic surfactant micelles. [17]

4. Conclusions

Based on the copper content, our commercial grade CuChl is mix-
ture of about 54 wt% copper chlorins plus 46 % other materials, pre-
sumably from the degradative processing of chlorophyll. Dialysis results 
suggested that 58 % of CuChl is present as dispersed particles compared

to 14 % for CuCe6. The dispersed particles are colloidally stable and do
not dissolve when diluted in PBS buffer. DLS and NanoSight results
suggest a broad distribution of sizes between 10 and 800 nm. Many of
the larger particles could be removed by ultracentrifugation leaving
approximately 20 nm aggregates as the dominant particle size.
Publications describing commercial CuChl from other sources gave si-
milar descriptions [13–15]. The adsorption studies of CuChl and CuCe6
on various surfaces can be summarized as follows:

1 Aqueous CuChl adsorbs on surfaces giving a maximum adsorbed
coverage, Γmax, that is sensitive to the type of surface, cellu-
lose > polystyrene> >pullulan. No adsorption was observed on
silica.

2 Centrifuged pure CuCe6 showed essentially the same adsorption
behaviors as centrifuged CuChl mixtures on polystyrene, suggesting
that chlorins are dominant adsorbed species from CuChl mixtures on
hydrophobic surfaces.

3 Centrifuged CuChl and CuCe6 usually gave lower Γmax values
compared to non-centrifuged samples reflecting the contribution of
nanoparticles.

4 In all cases, rinsing with buffer after CuChl or CuCe6 adsorption
resulted in the immediate removal of some of the adsorbed material.
With cellulose, there was no further dissolution, whereas with
polystyrene, the adsorbed layer eventually was entirely removed.

5 The surfactants SDS or DTAB could displace CuChl adsorbed on
cellulosic filter paper only if the surfactant concentrations were
above the critical micelle concentration.
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                                 Figure S1 CuChl mass spectra. 
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                                        Figure S2 CuCe6  mass spectra.  
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Table S1 Mass spectrometric data and assignments of the major components in CuChl. 

ESI-MS          m/z   Assignment 

Positive ion mode 658.2, 614.2       CuCe6 

614.2     iso-CuCe4 

600.2   Cu chlorin p6 

Negative ion mode 656.2, 612.2, 568.2        CuCe6 

642.1, 598.2   Cu chlorin p6 

612.2, 568.2      iso-CuCe4 
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Figure S3 compares the UV-Vis spectra of CuChl and CuCe6 in three buffer solutions. 
The CuChl spectra were rather insensitive to buffer dilution, whereas the CuCe6  showed 
greater changes with buffer dilution. Porphyrins and chlorins are known to form 
aggregates in aqueous solutions and aggregation and precipitation are promoted by 
lowering pH and increasing ionic strength. Furthermore, the aggregates have a lower 
extinction coefficient compared to dissolved chlorins.  When diluting buffers, the pH 
drops with CuCe6, promoting aggregation, whereas the ionic strength decreases, 
promoting solubility.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 UV-Vis spectra for 0.1 g/L CuChl and CuCe6   
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               Figure S4 Calibration curves of CuChl and CuCe6 in PBS solutions. 
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Figure S5 Δf3 (ΔD3) versus time for QCM-D studies of polystyrene exposed to 0.1 g/L 
CuChl PBS buffer solutions (reproducibility). 
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Figure S6 Δf3 (ΔD3) versus time for QCM-D studies of polystyrene exposed to 0.1 g/L 
CuChl PBS buffer solutions. 
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Figure S7 Atomic force microscopy images of a cleaned polystyrene QCM-D sensor. 
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Figure S8 Δf3 (ΔD3) versus time for QCM-D studies of cellulose exposed to 0.1 g/L 
CuChl PBS buffer solutions. 
 
  



Ph.D. Thesis – Fengyan Wang                    McMaster University – Chemical Engineering 

44 
 

 
 
 

 

 

 
Figure S9 Δf3 (ΔD3) versus time for QCM-D studies of thiolated-pullulan exposed to 0.1 
g/L CuChl PBS buffer solutions. 
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Figure S10 Δf3 (ΔD3) versus time for QCM-D studies of silica exposed to 0.1 g/L CuChl 
PBS buffer solutions. 

 

 

  

 

 



Ph.D. Thesis – Fengyan Wang                    McMaster University – Chemical Engineering 

46 
 

Figure S11 Δf3 (ΔD3) versus time for QCM-D studies of polystyrene exposed to 0.1 g/L 
CuCe6 PBS buffer solutions. 
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Figure S12 Δf3 (ΔD3) versus time for QCM-D studies of hydrolyzed-pullulan exposed to 
0.1 g/L CuChl 0.1 PBS buffer solution. 
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Chapter 3 
 

Release of Copper Chlorophyllin From Deposits on 
Hydrophobic Surfaces 

To enhance CuChl’s poor intrinsic rainfastness performance, a polymer combination of 
CMC and PAE is proposed as a spray adjuvant to immobilize CuChl onto hydrophobic 
surfaces in this chapter. To demonstrate this, the release behaviors of CuChl from dried 
deposits are quantified and compared with those of a water-soluble dye, BSF. In addition, 
explanations are presented for the markedly different release behaviors between CuChl 
and BSF.  
 
The experiment design and data collection were done by myself. Dr. Ckurshumova, Dr. 
Liu and Dr. Fefer reviewed the paper and provided useful comments. I wrote the draft and 
Dr. Pelton helped revise it to the final version. 
 
This chapter is in preparation for publication. 
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Abstract 
 

The chlorophyll derivative copper chlorophyllin (CuChl) and related chlorins have 
promise as environmentally friendly agricultural chemicals, however, spray application is 
hindered by the propensity to be washed off of leaf surfaces during rain or irrigation. This 
work evaluates polyelectrolyte complexes formed between anionic carboxymethyl 
cellulose (CMC) and cationic polyamidoamine-epichlorohydrin (PAE) as adjuvants for 
controlling the release of CuChl from dried sessile drops on parafilm, a physical model 
for crop spray drop deposits on hydrophobic leaf surfaces. When a dried CMC:PAE 
deposit containing CuChl is immersed in the buffer, there is an immediate (burst) release 
of some CuChl whereas the remainder is immobilized on the parafilm. By contrast, the 
near-complete release of Brilliant Sulfaflavine (BSF), an anionic water-soluble dye, 
follows the typical square root of time dependence. The unusual behavior of CuChl is 
attributed to the presence of nanoparticles when CuChl is dispersed in water. The 
nanoparticles are encased in CMC:PAE complex that adheres to parafilm. The fraction of 
the added CuChl lost in the burst release can be controlled by varying the CMC:PAE 
composition and concentration. 
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Introduction 
 
Copper chlorophyllin (CuChl) is a green material derived from chlorophyll and is sold as 
a health food 1 and as a food colorant 2-3. Being relatively inexpensive and from 
renewable sources, CuChl has been studied for applications ranging from cancer 
treatment 4 to textile dying. 5 Our interests involve the potential use of CuChl as an active 
component of agricultural crop sprays targeting plant leaves (foliar application). 6 In most 
cases, crop sprays are aqueous solutions or dispersions of an active chemical plus one or 
more additives (adjuvants). 7 An important role for adjuvants is to promote the transport 
of the active ingredients to specific locations in the plant. The desired locus of actives 
varies. In one extreme, formulations promote the immediate transport of the active 
solutions into the leaf tissue, stimulating a desired response in the plant. In the other 
extreme, adjuvants fix the actives on the leaf surfaces as solid deposits formed when the 
spray drop deposits dry. Spray deposits immobilized on leaf surfaces can kill pathogens 
through direct contact, 8 by stimulating the plant’s defenses against pathogens, 9 or by 
acting as a physical barrier inhibiting spore adhesion.10 The focus of this work is to 
understand how some water-borne polymeric adjuvants can control the release of CuChl 
when dried spray deposits on leaf surfaces are exposed to rain, foliar irrigation or dew.  
 
Crop spray formulation is a mature technology mainly developed by crop protection 
chemical companies over many decades and described in many patents. Whereas most 
crop protection actives are low molecular synthetic chemicals with specific structures, 
commercial-grade CuChl is a complex mixture. Many publications describe experiments 
with Sigma-Aldrich commercial-grade CuChl; Sigma gives the structure as that of copper 
chlorin e6 (CuCe6 - see structure Figure 1). The conclusions regarding commercial-grade 
CuChl from the literature are: 1) CuChl is a mixture of at least four chlorophyllin 
structures representing about ½ of the material. The remainder of the material is poorly 
defined and is likely to include inorganic salts from processing and other chlorophyll 
breakdown products; 1-3 2) CuChl is not completely water-soluble, with a significant 
content of dispersed colloidal particles that cannot pass through 6-8 kDa dialysis 
membranes. 11-13 We show herein that the complexity of CuChl leads to unusual release 
characteristics when dried spray deposits are exposed to water. 
 
One of the challenges with any hydrophilic crop protection chemical is rainfastness. 
CuChl, like other water-soluble actives, has no intrinsic rainfastness – an adjuvant-free 
CuChl deposit easily is washed off of surfaces. Both the patent and scientific literature 
describe many approaches to increased rainfastness 14 including embedding in film-
forming polymers 15-17 and encapsulation. 18 Herein we evaluate polyelectrolyte 
complexes from mixtures of carboxymethyl cellulose (CMC) and polyamidoamine-
epichlorohydrin (PAE) as adjuvants for CuChl spray application. The polymer structures 
are shown in Figure 1. Although the CMC and PAE are not new materials, we believe this 
is the first time this combination has been evaluated as spray adjuvants. Reported below 
are measurements of CuChl release from dried deposits that are immersed in water. 
Comparison of release results from commercial grade CuChl, the material of interest, to 
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pure CuCe6 and to brilliant sulfaflavine (BSF) a water-soluble anionic dye, led to 
unexpected results.  

