Invasive species currently pose one of the largest threats to
native ecosystems around the world. Invasive plant species in
particular have contributed to the decline of 42% of endangered
and threatened species and are the main cause of the decline of
18% of those species. Palmer amaranth is (Amaranthus palmeri)
is one of these invasive plants. A. palmeri is a pigweed native to
northwestern Mexico and the southwestern United States. Over
the past century it has gradually spread through the continental
U.S., and now appears as far north as Minnesota. It has
developed resistance to several herbicides such as Figure 1. A. palmeri growing,
Minnesota Dept. of Agriculture.
Dinitroanilines, and triazines.
In this research, the effectiveness of herbicides that are encapsulated in chitosan nanoparticles
was evaluated by measuring the growth (or lack thereof) of A. palmeri plants that were
sprayed with the encapsulated herbicides compared to unencapsulated herbicides and control
groups. The encapsulation of the herbicides in chitosan nanoparticles (fabricated as per De and
Robinson) allowed for sustained, full time-release of the herbicides within 10 hours of
application. Both atrazine and mesotrione were investigated as pre-emergent soil additives and
post-emergent foliar spray treatments, both as free 500ppm solutions, and separately as
500ppm loads in AC-NPs. Single-herbicide AC-NP treatments were 50% more effective at
preventing the growth of A. palmeri than free herbicide treatments, in 26 days of testing for
both atrazine and mesotrione. Most notably, however, pre-emergent treatment with the
combined Atrazine/mesotrione-AC-NPs did not allow growth for up to 26 days. In the postemergent trials, plants that were sprayed with AC-NP encapsulated herbicides showed reduced
growth by as much as 66% in comparison to control groups. Further, EDS analysis of
atrazine-treated leaves reveal a 2.7x increase in oxygen content for plant leaves sprayed with
atrazine encapsulated nanoparticle atrazine, as opposed to a 1.4x increase for the freeherbicide solution. SEM and photographic data provides further evidence of the damage that
mesotrione and atrazine caused to the plants as well.

Pre & Post Emergent Control of Invasive Amaranthus
palmeri via Prolonged, Time-Release of Polymer
Nano-herbicides
Measure of Time-Release of Herbicides from the AC-NPs
Each configuration of the herbicide-loaded AC-NPs was analyzed for their dissolution properties in aqueous medium, in order to provide a time release
framework for their eventual application as a soil additive and foliar spray.
Figure 6. Schematic of experimental procedure designed to measure ACNP dissolution in water, using ATR-FTIR as the analytical technique:
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Figure 2. Chemical structure of
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Evaluation of Pre-Emergent Treatment
To evaluate atrazine and mesotrione AC-NP’s ability to prevent germination and growth of A. palmeri seeds, the following experiment was devised, to include
controls, application of free-herbicide, as well as a combinations of both herbicides, all examined in 6x repetition.

For each treatment/pod, twenty seeds were buried within untreated, Promix soil, in a 1” pot. The soil was then untreated (control),
treated with 500ppm free herbicide, the equivalent of 500ppm herbicide (in AC-NPs), or combined/total 500 ppm herbicide, and
maintained each day with ~20ml water. Figures 12-13 below illustrate the planting of A. palmeri seeds (20 per pod), application of
the various pre-emergent treatments.
Figures 12-13.
(Left): Preemergent
encapsulated
nanoparticle and
free herbicide
solution spray
groups, (Right):
Pre-emergent
control group

Figure 3. Chemical structure of
mesotrione (C14H13NO7S).

For proper evaluation of the effectiveness of the alginate-chitosan delivery
systems, four different herbicide application configurations were needed:
• A 500ppm Free Atrazine solution (125mg in 250ml water)
• A 500ppm Free Mesotrione solution (125mg in 250ml water)
• Atrazine alginate-chitosan nanoparticles (A-ACNPs), containing 500ppm
of active herbicide
• Mesotrione alginate-chitosan nanoparticles (M-ACNPs), containing
500ppm of active herbicide

Fabrication of the Herbicide-AC-NP Solutions:
Chitosan-alginate nanoparticles were synthesized based on the following
procedure used by De & Robinson, with modifications.

Figure 31. Post-emergent encapsulated nanoparticle and
free herbicide solution spray groups

Figure 11. Herbicide loads were
delivered to pots via a spray bottle.

