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Abstract
In modern-day agriculture, excessive use of fertilizers exacerbates many environmental issues
and decreases the productivity of phosphorus (P) intake. By 2050, global phosphorus use in
fertilizers will reach 26,000 Gg/year, however low plant absorption rates will lead to increased
runoff, causing accumulation of P on surface water. This accumulation can lead to increased
growth of algae and large aquatic plants - contributing to eutrophication. In this research,
biodegradable polymers nano-composites with differing polysaccharides (amylopectin and
starch) were fabricated to encapsulate hydroxyapatite (Ca3(PO4)2) nano-structures. The timely
release of hydroxyapatite nanostructures from within the polysaccharide biodegradable
nano-composites (~2-3 hours for full release) enhances plant growth, plant phosphorus uptake,
and has the potential to reduce the negative environmental impacts that ensue. Following their
application to soybean-seeded soil, an ~8.3% increase in plant biomass was observed for
hydroxyapatite NPs, along with a 22.9% increase for starch nano-composites, and a 25%
increase while for amylopectin nano-composites, following 2-weeks of growth. Additionally,
soybeans that were treated with nano-composites grew x3 higher than their nanoparticle and
untreated counterparts. To measure phosphorus uptake, an EDS analysis was conducted for each
soybean treatment, and the phosphorus to (constant) carbon ratio determined. While untreated
control soybeans displayed a 0.13 P/C ratio, the hydroxyapatite soil treatment displayed a 0.21
P/C ratio, while the amylopectin and starch nano-composite treatments produced P/C ratios of
0.26 and 0.36, respectively. These respective 2x and 2.8x improvements in phosphorus-uptake
further support observed, increased plant growth, and demonstrate the polysaccharide
nano-composite’s potential positive impact on the environment.
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Introduction
Our 21st century agriculture faces numerous challenges. Global crop production will need to
increase by 70% over the next 30 years to support the growing population. And, among the
growing crop production, increased fertilizer production and usage is inevitable. To date,
approximately 2 million tons of fertilizers are used annually, worldwide, but from those applied
growth aids, only 10-20% of their necessary nutrients are efficiently absorbed by plants. One
such nutrient is phosphorus, which is very important to plant growth on a molecular level, as it
promotes plant functions of metabolism, genetic information storage, and photosynthesis. By
2050, global phosphorus (P) use in fertilizers will reach 26,000 Gg/year, however low plant
absorption rates will lead to increasing runoff, causing accumulation of P on surface water. This
accumulation can lead to increased growth of algae and large aquatic plants - contributing to
eutrophication. These algal blooms lead to “dead zones”, which are hypoxic areas which are
unable to support life. This poses large environmental issues to ecosystems and leads to a
significant loss of life within these areas. To combat this issue, nano-composites may serve as a
formidable mechanism for timed delivery of fertilizer phosphorus, to promote plant growth, and
increase plant absorption, to concurrently decrease P water runoff. In this research,
biodegradable polymers nano-composites with differing polysaccharides (amylopectin and
starch) will be fabricated, to each encapsulate hydroxyapatite (Ca3(PO4)2) nano-structures. These
nano-composites will be used as a delivery mechanism for fertilizer phosphate ion (and thus
phosphorus), to promote plant growth, and decrease P water runoff, due to increased
plant-phosphorus absorption.

Engineering Goal
The goal of this research is to design and fabricate a biodegradable polysaccharide
nano-composite (amylopectin or starch) for the encapsulation of hydroxyapatite (calcium
phosphate) nano-structures. This new phosphate nano-composite will effectively time-release
phosphorus, to promote plant growth, and subsequently increase plant P absorption, to
effectively reduce P runoff, and the negative environmental impacts that ensue.

Synthesis of Hydroxyapatite Nanoparticles using Hydrothermal Synthesis
To create the hydroxyapatite nanoparticles used in the nano-composites, a 0.1 M stock solution
of calcium nitrate (Ca(NO3)2), 1.11807 g, and di-ammonium hydrogen phosphate (NH4)2HPO4),
0.6603 g, in 50 mL of distilled water was created. 33.4 mL of 0.1 M calcium nitrate was added to
a Teflon liner, then the 20 mL of phosphate solution was added dropwise. The new solution was
then put in a hydrothermal vessel, heated to 200oC and incubated for 24 hours. Following this,
the nanoparticles were cleaned by 6 cycles of centrifuging and rinsing (20 minutes of
centrifuging followed by 10 minutes of sonification).
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SEM, TEM, EDS and FTIR Characterization of the Hydroxyapatite Nanoparticles
The NPs were characterized via Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), Energy Dispersion Spectroscopy, and Attenuated Total Reflectance (ATR)
Fourier Transform Infrared (FTIR) to establish the appearance and EDS X-ray signature for
each. The hydroxyapatite NPs appear to vary in size, ranging from 10-30µm in size.