 

Figure 1 Chemical structures of dyes (BSF, CuCe6) and polymers (PAE, CMC). The 
AZ (azetidinium) moiety on PAE is shown in red. 

 

Experimental section 
 
Materials. Commercial-grade sodium copper chlorophyllin (CuChl) fine powder (Batch 
NO. S005.S00201.G0034.170207, Organic Herb Inc., Hunan, China) was supplied by 
Suncor Energy (Mississauga, ON, Canada). Brilliant sulfaflavine (BSF) was purchased 
from MP Biomedicals. Polyamidoamine-epichlorohydrin (PAE) (KymeneTM 5221, 
Solenis) was dialyzed against water for 8 hours using 29 mm diameter tubing with an 
MWCO of 3.5 kDa (Spectra/Por® 3, Spectrum Laboratories, US) to have a final solid 
concentration of 2.13 wt%. Sodium carboxymethyl cellulose (CMC, average Mw 90,000, 
carboxymethyl groups per anhydroglucose unit 0.7), potassium phosphate monobasic and 
parafilm (PARAFILM® M) were obtained from Sigma–Aldrich. Sodium phosphate 
(dibasic, anhydrous) was purchased from EMD Millipore. Sodium dihydrogen phosphate 
monohydrate was obtained from Anachemia (a VWR company). Potassium phosphate 
dibasic was purchased from Caledon laboratories Ltd. 0.001 N PVSK and 0.001 N 
PDADMAC were obtained from BTG Americas Inc. (US). All chemicals were used 
without further purification. All water used was deionized and further purified by an 
EMD Millipore Milli-Q® Advantage A10 System (Thermo Scientific).  
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Falcon® 96-well tissue culture treated black microplates with clear bottom and Falcon® 
polystyrene petri dishes (35 * 10 mm) were purchased from VWR. Millex® - SV 5.00 µm 
filter units (low protein binding Durapore® (PVDF) membrane) were purchased from 
EMD Millipore.  
 
Spray Formulations. Most solutions were prepared with 5 mM phosphate (pH=7.0) 
buffer (2.9 mM Na2HPO4 and 2.1mM NaH2PO4). 10 mg of dye (CuChl or BSF) was 
added to 9.99 g of phosphate buffer in a 20 mL vial and mixed with a vibromixer (Mini 
Vortex Mixer, VWR) at 3000 rpm for 1 min. 1 wt% CMC stock solution was prepared by 
dissolving 0.5 g of CMC powder to 49.5 g of phosphate buffer and stirred for overnight. 
Prior to use, the CMC solution was passed through a 5.00 µm filter.  
 
A typical spray solution was prepared by adding 1.4559 g of buffer to a VWR® glass vial 
(4 Dr), followed by 1.5 g of 0.1 wt% CuChl solution, and then 0.03g of 1.0 wt% CMC 
solution. The mixture was stirred for 3 min at 1000 RPM. 14.1 µL of PAE stock solution 
(2.13 wt% in water) was added dropwise with stirring for 3 more minutes. The final spray 
solution composition for this example was 0.05 wt% CuChl, 0.01 wt% CMC and 0.01 
wt% PAE. All spray solution compositions are expressed as mass fractions, that includes 
the buffer. 
 
Deposit Formation. To make respective UV absorbance in release experiments within an 
optimal range, 15 L of CuChl or 30 L of BSF 5 mM spray solutions were deposited 
with a 20 or 100 µL pipette on PARAFILM® M surfaces supported on a petri dish and 
dried overnight in a humidity chamber (ESPEC) at 25 ℃ and 45% relative humidity.  
 
Dynamic Light Scattering (DLS). The hydrodynamic diameters of samples were 
measured with a Malvern Zetasizer Nano ZS fitted with a He-Ne 4.0 mW laser operating 
at 633 nm. The detector angle was fixed at 173°. 10 L of spray solution, diluted with 
990 L of 5 mM phosphate buffer, was placed in a polystyrene cuvette (10 mm, 4.5 mL) 
and then equilibrated in the light scattering cell for 1 min at 23 ℃. In a typical 
experiment, the measurement position was fixed at 4.65 mm with an attenuation index of 
9. For every sample, three replicates were measured. The data were analyzed with 
Zetasizer software, version 7.01 using the CONTIN algorithm to generate the intensity 
size distribution. The cumulants analysis was performed to obtain the polydispersity 
index (PDI). 
 
Electrophoretic Mobility (EM). The EM values were measured with a ZetaPlus 
(Brookhaven Instruments, US). Samples were diluted with 5 mM phosphate buffer 
solution, placed in a four-sided clear polystyrene cuvette (10 mm, 4.5 mL) and measured 
in triplicate with each measurement consisting of 10 runs.  
 
Mütek Polyelectrolyte Titration. The net charge densities of soluble polymers were 
determined by polyelectrolyte titration with 0.001 N PVSK for cationic samples or 0.001 
N PDADMAC titrants for anionic polymers. The titration endpoints were measured with 
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the Mütek PCD 03 (BTG, Switzerland) streaming current detector. 19 The polymers were 
diluted with the buffer to give PAE 0.005% wt/wt, CuChl 0.01%, and CMC 0.005%. The 
PCD LabX software gave the titrant volumes corresponding to zero streaming potential. 
The results were expressed as milliequivalents per gram of dry polymer.  
 
Deposit Diameters. Deposits on parafilm were placed in a ChemiDoc™ MP imaging 
system (Biorad, nr. 170-8280) beside a ruler for distance calibration. Images were made 
with a UV transillumination excitation source, standard filter and an exposure time of 2 
milliseconds. Images were obtained and exported for analysis by Image Lab™ 4.1. The 
images were analyzed with ImageJ software that determined the deposit boundaries and 
reported the Feret diameter, the longest distance between any two points along the 
boundary. The 10-mm scale was set globally and then the threshold of the image was 
usually adjusted to default. For CuChl deposits, the wand tool was used to determine the 
boundaries whereas the oval tool was employed for BSF deposits.  
 
Dye Release.  For release time up to 30 minutes, each parafilm-supported dry deposits 
was trimmed to 1.5 x 1 cm2 and placed in a polystyrene weighing dish. 300 L of 5 mM 
phosphate buffer was delivered by a pipette to give a sessile drop of release buffer 
covering the entire deposit. After a specific release time, the release buffer was aspirated 
with a 1 mL pipette and stored in a 1.7 mL graduated microtube (flat top, SPE155-N). 
 
For longer release time experiments, each parafilm-supported deposit was placed in a 1.7 
mL graduated microtube followed by the addition of 300 L of 5 mM phosphate buffer. 
The microtubes were sealed to minimize evaporation, however, the tubes were not 
agitated.  
 
The dye concentrations in the release buffer were measured by UV absorbance. 0.2 mL of 
dye-containing solutions were placed in 96-well plate and the absorbance was measured 
at 404 nm for CuChl and CuCe6 or at 452 nm for BSF. Dye concentrations were 
calculated from linear calibration curves. Every release experiment was repeated in 
triplicate and the error was reported as a standard deviation.  
 
Optical Microscopy Bright-field and fluorescent optical micrographs were obtained with 
an Olympus IX51 microscope (model IX51) equipped with a Retiga-2000R digital 
camera, and a FITC filter with an excitation range of 475-485 and an emission range of 
485-536.  
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Results  
 
In experiments designed to model some aspects of the spray application of aqueous 
agricultural chemicals on leaves, individual drops of a “spray solution” were deposited 
onto smooth, hydrophobic parafilm sheets. With drying, spray solutions were transformed 
to dry deposits consisting of an active, two polymer adjuvants and dried buffer salts. Our 
goal was to determine the factors influencing the release of CuChl when dry deposits 
were exposed to water (rainfall, irrigation or dew). Figure 2 shows photographs of a 
typical release experiment in which a sessile drop of spray solution was placed on 
parafilm. The drop was allowed to dry, forming a deposit. Finally, the deposit was 
covered with a larger drop of buffer to initiate the release of CuChl. Before presenting the 
release results, properties of the components and the deposits are now presented. 

 

Figure 2 Photographs of the three steps in a release experiment. The spray solution 
composition was 0.05% CuChl + 0.01% CMC + 0.01% PAE in 5 mM phosphate buffer 
at pH 7. 