Figures 14-17. (Top
Left): Unsprayed seed,
(Top Right):
Unsprayed seed that
grew, (Bottom Left):
Sprayed seed that
attempted to grow,
(Bottom Right):
Sprayed seed that
grew and then died

Pre-emergent trials were conducted for 26 days; growth results from these trials are depicted as average “number of plants grown per 20 seeds,” treated or untreated. Fig. 18
highlights the results for all pre-emergent treatments, while Figs 19 and 20 highlight the results separately for mesotrione and atrazine related treatments, respectively. Summarizing,
while ~7.0 plants per 20 A. palmeri seeds grew for the untreated control after 3 days, ~0.7 plants/20 seeds grew for the free mesotrione pre-treatment (Fig. 19). This was reduced to
~0.35 plants/20 seeds for AC-NP delivery of the same herbicide, highlighting enhancement of herbicide function through the AC-NP time release. Atrazine treatment was more
effective, with 0.35 plants/20 seeds grown for the free herbicide in 5 days, reduced to 0.18 plants/20 seeds grown for the AC-NP delivery. This once again highlights the increased
effectiveness of the AC-NP herbicide delivery system. Most significantly, combined atrazine and mesotrione in AC-NPs functioned synergistically to prevent growth until the 26th
day, with a minimal 0.18 plants/20 seeds grown (Figs. 19-20).
Fig. 19

Fig. 20

Step-by-Step Synthesis:

Fig. 18

Figure 4. Herbicide encapsulated nanoparticle

%T
%T
%T

Atrazine

%T

Evaluation of Post Emergent Treatment
Post-emergent evaluation of free and AC-NP herbicide treatment was conducted 1” pots, in configurations that resembled earlier pre-treatment experiments. Each pot,
however, contained 5 A. palmeri seeds that germinated, and were allowed to grow to ~3-4 inches, prior to their respective treatment with 500ppm free herbicide of
AC-NP encapsulated herbicide. Likewise, 20ml of water was added each day for the duration of the experiment. The change in plant height (in mm) was recorded
each day, for the 4 week experiment, and the dried biomass determined for each treatment upon the trial’s conclusion.
Figure 21. Herbicide loads were delivered to pots via a spray bottle.
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Post Emergent EDS Analysis
Following Post-emergent spray trials, the atrazine-treated and control leaves were analyzed via
energy-dispersive x-ray spectroscopy (EDS), to look for possible increase in oxygen content (oxygen
accumulation), due to the herbicide’s blocking of the electron transport chain. EDS results (Figs. 3436) highlight an expected 1.4x increase in oxygen accumulation for free atrazine treatment. For
atrazine AC-NP treatment, however, there is a 2.7x increase, pointing to enhanced herbicidal action
due to the AC-NP delivery system.

O = 140

Figure 34. Post-emergent control plant
leaf. Note oxygen levels are at
approximately 140 counts (red circle).

O = 198

Figure 35. Post-emergent plant leaf
treated with free atrazine solution.
Note oxygen levels are at
approximately 198 counts (red circle).
An increase of this amount from the
control group would be consistent with
an uptake of atrazine by the plant.
O = 380

Discussion & Future Work

Fabrication of the mesotrione and atrazine AC-NPs was supported by Attenuated
Total Reflectance (ATR) FTIR spectroscopy. Fig. 5 highlights the spectra of
atrazine, mesotrione, an unloaded AC-NP, and mesotrione-AC-NPs (as an example).
The last spectrum demonstrates successful inclusion of the herbicide, via the
appearance of spectral peaks that are highlighted.
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Figures 32-33. (Left): Post-emergent control group
(Right): Post-emergent plants sprayed with atrazine
encapsulated nanoparticles

Figure 36. Post-emergent plant leaf treated
with atrazine encapsulated nanoparticles.
Note oxygen levels are at approximately
380 counts (red circle). An increase of this
amount from the control group would be
consistent with an uptake of atrazine by the
plant.

1. 10ml 0.67 mg/mL sodium alginate
solution
2. Calcium chloride (0.24 mg/mL) was
added dropwise
3. Chitosan solution (0.24 mg/mL) in 1%
acetic acid was prepared and kept
under agitation for 12 hours to
solubilize the polymer
4. The chitosan solution was then added
to the calcium alginate, herbicide pregel, and stirred overnight to enable the
formation of the herbicide-loaded,
alginate-chitosan nanospheres (ACNPs).
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Creation of Free Herbicide & Herbicide ACNP Solutions Synthesis
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Fig. 29.
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Since testing of encapsulation was to be undertaken on both pre and post-emergent
growth, it necessitated that both herbicides were effective in those scenarios under
normal conditions. Atrazine and mesotrione were chosen because of this factor, as
well as their availability, and because they were among those recommended for use
by the Connecticut Agricultural Station when I discussed this project with them.
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Fig. 28.
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Herbicide Selection

Figure 5. ATR-FTIR spectra
of atrazine, Mesotrione,
chitosan-alginate
nanosphere, and mesotrione
encapsulated within a
chitosan-alginate
nanosphere highlight
successful encapsulation via
the appearance of peaks
herbicide peaks (indicated
by arrows).