Figures 1a-d (a, top left): A x1.2k, 30kV illumination SEM image of the nanoparticle cluster; (b, top right): A x40.0k, 380kV
illumination TEM image of the individual nanoparticles (c, middle): EDS spectra for the corresponding SEM image (d, bottom):
FTIR scan labeling active components and molecular fingerprints

Synthesis of Polysaccharide-Encapsulated Hydroxyapatite
Nano-composites
To create the polysaccharide-encapsulated hydroxyapatite nanoparticles, 0.2g of polymer
(either starch (C6H10O5) or amylopectin (C30H52O26) was added to 50 mL of distilled, non-ionized
water. The solution was then mixed at 70C for one hour in order to create the polysaccharide
film. Meanwhile a 4000mgL-1 solution of NPs was created by adding 0.02g of hydroxyapatite
NPs to 5mL of distilled, non-ionized water, which was then sonicated for 20 minutes. Afterwards,
both solutions were then mixed, placed under heat (60oC) for 1 hour, while monitoring viscosity
changes. Finally, the suspension was poured into a petri dish and left to dry overnight at a 60oC.
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SEM, EDS and FTIR Characterization Polysaccharide-Encapsulated
Hydroxyapatite Nano-composites
The polysaccharide-encapsulated hydroxyapatite nano-composites were characterized via
Scanning Electron Microscopy (SEM), Energy Dispersion Spectroscopy, and Fourier Transform
Infrared (FTIR) to establish the appearance and EDS X-ray signature for each. The both
polysaccharides nano-composites appear to vary in size, ranging from 10-30µm in size.

Nano-composite Soil Treatment and Soybean Experiment Configuration
For those soils treated with the polysaccharide-encapsulated hydroxyapatite nano-composites
(starch or amylopectin), the following method was used, which includes mixing 1.5 grams of
each corresponding polysaccharides encapsulated NPs (following their granulation into a
powder (Fig. 3, Step 2)), tilting the bucket and rotating it for 5 minutes to ensure total soil
treatment (3), placing the soybean in the pot, relatively shallow, to promote effective plant
growth and quicker sprouting (4), and allowing the soybeans to grow under direct sunlight, at
~70oC, with daily watering and monitoring for budding (primarily for the first two week period).
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Soybean - Nano-composites Experimental Configurations:
1. To evaluate whether the soil treatment of each polysaccharide-encapsulated
hydroxyapatite nano-composites contribute to the overall health and growth of the
soybean plant, plant height and overall visual health was monitored daily for ~2 weeks.
Following the growth period of ~1 month, the plants biomasses were measured.
2. To evaluate whether the usage of polysaccharide films around the hydroxyapatite NP’s
fine tunes the release rate of phosphorus and increases the absorption rate of
phosphorus in soybeans, the plant stems were removed (following the 1 month period)
and measured for phosphorus intake under an EDS.

Analysis of Soybean Growth with Polysaccharide Nano-composite Soil
Enhancement
The nano-composite soil treatment reflects 100% health among all plants for the 1 month
duration, showing no adverse effects on the plant’s growth (Figs. 7-8). Overall, this configuration
reveals an 8.3% increase in plant biomass while using the hydroxyapatite NPs soil treatment,
22.9% increase in plant biomass while using the starch nano-composite soil treatment and a
25% increase while using the amylopectin nano-composite soil treatment (Fig. 9). This suggests
that the hydroxyapatite nanoparticles can promote overall plant growth and the usage of the
biodegradable polysaccharide film allows for a more efficient use of NPs, promoting plant
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growth even more. Similar improvements were observed when comparing treatment plant
heights (Figs. 10-11).
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Measure of Phosphorus Absorption via SEM & EDS
In order to measure the phosphorus absorption of the soybean plants, an EDS spectrum
for each treatment was recorded. To compensate for the count differences, a ratio between
carbon (which remains constant throughout plants) and phosphorus, calcium, and potassium
was determined.
Phosphorus absorption throughout the plant configuration:
The control soybeans display a 0.13 P/C ratio. The lack of phosphorus intake reflects traditional
agriculture techniques and run-off, which leads to eutrophication.
The soybeans in the hydroxyapatite soil treatment display a 0.21 P/C ratio. The increase from
the control plant is due to the phosphorus release in the nanoparticles.
The soybeans in the amylopectin nano-composite soil treatment display a 0.26 P/C ratio.
The soybeans in the starch nano-composite soil treatment display a 0.36 P/C ratio. The
increased phosphorus intake from traditional nanoparticle treatment is due to the biodegradable
film surrounding the nanoparticles.
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Phosphorus in traditional agriculture is applied as calcium phosphate mono-basic which often
leaches out of soil and becomes a problem for aquatic systems through eutrophication.
Nanoparticles are less mobile than calcium phosphate mono-basic which may lead to less
leaching. The benefit of nano-composites is that they trap the nanoparticles and have a slower
release rate of the particles which could further decrease the amount of run-off. The P is
released when the polymer takes up water and essentially “swells”, allowing for the release of
more nanoparticles out of the polymer. This method increases the efficiency of the
nanoparticles, reducing phosphorus run-off as a result. The biodegradable film essentially
serves as a second defense for the nanoparticle. Typically in soil treatment of nanoparticles the
nanoparticles dissolve within the soil, which releases phosphorus prematurely. The usage of the
film allows for the film to dissolve in time, allowing for the plant to intake of the NPs and
phosphorus (contributing to root growth), and more nutrients as a result.