 
Dyes and Polymers. Three actives were compared, BSF, commercial-grade CuChl, and 
CuCe6 – see structures in Figure 1. Since all three materials are colored but not 
necessarily active in the agricultural context, herein we refer to these materials as “dyes”. 
From an application perspective, we are primarily interested in the CuChl, which is 
approximately 54 wt% chlorin mixture. 13 Although claimed to be water soluble, aqueous 
mixtures at neutral pH include particles ranging in diameters from 10 to 800 nm. As much 
as 58 wt% of CuChl does not pass through 12-14 kDa MW cut-off dialysis tubing. 13 
 
CuCe6 was chosen as a representative of the chlorin content of CuChl. The purity of 
CuCe6, according to the supplier was above 95%, a value much higher than CuChl. BSF 
was chosen as an ideal dye that tends not to adsorb on anionic surfaces and does not 
spontaneously form aggregates in water. Hence BSF has been used to characterize water 
percolation through the soil. 20  
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Most of the results herein involve a mixture of CMC (carboxymethyl cellulose), an 
anionic water-soluble polyelectrolyte and PAE a cationic polymer – see structures in 
Figure 1. In solution, mixtures of CMC plus PAE form polyelectrolyte complexes and 
upon water removal and heating, the AZ (azetidinium) groups form crosslinks with both 
carboxyls on CMC and amine groups on the PAE backbone. 21-22 The crosslinked 
structures are shown in Figure S 1. PAE crosslinking is widely used in the paper industry 
to strengthen wet paper such as coffee filters. 23 However, the drying temperatures in 
papermaking are above 100 oC, so crosslinking is unlikely to be significant over the range 
of temperatures relevant to agricultural crops. The use of CMC and PAE as crop spray 
adjuvants is of interest because they are effective and are commercially available. Some 
properties of the above spray drop components are summarized in Table 1.   
 

Table 1 Charge and molecular weights of spray solution components. 
Spray Solution Component Designation Charge at pH7 

(meq/g) 
MW 

Copper chlorophyllin CuChl -1.8 a - 
Copper CuCe6 sodium salt CuCe6 -2.8 b, c 724 Da 
Brilliant Sulfaflavine BSF -2.5 b 404.4 Da 
Polyamine epichlorohydrin PAE +3.0 a - 
Carboxymethyl cellulose CMC -4.5 a 90 kDa 

a Mütek polyelectrolyte titration (For CuChl, only dispersed particles were measured). b 
from the structure. c assuming 2 carboxyls are ionized. 
 
Spray Solution Properties. Most solutions in this work were made with 5 mM phosphate 
buffer at pH 7. The exception was 5 mM phosphate (pH=8) was used to increase the 
solubility of CuCe6. Most spray solutions were prepared by the sequential addition of dye, 
CMC, and PAE to a stirred 5 mM phosphate buffer solution at pH 7.  With or without 
dye, colloidal polyelectrolyte complexes form immediately – CMC:PAE complexes have 
been reported in the papermaking technology literature. 21-22 Table S 1 summarizes the 
average particle size from dynamic light scattering, the electrophoretic mobility, and 
hydrogel net charge content calculated assuming all added dye and polymers end up as 
colloidal hydrogels. In all cases the colloids had a net negative charge, reflecting the 
contribution of both CMC and the dyes. Upon exposure to CMC, the mobility of CuChl 
particles was reduced, suggesting CMC adsorbed onto the CuChl particle surfaces before 
the PAE was added. In all cases the mobility distributions were monomodal.  
 
Higher polymer concentrations gave larger hydrogels, although the average diameters 
only ranged from 176 to 379 nm. Without CMC, mixtures of PAE and dyes form large 
precipitates, not suitable for agricultural sprays. Thus it appears that the colloidal 
complexes contain a mixture of CMC, PAE and dye. We believe that the CMC enhances 
the colloidal stability of the colloidal complexes, presumably by electrostatic 
mechanisms. Figure S 3 shows the average diameter of the polyelectrolyte complex 
hydrogel particles did not change over 5 days, the length of the experiment. Furthermore, 
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there was no evidence of sedimentation or deposition on anionic surfaces. Colloidal 
stability is an important property for commercial spray applications. 
 
Deposit Properties. Deposits were formed by placing sessile drops of spray solution onto 
parafilm and allowing them to dry. Figure 3 shows optical and fluorescent micrographs of 
BSF deposits formed from 30 L of 0.05% BSF + 0.1% PAE + 0.1% CMC in phosphate 
buffer. The corresponding mass fractions in the dried deposits are 0.3 buffer solids, 0.14 
BSF, 0.28 CMC and 0.28 PAE. The dried deposit (left-hand images) showed complex 
shapes with dense areas of material. The right-hand images show the deposit after three 
minutes’ exposure to release solution (5 mM buffer), which was then aspirated leaving a 
damp deposit. While under the release solution, the periphery of the deposit lifted up and 
folded upon itself with the aspiration of the release solution. Comparing the fluorescent 
images, before and after exposure to release buffer, suggests that most of the BSF was 
released in the first three minutes. Quantitative BSF release measurements are presented 
in the next section. 
 

  

  

Figure 3 Bright-field (top) and fluorescent (bottom) micrographs of a BSF deposit dried 
at 25 oC on parafilm. The left images are of the original air-dried deposit, the right 
images are the deposit after three minutes’ release followed by the aspiration of the 
release solution leaving a damp deposit. The deposit was formed from 30 μL of spray 
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solution with a composition of 0.05% BSF + 0.1% PAE + 0.1% CMC. Images were 
taken under identical settings with a FITC filter. The scale bars represent 200 μm. 

 
The deposit image in Figure 2 shows that CuChl formed circular deposits with a 
significant annulus (coffee ring). Figure S 4 shows a deposit of slightly higher 
magnification made from a spray solution where the polymer concentration was ten times 
high than the deposit in Figure 2.  
 
Figure 4 shows the diameters of dried deposits as functions of CMC:PAE contents for 
CuChl and BSF spray solutions. For the circular CuChl deposits the diameters were 
unequivocal. In the case of the ragged BSF deposits, the ImageJ software determined the 
largest diameter spanning the deposit. The CuChl deposit diameters were high and 
independent of the CMC:PAE content. BSF deposits had smaller footprints than CuChl 
deposits even though the BSF had twice the mass of the CuChl deposit.  
 
The square points in Figure 4 show two examples of the diameters of the fresh sessile 
drops. The CuChl diameter increased with drying, an indication of the slow spreading of 
the drying drop. By contrast, the BSF footprint decreased with drying. Assuming the 
sessile drops were spherical caps, the corresponding contact angles of the newly formed 
drops on parafilm were 97° for CuChl and 85° for BSF.  

 

Figure 4 Diameters of dried deposits, on parafilm, as functions of the CMC+PAE 
concentrations in the spray solutions. The spray solution drop volume for CuChl was 
15 μL whereas for BSF the volume was 30 μL. The squares denote the diameters of 
initially formed sessile drops. 

  
BSF Release from Dried Spray Drop Deposits. BSF is an example of low molecular 
weight, anionic dye that does not form aggregates in water. Two formats of release 
studies were performed – for experiments of up to thirty minutes a sessile drop of release 
buffer was placed over the deposit and after a fixed time (see example in Figure 2), the 
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drop was aspirated and the BSF concentration in the release buffer was measured by UV 
absorbance. For longer time experiments the deposit was exposed to the release buffer in 
a closed tube to limit complications from evaporation.  
 
An obvious, but important result - there was no retention of CuChl or BSF on parafilm 
after exposure to release buffer if the sessile spray solution drop was not allowed to dry 
and thus form a deposit (see Figure S 5 for BSF and Figure S 8 for CuChl).  Figure 5A 
shows BSF release as a function of time for two deposit compositions. The deposit 
compositions on the graphs are presented as the composition of the spray solutions 
whereas the corresponding dry deposit compositions are given in Table S 2. Herein 
release results are presented as the mass of released dye divided by the original mass of 
dye in the deposit. In both cases in Figure 5A, the release was linear with the square root 
of time over the first thirty minutes. At longer times there was a slow release up to a 
plateau value of 0.8. Surprisingly, the two polymer concentrations gave similar results in 
spite of one being ten times greater than the other. Nevertheless, the polymer 
combinations are necessary. The results in Figure 5B show that with no polymer or with 
only CMC, all of the BSF is quickly released. Both release results are slightly above 1 
due to the different sensitivity of employed analytical methods. Note, using PAE only 
generated large precipitates in the spray solution. Comparing the three CMC:PAE curves 
in Figure 5B, shows that release is not very sensitive to the CMC:PAE ratio. To 
summarize, without CMC:PAE polymers, BSF dissolves immediately. With the 
polymers, most of the BSF is released in 30 min with the remainder firmly fixed in the 
deposit. Taken as a whole, BSF release seems to follow the classic behavior of Fickian-
diffusion release from a polymer matrix. 24 
 

 

Figure 5 The fraction of BSF released from CMC+PAE deposits as a function of the 
exposure time to phosphate buffer (5 mM, pH 7) release solution. The deposit 
compositions are expressed as the polymer wt% in the spray solution used to form the 
deposits. 

 
Finally, when CMC:PAE polyelectrolyte complexes are dried and heated, the AZ groups 
in PAE form covalent crosslinks with carboxyl groups in CMC and with secondary amine 
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groups in PAE – see chemistry in Figure S 1. Heating BSF:CMC:PAE to 70 oC slows 
BSF release because of crosslink formation – see Figure S 6. However, for crop spray 
applications, high-temperature treatments are not relevant. 
 
CuChl and CuCe6 Release Figure 6 shows CuChl release from deposits containing CMC 
and PAE. In this case, the total mass of CMC+PAE was about ½ the mass of the CuChl. 
The inset shows the same results plotted against the square root of time. The release 
behaviors of CuChl is in stark contrast to BSF in the previous figure. There was a burst of 
CuChl release observed after one-minute exposure to the release buffer and accounting 
for most of the release in 24 h. There is a secondary slow release over the first three hours 
after which there was no further release. 
 

 
Figure 6 CuChl releases over time. The inset figure shows the same results plotted against 
the square root of time. 