Fig. 27.

Figure 9.
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The goal of this research is to create herbicide encapsulated Chitosan-alginate
nanoparticles. The encapsulated herbicides should persist in the soil longer than unencapsulated herbicides due to their timed release. They should also be more
effective which is hypothesized to be due to that same timed release.
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Figure 22. For the postemergent treatment plants
were grown for several
weeks in pots and then resorted into test groups
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Mesotrione (C14H13NO7S) is absorbed through roots,
shoots and leaves. It disrupts Photosystem II
photoinhibition which allows sunlight to destroy the
chlorophyll in the plants and bleaching that eventually
kills the plant to occur.

Figures 23-26. (Top
Left): Unsprayed leaf,
(Top Right): Close-up
of unsprayed leaf,
(Bottom Left): Sprayed
leaf, (Bottom Right):
Close-up of sprayed
leaf
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Engineering Goal

Atrazine (C8H14ClN5) blocks the production of ATP and
CO2 fixation in plants. Per Zhu et al. the death of plants
treated with atrazine is actually caused by the
accumulation of triple-state chlorophyll and singlet
oxygen since photosynthetic electron transfer is blocked.

Post-Emergent Evaluation Cont.

Post-emergent results depicted in Figs. 27-29 highlight the overall effectiveness of singular
application of atrazine or mesotrione (~30% reduction in growth), with the latter being slightly more
effective. Encapsulation of the herbicides, however, increases their singular effectiveness to 32%
reduction for atrazine, and 45% for mesotrione. Most notably, encapsulation of combined 500ppm of
atrazine and mesotrione produced highly synergistic herbicidal action, which was further enhanced
by the AC-NP time release. For the Atrazine/Mesotrione AC-NP delivery, growth was reduced by
66% relative to untreated control. Biomass data (Fig. 30) is in agreement, with 86% reduction in
biomass for the Atrazine-Mesotrione AC-NP treatment.

Integration of AC-NP peak areas from 1215-850
cm-1 (Fig. 7) are plotted against time, to provide a
dissolution model for AC-NP release of herbicides
into a moist environment (Figs 8-9). Results suggest
that the AC-NPs fully dissolve, and release their
entire herbicide load, in ~10 hours.
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Unless otherwise noted, all graphs and images were created by the student researcher.

The goal of this research was accomplished; herbicide encapsulated chitosan-alginate nanoparticles
were created by following the procedure used by De and Robinson. These nanospheres were shown to
fully dissolve in 10 hours, during a timed-release study. When applied to A. palmeri as a soil preemergent additive, growth studies demonstrate that AC-NP treatments were more effective at
preventing the growth of A. palmeri than free herbicide treatments, for both atrazine and mesotrione.
Free mesotrione treatment resulted in ~0.7 plants grown per 20 seeds, which was reduced by 50% to
0.35 for the AC-NP mesotrione. Likewise, atrazine-AC-NP treatment produced 0.18 plants grown per
20 seeds, compared to 0.35 for the free herbicide solution. These collective results are compared to ~7
plants per 20 seeds grown in 8 days, for the control. Most notably, pre-emergent treatment with the
combined Atrazine/mesotrione-AC-NPs did not allow growth for up to 26 days.
Similar improvements in herbicidal action was realized for AC-NP encapsulation, for post-emergent A.
palmeri trials. AC-NP encapsulated herbicides demonstrated 32% & 45% reduction in plant growth for
atrazine and mesotrione (respectively), compared to roughly 30% for their free herbicide solutions. As
with the pre-emergent trials, combining the herbicides was most effective with a 66% growth reduction
for the encapsulated atrazine-mesotrione AC-NPs. Following the trial, biomass data was also collected
that showed an 86% reduction for the atrazine-mesotrione AC-NP treatment, more than any other spray
group. EDS analyses of treated leaves reveal a 2.7x increase in oxygen content for post-emergent
plants sprayed with AC-NP encapsulated atrazine, compared to 1.4x increase for free herbicide
solution. This highlights increased intake of atrazine among the AC-NP treatment, which disrupts
increased accumulated oxygen, due to herbicide disruption of the electron transport chain. Future work
will involved further trials of the pre/post-emergent tests, and more variance with herbicides used.