Starch and Amylopectin Polysaccharide Film Delivery of Nano-composites
In order to measure the effectiveness of delivery of the nanoparticles from the polysaccharide
film in moist soil, a dissolution study was conducted. First, 0.1 grams of each
polysaccharide-encapsulated hydroxyapatite nano-composites (in its “film” form) was put in 5
mL of water (1). At 30 minute intervals, 5ul of filtrate was separately removed (2), placed atop a
diamond ATR-FTIR, dried to create a residue thin film (3), and the FTIR spectrum collected (4).
For each time point, the peak area due to polysaccharide film degradation (1560-800cm-1) was
9

calculated (5), and compared to the spectrum/peak area for full dissolution, to construct a %
Dissolution per Time for plot in Fig. 18. The same procedure was carried out for the
amylopectin nano-composite, using the same procedural steps, and polysaccharide spectral
characteristics. The FTIR spectra, and corresponding % Dissolution model for starch, are
highlighted in Fig. 19.

Interestingly, dissolution results from starch and amylopectin dissolution studies agree.
ATR-FTIR analyses of the filtrates over time suggest that the either polysaccharide
biodegradable film nears 50% degradation in water in only 40 minutes, while fully dissolving in
~150 minutes, where it releases its entire hydroxyapatite nano-composite payload. It is inferred
that each polysaccharide biodegradable film will behave similarly in moistened soil, so that the
entire nano-composite payload would be available for plant uptake in ~2-3 hours from original
application.
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Discussion & Conclusions
Throughout the duration of this research, a new approach to plant enhancement (rather
than traditional pesticides) was evaluated: nano-composites. Nanotechnology is an
up-and-coming field within the science industry and has proven to be a formidable alternative to
phosphorus based pesticides. But, nanoparticles have low mechanical strength limiting their
application. A nano-composite is a matrix, more specifically a polymer, to which nanoparticles
have been added to improve and emphasize a particular property of the material.
Hydroxyapatite nanoparticles typically transport P effectively to plants, but have a
tendency to leach prematurely. Encapsulating these nanoparticles in a polysaccharide film is
expected to promote effective phosphorus delivery. Due to the reactivity of phosphorus, different
films have the expectation of effectively transporting the phosphorus necessary for the plants,
with efficient absorption rates. Furthermore, increased absorption of phosphorus will promote
plant growth and thereby widen its roots, allowing for the intake of more nutrients.
In this research, design and use of these polysaccharide (either starch or amylopectin)
encapsulated nanoparticles significantly promoted the overall growth of the configured soybean
plants. There was an 8.3% increase in plant biomass while using the generic hydroxyapatite
NPs soil treatment, but a 22.9% increase while using the starch nano-composite soil treatment
and a 25% increase while using the amylopectin nano-composite soil treatment. Additionally, in
terms of height, the soybeans that were treated with nano-composites grew x3 higher than their
nano-particle and untreated counterparts.
To determine the nano-composite treatment’s effect on phosphorus uptake, an EDS
analysis of soybean stems was conducted, where it was measured against (constant) carbon, in
phosphorus/carbon (P/C) ratios. While control soybeans displayed a 0.13 P/C ratio, those with
direct hydroxyapatite soil treatment displayed a 0.21 P/C ratio. Of significance, soybeans
treated with the amylopectin nano-composite (in soil) displayed a 0.26 P/C ratio, while those
treated with starch nano-composites exhibited a 0.36 P/C ratio, for 2x and 2.8x improvements in
phosphorus uptakes, respectively. Additionally, the EDS analyses highlighted increased
potassium uptake by the hydroxyapatite-treated plants, most notably a 2x increase for those
delivered by the polysaccharide films. These results point directly to increased nutrient uptake
by the hydroxyapatite-treated plants.
Regarding efficiency of starch or amylopectin nanoparticle delivery of the hydroxyapatite
nano-composites, dissolution studies performed for each were in agreement, and emphasized
that the biodegradable polysaccharide thin film begins deteriorating soon after its application in
moist soil. In 40 minutes, the film is ~50% dissolved, to release half of its nano-composite
payload. In ~2-3 hours, the film is 100% dissolved, indicating that all starch or amylopectin
nano-composites are delivered into the plant’s soil. As such, this timely release of
hydroxyapatite nano-composites will enhance plant phosphorus uptake, to minimize detrimental,
excess P runoff, and reduce the associated environmental impacts.
Overall, the usage of these nano-composites promoted plant growth, the intake of phosphorus
(preventing phosphorus runoff and eutrophication as a result), and the intake of nutrients
(further improving plant health).
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Future Research
Future research includes preparing nano-composites with 1-6 vs 1-4 glycosidic linkages or
chemically modifying -OH groups as an alternate method in reducing phosphorus runoff through
nano-composites, and determining how these composites influence soil microbial communities
and the plant’s photosynthetic ability. In a large-scale setting, future work includes working with
farmers to reduce the consumption of fertilizers and adopt nano-composites as an alternative,
more environmentally conscious method.
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