 
The role of CMC:PAE 1:1 concentration is illustrated in Figure 7 which shows release at 
10 minutes as a function of total polymer concentrations. The inset shows three examples 
of release versus time experiments used to obtain the release result in Figure 7, which 
shows the main release is equilibrated at 10 minutes. 

 
Figure 7 CuChl release at 10 minutes as a function of total CMC:PAE 1:1 
concentration in the spray solution. The inset figure shows release/time behaviors for 
three CMC:PAE concentrations. 
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A remarkable feature of the CuChl release results is that it takes very little CMC:PAE 
(1:1) to fix CuChl in the deposit. For example, at equal weight CMC+PAE = 0.05% = 
CuChl, the release interpolated from in Figure 7 was less than 0.1. From an application 
perspective, the extent of burst release can be controlled by the quantity of CMC:PAE. 
  
CMC is important because, without it, PAE produces macroscopic precipitates when 
mixed with CuChl. However, the release is not very sensitive to the amount of CMC in 
the spray solution. Figure 8 shows CuChl release as a function of the CMC concentration 
in the spray solution. Whereas the release associated with the initial burst is a strong 
function of the total concentration of CMC + PAE (Figure 7), the burst release is 
insensitive to the CMC:PAE mass ratios from 0.1 to 10.  
 

 
Figure 8 The influence of CMC:PAE on the release of 0.05% CuChl. The PAE spray 
solution content was 0.01%. 

 
Comparing CuChl and CuCe6 Release. Because CuChl is a mixture, one cannot assign 
an absolute solubility. In previous work, we employed UV to measure the supernatant 
concentrations of CuChl and CuCe6 dispersions after aggressive ultracentrifugation. For 
commercial-grade CuChl, the apparent solubility was about 0.01% and the corresponding 
value for CuCe6 was a little less. 13 Therefore in virtually all of the experiments herein 
involving CuChl we expect the presence of nanoparticles in the spray solution. The 
particle size of the dispersed components was broadly dispersed with a mean around 200 
nm for both chlorins. 13 In this work, we compared the release behaviors of CuChl and 
CuCe6 with and without ultracentrifugation of the chlorin stock solutions used to prepare 
spray solutions. The release results are shown in Figure 9. For both chlorins, 
centrifugation has little influence. Note, the pH of CuCe6 spray solution was 8 instead of 
the 7 used for all CuChl experiments. CuCe6  should be more soluble than at higher pH, 
possibly contributing to the higher burst release. 
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Figure 9 The influence of ultracentrifugation of chlorin stock solutions on release. The 
spray solution compositions were 0.05 % dye + 0.01% CMC + 0.01% PAE and the pH 
of CuChl solution was 7 whereas the pH of the CuCe6 solution was 8. 

 

Discussion 
 
Why are polyelectrolyte complexes formed by CMC plus PAE so effective at fixing 
CuChl on parafilm surfaces? Additionally, why does the small fraction that does release 
do so in a burst fashion? These behaviors contrast those of BSF, an anionic dye that 
displays nearly complete release, following a square root of time dependence. BSF shows 
classical release behaviors driven by Fickian diffusion whereas CuChl does not. Because 
commercial-grade CuChl is a complex mixture, it is difficult to have a definitive 
explanation of why the release behaviors of CuChl and BSF are so different. Any 
explanations must also account for the following observations: 1) the CMC:PAE deposits 
must first dry in order to fix CuChl to parafilm; 2) there was little impact of the removal 
of colloidal particles from stock solutions of CuChl and from CuCe6 (Figure 9); 3) the 
minimum mass of CMC:PAE required to fix most of CuChl was about same as the mass 
of CuChl (Figure 7); and, 4) although some CMC was required to prevent large aggregate 
formation upon addition of PAE to CuChl, the release was not very sensitive to the 
amount of CMC added (Figure 8). In the following paragraphs, we first highlight the key 
differences in the deposit structures formed with CuChl and BSF, followed by our 
explanation of the release behaviors upon immersing the deposits into water. 
 
Deposit formation by drying sessile spray drops on parafilm is a complex process. During 
evaporation, convection of material within the drop leads to the much-discussed annulus 
or coffee ring formation. 25 26 In addition, as water is removed the ionic strength increases 
to the point where buffer components come out of solution. Simultaneously, polymer 
concentrations increase leading to large viscosity increases. Ionic interactions will be 
attenuated by increasing buffer concentration whereas depletion interactions will increase 
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with the increasing polymer concentrations. In spite of these complexities, we now 
provide the following tentative explanations for our results.  
 
BSF deposit structure. Figure 10 summarizes our vision of the spray solution properties 
and the resulting deposits structures. The BSF spray solution is a mixture of dispersed 
CMC:PAE polyelectrolyte hydrogel particles about 250 nm in diameter plus dissolved 
BSF. With evaporation, the sessile drop retracts (Figure 4) suggesting that neither the 
CMC:PAE complexes or the dissolved BSF promote pinning the three-phase contact line 
on smooth, hydrophobic parafilm support. The initial sessile drop volume was 30 L, 
however, the evaporation must decrease the water volume to about 1.5 L to reach the 
water solubility of BSF. Further evaporation will induce BSF crystallization with crystals 
embedded in the film formed as the CMC:BSF mixtures dry. Electrophoresis 
measurements of the CMC:PAE hydrogel particles with and without BSF gave the same 
electrophoretic mobilities (Table S 1), suggesting little binding of BSF to the 
polyelectrolyte complexes in dilute solution. The absence of a significant burst in the 
release experiments suggests that all of the BSF crystals were encapsulated in CMC:PAE 
in the compact dry deposit.  
 
CuChl deposit structure. In the case of CuChl deposits, the initial spray solution is a 
mixture of CMC:PAE complex particles, dispersed CuChl particles, and dissolved CuChl 
components. The electrophoresis results (Table S 1 and Figure S 2) suggest that CMC 
adsorbs onto CuChl nanoparticle surfaces, before PAE addition. After PAE addition, the 
CMC:PAE hydrogel complexes form. The overall average particle size of the spray 
dispersion was of the same magnitude as the CuChl particles, suggesting no 
heteroflocculation of CuChl and CMC:PAE hydrogel nanoparticles. During evaporation 
the diameter of sessile drop increases a little after which the three-phase contact line is 
effectively pinned giving a coffee ring deposit structure (photograph in Figure 2, 
diameters in Figure 4). Previous work showed that CuChl nanoparticles adsorb on pristine 
polystyrene surfaces in the buffer, presumably reflecting hydrophobic interactions. 
Therefore we anticipate a sparse coating of adsorbed CuChl nanoparticles across the 
entire footprint of the sessile drop. However most of the CuChl is present as nanoparticles 
in the annulus, imbedded in the CMC:PAE hydrogel film. 
 
CuChl burst release (Figure 7). With low dosages of CMC:PAE, virtually all of the 
hydrogel is present in the annual ring of the dried deposit. Therefore, some CuChl present 
inside the ring is not protected and is immediately released upon exposure to buffer. Note, 
CuChl does not have to dissolve to be released. Instead, hydrophilic CuChl nanoparticles 
detach from parafilm when there is no adhesive adjuvant. Higher CMC:PAE 
concentrations in the spray solution result in more hydrogel in the center of the deposit 
lowering the fraction of unprotected CuChl and given less burst. By contrast, with BSF 
the deposit footprint is small, facilitating the CMC:PAE encapsulation of all the BSF 
crystals, preventing a burst release. 
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Low or no after-burst CuChl release. Most of the CuChl particles are located in the 
annular ring where the particles are embedded in the CMC:PAE complex gel. The 
CMC:PAE acts as an adhesive preventing the detachment of CuChl nanoparticles. In 
addition, the low solubility of CuChl (0.01% wt/wt, 100 times lower than the solubility of 
BSF 20) coupled with a coating of CMC:PAE polyelectrolyte complex inhibits CuChl 
dissolution and diffusion upon immersion of the deposit into water.  
 

 

 

Figure 10 Illustration of sessile spray drops and deposits properties. 

 

Conclusions 
 
A large portion of the added CuChl is fixed to a hydrophobic parafilm surface when a 
sessile drop of spray solution containing CuChl and a mixture of anionic CMC and 
cationic PAE, dries to form a deposit. The small unfixed fraction of CuChl is immediately 
(burst) released upon exposure to water. These behaviors are in contrast to the behavior of 
an anionic, water-soluble dye brilliant sulfaflavine (BSF) whose release follows a square 
root of time dependence, typical of small molecules diffusing through a polymer film. 
The main conclusions herein are: 
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1. Most of the CuChl in the spray solution ends up as nanoparticles embedded in a 
hydrogel CMC:PAE matrix present as an annular (coffee) ring in the dried deposit. 
The low solubility of CuChl, particularly when coated with CMC:PAE complex, fixes 
CuChl on the parafilm. A small amount of CuChl in the center of the deposit is not 
embedded in complex and exhibits burst release. Although solid BSF is also encased 
in CMC:PAE complex, upon exposure to water, the very soluble BSF crystals rapidly 
dissolve and diffuse into the aqueous phase. 

2. The mass of CMC:PAE complexes required to fix most of CuChl on parafilm surfaces 
is equal to the mass of CuChl, indicating that CMC:PAE complexes are very efficient 
adjuvants.    

3. The role of CMC is critical. The negatively charged hydrophilic polymer helps 
stabilize colloidal species in the solution and ensuring all particles maintain a negative 
net charge. Without CMC, PAE flocculates both BSF and CuChl into large 
precipitates not suitable for spray application. 

4. From a practical perspective, by tuning the composition and concentration of 
CMC:PAE polymers, it is possible to control the fraction of CuChl strongly fixed to 
leaf surfaces versus the amount available to enter the leaf upon re-wetting of dried 
spray deposits. 
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Figure S 1 Crosslinked structures formed by heating mixtures of CMC + PAE. 
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Table S 1 Some properties of dye:CMC:PAE colloidal complexes in phosphate buffer at 
pH 7. 

[���]

[��������]
 

Formulations DLSa 

Diameter 
(nm) 

PDI Charge 
Density 
(meq/g) 

EM (*10-8 
m2/(V·s)) 

- 0.05% CuChl    -1.8 -1.7 ± 0.3 

0.5 0.05% CuChl + 0.1 % 
CMC 

   -1.9 ± 0.5 

0.25 0.05% CuChl + 0.1% 
CMC + 0.1% PAE 

   -3.0 ± 0.3 

0 0.01% CMC + 0.01% 
PAE 

230 ± 16 0.25 -0.77 -2.2 ± 0.1 

0 0.1% CMC + 0.1% PAE 314 ± 16 0.18 -0.77 -2.1 ± 0.3 

10 0.05% CuChl + 0.0025% 
CMC + 0.0025% PAE 

176 ± 8 0.24 -1.72 -2.4 ± 0.4 

5 0.05% CuChl + 0.005% 
CMC + 0.005% PAE 

195 ± 10 0.22 -1.64 -3.3 ± 0.3 

2.5 0.05% CuChl + 0.01% 
CMC + 0.01% PAE 

243 ± 17 0.21 -1.52 -3.3 ± 0.2 

0.25 0.05% CuChl + 0.1% 
CMC + 0.1% PAE 

286 ± 8 0.17 -0.98 -3.0 ± 0.1 

0.08 0.05% CuChl + 0.3% 
CMC + 0.3% PAE 

379 ± 17 0.19 -0.85 -2.5 ± 0.1 

5 0.05% BSF + 0.005% 
CMC + 0.005% PAE 

- - -2.10 -2.4 ± 0.2 

 

2.5 

 

0.05% BSF + 0.01% 
CMC + 0.01% PAE 

259 ± 12 

 

0.21 

 

-1.84 -2.0 ± 0.1 

 

0.25 

 

0.05% BSF + 0.1% 
CMC + 0.1% PAE 

336 ± 22 

 

0.21 

 

-0.69 -2.4 ± 0.2 

 

a All DLS samples were diluted with buffer by a factor of 100. 
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Figure S 2 Electrophoretic mobility distributions of CuChl, CuChl + CMC, and CuChl + 
CMC + PAE. 
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Figure S 3The hydrodynamic sizes of spray solutions were measured as a function of 
time with dynamic light scattering (DLS). The error bars represent the standard 
deviation of three replicates. 
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Table S 2 Dry deposit compositions as a function of spray composition for CMC:PAE 
deposits. 
 
 Spray Solution 

Composition (% wt/wt) 
  Deposit Composition 

(mass fraction) 
  

Dye CMC PAE Buffer * Dye CMC PAE 
0.05% 0.1% 0.1% 0.30 0.14 0.28 0.28 
0.05% 0.01% 0.01% 0.60 0.28 0.06 0.06 
0.05% 0.005% 0.005% 0.64 0.30 0.03 0.03 
0.05% 0.1% 0.05% 0.35 0.16 0.33 0.16 
0.05% 0.1% 0.075% 0.32 0.15 0.30 0.23 

*Assuming buffer dries as Na2HPO4·7H2O and NaH2PO4·H2O crystals. 
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Figure S 4 Optical micrographs of a CuChl deposit air-dried from 15 µL of the spray 
solution with a composition of 0.05% CuChl + 0.1% PAE + 0.1% CMC on the 
PARAFILM® M before (left) and after (right) 3-minute release. Images were taken 
under identical settings. All scale bars represent 200 μm. 
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Figure S 5 Comparing BSF release from dried deposit to release from sessile spray 
drop. 
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Influence of CMC:PAE crosslinking. When CMC:PAE polyelectrolyte complexes are 
dried and heated, the AZ groups in PAE form covalent crosslinks with carboxyl groups in 
CMC and with secondary amine groups in PAE – see chemistry in Figure S 1. Although 
high temperature crosslinking is not relevant to agricultural applications, we were curious 
and compared BSF release from crosslinked versus non-crosslinked CMC:PAE deposits. 
Because parafilm melts at elevated temperatures, polystyrene petri dishes were used as 
the supporting substrates. The dry deposit diameters on polystyrene were about 1.6 times 
greater than the diameters on parafilm. The fluorescent images of a BSF deposit before 
and after release are shown in Figure S 7– most of the BSF was in the annulus (coffee 
ring).  
 
Figure S 6 compares BSF release for crosslinked versus non-crosslinked CMC:PAE 
deposits. The deposits dried a low temperature (i.e. no crosslinking) released BSF faster 
and to a greater extent compared to parafilm results above. The crosslinked deposits, 
formed at 70 oC, released BSF more slowly, supporting the conclusion that at least some 
of the BSF diffused through the polymer network. It is well known that crosslinking 
attenuates the diffusion of polymers through hydrogels. In control experiments, we 
confirmed there was no decomposition of BSF at 70 oC.  

 

Figure S 6 The influence of PAE crosslinking at 70 oC on BSF release. The spray 
solution composition was 0.05% BSF+ 0.1% CMC + 0.1% PAE. Deposits were formed 
on polystyrene petri dishes. 
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Figure S 7 Fluorescent micrographs of a BSF deposit dried at 25 oC on a polystyrene 
petri dish. The left image is the original deposit, the right image is after three minutes 
release with release solution removed. The spray solution composition was 0.05% BSF 
+ 0.1% PAE + 0.1% CMC. Images were taken under identical settings with a FITC 
filter. The scale bars represent 200 μm. 
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Figure S 8 Comparing CuChl release from a sessile drop with release from a dried 
deposit. 
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Figure S 9 The influence of CMC:PAE on the release of 0.05% CuChl. The PAE spray 
solution content was 0.01% and the CMC was varied. 
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Chapter 4 
 

Factors Influencing Deposit Structures on Hydrophobic 
Surfaces 

 
This chapter illustrates how formulation variables affect the distribution of PG7 particles 
in dried deposits. The distribution of PG7 particles is demonstrated to be an indication of 
the extent to which dispersed particles are bound to or entrained in oil droplets. The 
results are beneficial for us to understand the relationship between the solution properties 
of suspoemulsions and the resulting dried deposits on hydrophobic surfaces. 
 
Sample preparations, size and contact angle measurements, and sessile drop imaging were 
carried out by myself. Optical micrographs and scanning electron microscope images 
were obtained by Dr. Hu. The first draft was written by Dr. Hu and myself. Dr. Abarca, 
Dr. Liu, Dr. Fefer and Dr. Brook reviewed the paper and provided useful comments. 
Robert Pelton helped me analyze the data and rewrite the draft to the final version. 
 
This chapter and supporting information are allowed to reprint as they appear on Colloids 
and Surfaces A: Physicochemical and Engineering Aspects with permission from 
Elsevier. 
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The properties of dried deposits formed by placing drops of a commercial turf grass fungicide spray formulation 
on smooth, waxy PARAFILM® M surfaces were measured as functions of formulation variables. The deposit 
structure reveals the extent to which dispersed active ingredient particles are bound to oil droplets in agri-
cultural spray dispersions, before drying. The dilute spray dispersion (herein called Green Emulsion) was a 
suspoemulsion, which is a mixed dispersion of large (2–50 μm) mineral oil drops and small (∼430 nm) poly-
chlorinated Cu (II) phthalocyanine (PG7) pigments, also known as Green 7. The distribution of PG7 pigment in 
the dried spray drop deposit depended upon the partitioning of PG particles in the suspension before drying. 
Individually dispersed PG7 particles in the aqueous phase mainly ended up in the annulus (coffee ring), whereas 
PG7 particles adsorbed on the oil emulsion droplets ended up as a central oily deposit (the dome). After most of 
the water evaporated, some oil migrated beyond the dome and slowly beyond the annulus. Increasing the oil-
soluble surfactant concentration inhibited PG7 binding to the oil/water interface, giving a very small dome area 
and a wide annulus after drying. The deposit structure is sensitive to the mixing intensity when spray con-
centrates are diluted in a mix-tank. Increased intensity of mixing the suspoemulsion gives smaller oil droplets, 
more PG7 bound to the oil/water interface and a larger dome. The ASTM E2044 “Standard Test Method for
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Spreading of Liquid Agricultural Spray Mixtures” involves placing a drop of crop spray dispersion on PARAFILM®

and measuring the dimensions of the resulting sessile drop. This work demonstrates that allowing the sessile
drops on PARAFILM® to dry and analyzing the resulting deposit structure gives a direct measure of the extent to
which active ingredient particles, initially dispersed in water, are transferred on or into oil drops in suspoe-
mulsions.

1. Introduction

Modern agriculture depends upon the effective use of fertilizers and
plant protection chemicals. In many cases, the chemicals are applied as
sprays on leaves (foliar application). Typically, farmers dilute one or
more concentrates in a large quantity of water. The mixture is agitated
continuously and sprayed on the crops. Ideally, spray application con-
sists of the following steps: the spray drops impact and adhere to leaf
surfaces [1]; the adsorbed (sessile) drops spread on the leaf surfaces [2];
the water evaporates, leaving a deposit [3,4]; and, the active ingredient
(s) migrate from the deposit to target sites on or in the plants, a process
often called uptake. In this paper, we examine a commercial turf grass
fungicide we call “Green Emulsion”, focusing on the factors influencing
the nature of the deposit when sessile Green Emulsion drops dry on
both leaves and model surfaces.

Green Emulsion fungicidal activity results from the synergistic in-
teractions between mineral oil, a well-known compound in pesticide
formulation [5], and polychlorinated Cu (II) phthalocyanine (PG7)
pigment, also known as Green 7 [6]. PG7 crystals are water and oil
insoluble. In one variation of the commercial product, oil concentrate
with oil-borne surfactants and pigment concentrate with hydrophilic
surfactants are added separately to the spray water to form a dilute
dispersion with a mixture of oil emulsion droplets (2–50 μm diameter)
and suspended PG7 particles (∼430 nm diameter). CropLife Interna-
tional have categorized the physical forms of agrichemicals and by their
definition, Green Emulsion is a “suspoemulsion” [7]. From a colloid
science perspective, suspoemulsions are particularly complex mixtures
of oil droplets, colloidal particles and multiple surfactants.

1.1. The literature – deposits from suspensions

Before considering suspoemulsion literature, we now summarize
some features of deposits formed when drops of colloidal dispersion dry
on a surface. In other words, these dispersions are suspoemulsions
minus the oil-in-water emulsion component. There is a large literature
describing annulus (coffee-ring) structures formed by drying drops of
solutions and dispersions on surfaces, sessile drops [8]. Drying a sessile
drop of an aqueous suspension usually produces an annulus containing
most of the solid material – the coffee ring. Annulus formation occurs
when a sessile drop is pinned during evaporative drying. The flux of
liquid to the drop periphery drives a buildup of suspended material
near the three-phase contact line [9]. An elegant report from Binks’
group demonstrated the effects of colloid hydrophobicity and con-
centration on the deposit structure from dried drops [10]. Hydrophilic
silica particles concentrate in the annulus, whereas more hydrophobic
silica is concentrated in what Binks calls a “dome” in the center of the
dried drops. Dome formation results from particle association (gelation
or aggregation) forming large structures that are not easily transported
to the periphery of the sessile drop – Fig. 1. Surfactants [11], volatile
solutes [3], particle shape [12], and particle adsorption at the air water
interface[10] all influence coffee ring structures in systems much sim-
pler than the suspoemulsions of interest herein.

1.2. Literature – deposits from emulsions

Surfactant stabilized oil-in-water emulsions are another subset of
suspoemulsions in which there are no dispersed solid particles. In the
absence of high concentrations of superwetting surfactants, emulsion

droplets form sessile drops on hydrophobic surfaces, including leaves.
The dispersed oil droplets rise towards the surface in gravity driven
flow. We will show in our results below that creaming time is more than
an order of magnitude shorter than the drying time. As emulsions
droplets concentrate near the air/water interface, the oil drops may
aggregate and coalesce into larger droplets or remain as individual
droplets in a concentrated cream layer. Emulsion droplets adjacent to
an air/water interface may: 1) do nothing; 2) penetrate the interface to
form a lens; or, 3) penetrate the interface and completely spread. For
systems governed by thermodynamics, the outcome, paths 1) 2) or 3),
can be predicted by the entry and spreading coefficients. Hotrum et al.
give a clear description of the coefficients, which are calculated from
the various interfacial tensions [13]. However, their experimental re-
sults indicate a significant kinetic barrier for oil droplet penetration of
the air/water interface, not predicted by the entry coefficients. There
exists a stable water film between smooth solid particles or oil drops
and the air water interface, preventing entry. We see examples of this
kinetic barrier to entry in many technologies. For example, in defoamer
technology, silicone oil emulsion drops are poor foam breakers because
the oil droplets cannot penetrate the air/water interface. However,
when the oil drops are supporting spikey, hydrophobic particles, these
drops can penetrate the thin water film when an oil droplet approaches
the air/water interface, ultimately leading to foam collapse [14]. Fur-
ther evidence for thin water films between emulsion droplets and the
surface of sessile drops comes from the analysis of evaporation rates for
emulsions made using volatile solvents [3]. Whereas the continuous
water phase evaporates at the same rate as bulk water, the volatile oil
phase evaporation rate is much lower compared to bulk solvent. The
solvent must diffuse through the thin water layer, lowering evaporation
rates.

1.3. Literature – deposits from suspoemulsions

Many of the early suspoemulsion publications focused on the col-
loidal stability of concentrated dispersions, presumably with a view to
understanding the factors influencing the shelf life [15–19]. Tadros
explains that suspoemulsions can undergo a number of processes in-
cluding: homoflocculation of the suspended particles (i.e., the PG7
particles in our work); emulsion coalescence; heteroflocculation of the
emulsion droplets and the suspended particles giving either aggregates
or emulsion drops coated with particles embedded in the oil/water
interface; and, solubilization of the suspended particles in the oil [20].

Fig. 1. Cross-sectional illustration of deposits formed by drying sessile drops
formed with aqueous colloids. Stable, hydrophilic particles mainly form an
annulus (coffee ring) whereas hydrophobic, aggregating particles form a dome.
Adapted from Anyfantakis et al. [10].
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In an excellent paper involving suspoemulsions, Faers and Pontzen
reported a detailed study of deposit structure after drying on leaf sur-
faces [21]. They hypothesized that the oil was most effective in pro-
moting uptake of the active agent when the oil was in direct contact
with the active ingredient – a state they called association. This is a
reasonable hypothesis, as mechanisms proposed for oil adjuvants in-
clude modification of the transport properties of leaf surfaces [22,23]
and solubilization of oil-soluble adjuvants [24]. For both of these oil
adjuvant mechanisms, the active ingredients must be in contact with
the oil – association. Faers’ experiments involved characterizing de-
posits formed by spraying a suspoemulsion on grape leaves. They
showed that suspoemulsion deposit structures were sensitive to sur-
factant concentration and the extent of dilution at constant coverages of
the dispersed active particles. Parallel experiments involving measuring
uptake in a measuring the uptake of a different active in apple cuticles
gave some support for the association hypothesis.

Although suspoemulsions are often prepared as independent sus-
pensions of active ingredient particles and oil droplets, one can imagine
that hydrophobic actives could be engulfed and/or dissolved in the oil
phase before spraying. Recently an Australian group reported studies
simulating what happens to a suspoemulsion in the mixing tank before
spraying. They measured the transfer of small oil-soluble, dispersed
particles into the oil phase using X-ray diffraction and found that
complete dissolution was rapid (< 200 s) [24]. Of course this may not
be a general conclusion. Strongly adsorbing or grafted stabilizing
polymers onto the particles surfaces could prevent the particles from
entering the oil phase [25].

Motivated by Faers and Pontzen [21], we believe that by controlling
deposit structure, we can influence the impact of Green Emulsion on
plants. Characterization and control of deposit structure is the first step
and thus the focus of this work. Herein we report the influence of for-
mulation variables on the structure of the dried deposits that form when
a drop of Green Emulsion suspoemulsion dries on PARAFILM® M, a
smooth waxy film used in ASTM E2044 “Standard Test Method for
Spreading of Liquid Agricultural Spray Mixtures” [26]. We demonstrate
that the deposit structure depends upon the extent to which dispersed
pigment particles adsorb at the oil/water interface before evaporative
drying.

2. Experimental section

2.1. Materials

HARMONIZER™, an aqueous dispersion of 40 wt% Pigment Green 7
(PG7) plus 17 wt% of a surfactant mixture, CIVITAS, 98% mineral oil
and 2% oil-borne surfactant and pure mineral oil were supplied by
Suncor Energy (Mississauga, ON, Canada). Oil Red O and PARAFILM®

M were purchased from Sigma-Aldrich. All water used was deionized
and further purified with a Barnstead Nanopure Diamond system
(Thermo Scientific).

2.2. Sessile drop imaging

Images of sessile drops drying on PARAFILM® M were recorded with
an iPhone 5 camera fixed 9 cm above the surface. In many cases, Oil
Red O was added to the oil concentrate to enhance the oil images. For
contact angle measurements, the sessile drops were characterized with
a Krüss Drop Shape Analysis System DSA1.

2.3. Green Emulsion preparation

Green Emulsion is an aqueous dispersion of 0.54% HARMONIZER™
and 4.46 wt% CIVITAS. The overall Emulsion composition is shown in
Table 1. For Green Emulsion-VM, 20mL of the mixture in a 50mL
Falcon tube was dispersed using a vibromixer (Mini Vortex Mixer,
VWR) at 3000 rpm for 1min. Green Emulsion-US was emulsified using

a probe sonicator (Sonifier 450, Branson Ultrasonics), in an ice bath for
1min at an intensity level 6 and 50% pulses. In some cases, a small
quantity of Oil Red O was dissolved in the CIVITAS to facilitate vi-
sualization of oil spreading.

2.4. Optical microscopy

Optical micrographs were obtained with a Zeiss LSM 510 Meta on
an Axiovert 200M microscope (Zeiss, Gottingen, Germany).

2.5. Dynamic light scattering

The hydrodynamic diameters of PG 7 with water-borne surfactant
were measured using a Malvern Zetasizer Nano instrument that pos-
sesses a He-Ne 4.0mW laser operating at 633 nm and a detector angle
of 173°. A sample of HARMONIZER™ was diluted with 5mM NaCl to
give an intermediate PG7 dispersion of 0.56 wt%, which was vortexed
at 3000 RPM for 1min. 10 μL of this mixture was diluted with 990 μL
5mM NaCl solution that was then equilibrated in a light scattering cell
for 3min at 21 °C. Light scattering measurements were made in tripli-
cate with each measurement consisting of 15 cycles. The data were
analyzed with Zetasizer software, version 7.01.

3. Results

Green Emulsion suspoemulsions were prepared by dispersing in
water a commercial mineral oil concentrate that included surfactants
(oil-borne). A concentrated aqueous dispersion of the pigment PG7,
stabilized with water-soluble surfactants, was added in a second step,
yielding the composition summarized in Table 1. In practice, the sus-
poemulsions are prepared by farmers in the sprayer mix-tanks just be-
fore application. Because the mixing conditions used to disperse con-
centrates are not clearly defined, we employed two laboratory methods
for dispersing the concentrates – a lower intensity dispersion with a
vortex mixer (Green Emulsion-VM) and a higher intensity ultrasonic
dispersion protocol (Green Emulsion-US). We presume that the low
intensity dispersion in the vibromixer (VM) is more representative of
commercial mix-tank preparations.

Green Emulsion is dilute. The total volume fraction of dispersed oil
and PG7 particles is about 5%. Dynamic light scattering was used to
characterize a dilute dispersion of PG7 particles dispersed in 5mM
NaCl. The resulting particle size distribution (see Fig. S1 in the
Supporting information) had a main peak that was approximately log
normal with a mean diameter of 430 nm. In addition, there was a small
peak at 70 nm and another at 5000 nm. This broad particle size dis-
tribution is typical of particles produced by milling larger particles.

Fig. 2 shows photographs and optical micrographs of the suspoe-
mulsions one and seven days after mixing. With the low intensity VM
dispersion, the oil drops were very large after one day, indicating the
surfactant packages were chosen to give limited emulsion stability. Fig.
S2 shows micrographs of Green Emulsion-VM one hour after dispersion;
the emulsion droplets are much smaller than those in Fig. 2.

By contrast, the suspoemulsion prepared by ultrasonic dispersion

Table 1
Green Emulsion composition.

wt%

From HARMONIZER™
PG7 pigment 0.22%
Water-borne surfactants 0.092%

From CIVITAS
Mineral oil 4.37%
Glycerol Oleate, HLB 3 0.029%
Polyoxyethylene (4) lauryl ether, HLB 16.9 0.059%

Total water content. 95.2%
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(Green Emulsion-US), had much smaller emulsion drop diameters and
showed little change over seven days. Furthermore, the emulsion dro-
plets are green, suggesting the PG7 pigment particles are embedded in
the oil surface or possibly entrained in the oil phase. The presence of
particles at the oil/water interface could explain the exceptional sta-
bility of the Green Emulsion-US dispersions. The surface tensions of the
two types of green emulsions and some the components are given in
Table S1. Most of the combinations had surface tensions between 27-
and 33mN/m. Green Emulsion-US was an outlier with a surface tension
of 48mN/m, reflecting the higher surface area of the in ultrasonicated
emulsion.

The contact angles (see images in Fig. S3) of a sessile drop Green
Emulsion-VM on PARAFILM® smooth wax film was 56 ± 2°, whereas
Green Emulsion-US gave a contact angle of 82 ± 2°. The ultrasonic
dispersion produced more oil/water interfacial area, influencing the
surfactant distribution and the contact angle on PARAFILM® M.

The spreading and drying characteristics of the two types of Green
Emulsion drops on PARAFILM® M are compared in Fig. 3. Oil Red O dye
was dissolved in the oil concentrate to facilitate imaging the extent of
oil spreading. Under ambient laboratory conditions, it took about 3 h
for the water to evaporate leaving the deposit. The Green Emulsion-VM
drops showed limited spreading, consistent with the initial contact
angle (56°). With drying there was some contraction in drop diameter

before the drop was pinned, giving a non-circular drop pattern. The
deposit structure in the 6-hour image shows the green PG7 particles are
concentrated in two areas – a narrow annulus (coffee ring) and a large
central dome.

Green Emulsion-US sessile drops were completely pinned with no
evidence of contraction. The dried drops had a dome, occupying most of
the drop footprint with no annulus. Additional VM and VS photographs
of sessile drops are shown in Fig. S4. The 6-hour Green Emulsion-US
image in Fig. 3 showed a slight indication of red beyond the deposit,
suggesting oil spreading. Fig. S5 shows that after seven days the oil had
spread beyond the deposits formed by both VM and US sessile drops.

The spreading behaviors of dyed oil emulsion (no PG7) and PG7
dispersion (no oil), are compared to Green Emulsion in Fig. 4. The oil
emulsion sessile drop did not spread on PARAFILM® M and the oil did
not spread after the water evaporated. The PG7 dispersion dried to give
a thick annulus and no dome – classic coffee ring behavior. The Green
Emulsion-VM deposit shared characteristics of both the oil emulsion
deposit, with most of the oil in a dome, and the PG7 dispersion deposit.
However, the Emulsion-VM dome was dark green, indicating a sig-
nificant PG7 content.

The oil-borne surfactant content influences the deposit structure
formed by sessile drops on PARAFILM® M. Fig. 5 shows that increasing
the oil-borne surfactant concentration beyond the 0.089% (see Table 1)

Fig. 2. Comparison of spray dispersions prepared by our
standard low energy vortex mixing (Green Emulsion-VM) with
emulsions prepared by high energy ultrasonic dispersion
(Green Emulsion-US). Optical micrographs of samples taken
below the cream layer. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article).

Fig. 3. Green Emulsion-VM and US 30 μL sessile drops drying on PARAFILM® M. The oil contained a red dye. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).
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decreased the dome area, with a corresponding growth in the width of
the annulus. The optical micrographs show that all higher surfactant
concentrations gave much smaller emulsion drop sizes. The higher two
surfactant concentrations also gave slighter larger sessile drop foot-
prints, indicating lower contact angles. More examples of photographs
showing the influence of oil-borne surfactant are presented in Fig. S6.

Finally, we applied drops of Green Emulsion-VM on grass and
burning bush leaf surfaces. The photographs in Fig. 6 showed that, on
grass, no dome or annulus were observed because the oil and PG7
particles spread along the axis of the leaves. The contact angle of water
on top side of grass was 91° when viewed parallel to the direction of the
veins and 101° when viewed parallel to the veins. Interestingly, the
contact angle of water on PARAFILM® Mwas 96°, between the two grass
values. The contact angle of water on the top side of a burning bush leaf
was 74°.

To better understand these observations, we prepared silicone
rubber molds of the grass leaf. The SEM of the rubber template show
ridges, corresponding to grooves, along the direction of the leaf axis.
Therefore, we conclude that mineral oil spread along the grooves in the
leaf surface. By contrast, the burning bush leaves gave nearly circular
annuli encircling a dome. The SEM image of the leaf surface indicated

nanoscale asperities but no grooves. The influence of leaf structure on
spray drop spreading has been addressed in the literature [27,28].

4. Discussion

Suspoemulsions containing mixtures of 4–6 surfactant types, dis-
persed particles and emulsified oil are very complicated formulated
products. Because the PG7 pigment in Green Emulsion is completely
water and oil insoluble, this system is slightly less complex compared to
products where the dispersed particles are partially oil soluble.

Most of our results involve 30 μL Green Emulsion-VM sessile drops
on PARAFILM® M, a slightly bigger drop than the ASTM method that
uses 20 μL [26]. If we assume the sessile drop shapes are ideal spherical
caps with a contact angle of 50°, the height of a 30 μL spherical cap
before drying is 1.61mm. By contrast, a typical spray drop diameter
applied to a field is 200 μm, corresponding to a drop volume of 0.004 μL
[29]. The corresponding drop height for a 0.004 μL spherical cap shape
is 81 μm. The dispersed phase volume fraction of Green Emulsion is low
(∼0.05) suggesting that initial creaming/sedimentation rates can be
estimated by Stokes’ law. Table 2 summarizes the time required for an
oil droplet to rise a distance equal to the sessile drop height, and the

Fig. 4. Comparing Green Emulsion-VM spreading on PARAF-
ILM® M with the corresponding dyed oil emulsion (without
PG7) and the PG7 pigments dispersion (without oil). All
photographs are shown at the same magnification, and drop
volumes were 30 μL. The oil in the Civitas emulsion included
an oil-soluble red dye. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article).

Fig. 5. Photographs showing the influence of the oil-borne
surfactant content on Green Emulsion-VM deposit structure.
Top row – 30 μL sessile drops on PARAFILM® M 10min after
formation; middle row – the resulting deposits; and, bottom
row – optical micrographs of the Green Emulsion-VMs. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).
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corresponding sedimentation time for PG7 particles. Two conclusions
can be drawn from the estimates in Table 1: 1) oil creaming times are
much shorter than the 3–6 h required to dry 30 μL drops, whereas the
PG7 sedimentation times are much longer; and, 2) the creaming/sedi-
mentation times for the 200 μm drops are about 20 times shorter than
the times for the large, 30 μL drops we used for the PARAFILM® M
experiments. The significance of this calculation is oil drops will cream
whereas dispersed pigment particles will not settle before sessile drops
evaporate.

Fig. 4 shows that when a sessile drop containing only PG7 particles
dries, most of the pigment is present in the annulus. This deposit is a
classic coffee ring structure resulting from fluid flow towards the per-
iphery of the pinned drop. By contrast, the oil+ PG7 combination in
Green Emulsion-VM gave an annulus plus a large dome region. The
genesis of the dome is apparent almost immediately after the sessile
drop is formed – see the 10min Green Emulsion-VM images in Fig. 3
where a dark green oil rich phase has formed under the top center of the
drop. The creaming time estimates in Table 2 are consistent with the
observed accumulation of oil near the drop surface in ten minutes. Why
is the oil dark green? We propose that the PG7 pigments adsorb at the
oil/water interface possibly giving some Pickering stabilization [30] of
the oil drops. These oil-immobilized pigment particles cannot migrate
to the periphery to build the annulus but instead are trapped with the
oil, ultimately giving a dome structure. Generally, when small particles
adsorb at an oil/water interface, the maximum coverage corresponds to
monolayer of adsorbed particles. Is there enough oil/water interface to

adsorb all of the PG7 particles in Green Emulsion?
Assuming PG7 particles are spheres with a diameter of 430 nm, 1 kg

of Green Emulsion contains enough PG7 particles (Table 1) to cover a
surface with an area of 6m2/kg. The micrographs in Fig. 2 show that
emulsion drop size, and thus the oil/water interfacial area, is sensitive
to the intensity of dispersion (i.e. VM vs US), and also aging to time (VM
images in Fig. 2 versus 1 h images in Fig. S2). The smaller the average
oil drop diameter, the greater the corresponding oil/water interfacial
area. For the oil concentration given in Table 1, the oil droplet diameter
required to give an interfacial area of 6m2/kg is 50 μm. Although there
are some large oil drops in Green Emulsion-VM, prepared with lower
intensity mixing, the VM images in Figs. 2 and S2 suggest values smaller
than 50 μm. Therefore, we conclude that there is sufficient oil/water
interfacial area in the Green Emulsion-VM to sequester all of the PG7
particles. However, all the Green Emulsion-VM deposit images reveal
annuli+ domes, indicating only a fraction of the PG7 particles are
immobilized at the oil/water interfaces. By contrast, Green Emulsion-
US emulsions are much smaller, providing much oil/water interfacial
area, leaving few PG7 particles in suspension to form an annulus.

Green Emulsion is an optimized commercial turf grass fungicidal
spray that has shown efficacy combating salt and moisture stress.
Herein we evaluated the impact on deposit structures of small changes
in the composition. Mixing intensity had the greatest impact on emul-
sion and deposit properties – Fig. 3. Our industry partner compared
Green Emulsion-US with Green Emulsion-VM in a salt stress assay using
US. Perennial ryegrass (Lolium perenne L.). No significant differences
between the performance of the two emulsions were observed. We do
not know the mechanism by which Green Emulsion improves salt tol-
erance. However, this work shows that mechanism is not sensitive to
deposit structure.

Finally, the ASTM E2044 “Standard Test Method for Spreading of
Liquid Agricultural Spray Mixtures” involves placing a drop of crop
spray dispersion on PARAFILM® and measuring the dimensions of the
resulting sessile drop [26]. The broader implication of the current work
is that allowing the sessile drops on PARAFILM® to dry, followed by the
analysis of the deposit structure, gives a direct measure of the extent to
which active ingredient particles, initially dispersed in water, are
transferred on or into oil drops in suspoemulsions.

5. Conclusions

Green Emulsion is a dilute aqueous dispersion formed by diluting in
water a mineral oil concentrate plus a PG7 pigment concentrate. We
investigated the factors influencing the deposit structure formed when
sessile drops of Green Emulsion dry on waxy PARAFILM® M surfaces,
and made the following conclusions.

The distribution of PG7 pigment in the dried spray drop deposit
depends on the partitioning of PG particles in the suspension before
drying. Individually dispersed PG7 particles in the aqueous phase
mainly end up in the annulus (coffee ring), whereas PG7 particles ad-
sorbed on the oil emulsion droplets end up as a central oily deposit we
call a dome – see the graphical abstract. Therefore, the deposit structure
on PARAFILM® M surfaces gives an indication of the extent to which
dispersed active ingredient particles are adsorbed on engulfed in oil
droplets.

After most of the water evaporates, some oil migrates beyond the
dome and beyond the annulus. Increasing the oil-soluble surfactants
concentrations inhibited PG7 binding to the oil/water interface, giving
a very small dome area and a wide annulus after drying.

The deposit structure is sensitive to the mixing intensity when
concentrates are diluted in a mix-tank. The ultrasonically dispersed
Green Emulsion-US gave much smaller oil drops compared to Green
Emulsion-VM prepared by vortex mixing. Virtually all the PG7 particles
were bound to the large oil/water surface area in the Green Emulsion-
US, giving very large dome areas.

As reported by others [2,27], nano and micro scale asperities and

Fig. 6. Photographs of dried Green Emulsion-VM on a grass and on a burning
bush leaf. The electron micrographs show a silicone rubber template of a grass
leaf, whereas the burning bush micrograph was made directly on the leaf. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article).

Table 2
Some properties of Green Emulsion sessile drops assuming a spherical cap shape
and Stokes’ law sedimentation rates. Oil creaming is rapid and PG7 sedi-
mentation is slow.

PARAFILM® M
Spreading
Experiments

Typical Spray
Application in Field

Drop diameter 3.9 mm 200 μm
Drop volume 30 μL 0.0042 μL
Contact angle 50° 50°
Maximum height of sessile drop 1.6 mm 81 μm
Maximum creaming time for

5 μm diameter oil drop
587 s 30 s

Maximum 350 nm diameter
PG7 sedimentation time.

22 h 1.1 h
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trenches in leaves greatly distort the circular drop pattern observed on
smooth, wax surfaces.
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Table S1 Surface tensions of the two types of Green Emulsions and some of the individual 
components. 

Figure S1 PG7 particle size distribution measured by dynamic light scattering.  The dispersion 
was diluted with 5 mM NaCl at neutral pH. 

 Sample Surface tension 
(mN/m) 

Green Emulsion-VM  31.5±0.2 
Green Emulsion-US  48.1±0.5 
Oil emulsion  31.4±0.3 
PG7 Dispersion  32.8±0.3 
Emulsion-VM (0.27 wt% oil-
borne surfactant contained) 

 27.6±0.2 

Emulsion-VM (0.53 wt% oil-
borne surfactant contained) 

 27.5±0.3 

Emulsion-VM (0.89 wt% oil-
borne surfactant contained) 

 27.2±0.4 
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Figure S2 Photographs of Green Emulsion-VM taken 1 hour after dispersion in a vibromixer 
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Figure S3 Initial contact angles of Green Emulsion on PARAFILM® M. 
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Figure S4 More examples of Green Emulsion-VS sessile drops on PARAFILM® M 
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Figure S5 Dyed oil slowly spreads beyond the annulus of the dried drops. 
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Figure S6 More examples showing influence of oil-borne surfactant content on deposit 
structure. 
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Chapter 5 
 
 

My contributions 

To employ CuChl as a new agricultural active ingredient, this research characterized 
CuChl’s colloidal properties and binding tendencies for model surfaces. In addition, a 
potential strategy was given for solving the problem of CuChl’s poor intrinsic rainfastness 
performance. Furthermore, a method for analyzing the relationship between the properties 
of suspoemulsions and the resulting dried deposits on hydrophobic surfaces was also 
presented. Thus, this thesis makes the following major contributions:  
 

1. This work was the first to measure the adsorption of CuChl on model surfaces by 
QCM-D in order to help understand how CuChl interacts with relevant plant 
surfaces. Of the model surfaces, cellulose adsorbed the most CuChl, followed by 
polystyrene and pullulan. The surfactants, SDS or DTAB, were able to displace 
CuChl that had been adsorbed onto cellulose when they were used in 
concentrations above the critical micelle concentration. This result suggests that 
surfactants in commercial products can affect the transport of active ingredients 
by altering binding tendencies. 

 
2. A polymer combination of CMC and PAE was demonstrated as a spray adjuvant 

that is capable of providing water-soluble/dispersed CuChl with efficient 
rainfastness protection. A unique feature of this polymer combination is that it can 
form a structure that controls the release of an active ingredient after it dries 
down. In the release experiments, an unfixed amount of CuChl was immediately 
released whereas water-soluble BSF exhibited a square root of time-dependent 
behavior. In the CuChl solution, the present nanoparticles were coated with 
CMC:PAE complexes, as well as CuChl’s low solubility, caused the 
immobilization of CuChl on parafilm. A small amount of CuChl that was not 
embedded in complexes exhibited a burst release. In contrast, highly water-soluble 
BSF dissolved rapidly and diffused through complexes upon exposure to water. In 
addition, this research demonstrated the ratio between the release of CuChl and 
the amount that is available to enter plants upon re-wetting can be controlled by 
adjusting the compositions and concentrations of polymers. 
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3. This work is the first to show how the distribution of active ingredient particles in 

dried deposits can be used to determine the extent to which dispersed particles are 
bound to or entrained in oil drops in suspoemulsions. As the finding showed, the 
PG7 particles that were bound to or entrained in oil drops ended up in the center 
(dome) area after drying, whereas individually dispersed particles ended up in the 
annulus. 
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