Transforming Waste Fish Bones to Nanoparticles with Ultrasound
and Aqueous Organic Acids
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Nano-hydroxyapatite particles were prepared from Atlantic
salmon bones using ultrasound in combination with heat, ball-
milling and acid treatment. The smallest particles (d = 29 nm) were
produced using aqueous propanoic acid and 15 min ultrasound
exposure, whereas heat pre-treatment and ultrasound for 60 min
led to more well-defined, spherical particles.

As climate change continues to be fuelled by anthropogenic
CO, emissions, biomass feedstocks have gained significant
attention to replace fossil fuels and assist in achievement of net
zero goals.! Biomass by-products from several industries, such
as pulp? and agriculture3, are often wasted. However, they have
the potential to be useful for other applications and help in the
journey towards a circular economy.* For example, there has
been much research into repurposing lignin>%7 and
cellulose8®10 from plant waste, as well as smaller molecules
derived from them.'112 While most research in literature
focuses on these organic-containing wastes, our group has
looked at accessing inorganic materials and minerals from
biomass, specifically seafood processing by-products. For
example, we have isolated calcium carbonate from waste blue
mussel (Mytilus edulis) shells13 and subsequently transformed
the shells to a biogenic sponge-like material for the absorption
of crude oil and dyes.* Recently, our group has optimized an
enzymatic method to isolate hydroxyapatite (HAP) from Atlantic
salmon (Salmo salar) bones!> and have since been exploring
potential applications for this material.

Throughout the last century, nanomaterials®¢ have become
highly important for biomedicine,1718 food processing and
packaging,1® energy storage,?° environmental remediation,21.22
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agriculture,?3 catalysis2* and more.2> As the number of potential
applications continues to increase, there is a need to develop
sustainable processes to synthesize nanoparticles. Current
methods to synthesize nanoparticles typically involve bottom-
up processes, such as sol-gel reactions, chemical vapour
deposition, or chemical reduction.2¢ These processes often rely
on mined or petroleum-derived feedstocks, generate waste and
can use hazardous chemicals. That being said, the principles of
Green Chemistry can be applied to overcome these obstacles.?”
An emerging green and sustainable technique to synthesize
nanoparticles is mechanochemistry.28 For example, ball-milling
has been used for the synthesis of gold?® and zinc oxide
nanoparticles,3® processes that typically rely on chemical
methods.31.32

Mechanochemistry has also been explored as a top-down
method to yield nanoparticles from biomass.33 For example, Jin
et al. have synthesized chitin and chitosan nanocrystals from
green crab (Carcinus maenas) shells and soft wood pulp,
respectively, using a combination of mechanochemistry and
aging.3* Colloidal and stable nanocellulose materials were
prepared by Douard et al. from ball-milling cotton fibres in deep
eutectic solvents.3> Other organic bio-derived nanomaterials
that have been investigated were based on starch, pectin, gum,
and alginate.3® However, there remains a lack of research
regarding the transformation of inorganic biomass to
nanoparticles using methods based on Green Chemistry. While
nano-hydroxyapatite (nHAP) has been prepared previously by
Sharifianjazi et al. from pigeon (Columba livia) bone, the
described process relies on high temperatures such as 850 °C
before milling.3?” In this study, we have successfully
demonstrated that nHAP can be synthesized from Atlantic
salmon bones without using large energy expenditures. Ball-
milling and sonication, two mechanochemical methods, were
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Figure 1. Milling and sonication steps to transform Atlantic salmon bones to nHAP.

used in combination to yield nHAP with tailored size and particle
definition.

Waste Atlantic salmon bones were cleaned following our
previously reported method.’> Briefly, salmon frames
(backbones) were manually cleaned of excess meat, blended for
1 min, boiled for 1 h in tap water, and enzymatically treated
with 15 pL g1 Neutrase and 7.5 puL g1 Lipozyme CALB L for 6 hin
water at 40 °C. The bones, referred to as sHAP herein, were
allowed to dry in air overnight before being pulverized in a ball-
mill for 1 — 4 h with cooling breaks after every 20 min to prevent
overheating (see ESI)." A portion of salmon bones were put in
an oven for 24 h at 200 °C prior to milling to study the effects of
this heat on nanoparticle synthesis.

Samples subjected to ultrasound were treated by dispersing
10 mg sHAP in 10 mL of selected media (e.g., water, aqueous
organic acids), Figure 1. The solution was sonicated for 15 — 60
min and centrifuged for 5 — 60 min at 6,000 rpm. The
supernatant was decanted and kept for TEM and DLS analyses
while the residual pellet was discarded. Characterization of the
materials in the residual pellet will be the focus of future
research. More details about the experimental setup are found
in ESL.T Throughout these studies, experiments were repeated
to ensure reproducibility in terms of particle size across a
specific set of conditions.

The time period for ball-milling and centrifuging were
varied, and their impacts on the average size and distribution of
nHAP particles evaluated. For ball-milling, fish bones were
ground for 1, 2, 3, and 4 h, and 10 mg of the resulting sHAP
powder dispersed in 10 mL water. Dynamic Light Scattering,
DLS, data (Table S1) and TEM (Figure S1) confirmed that
increased milling time did not have an impact on particle size,
and therefore 1 h was chosen for further experiments. The
centrifugation time was selected to be 15 min as increased time
did not impact particle size and distribution (Table S2).

The choice of sonicating medium was the most important
variable affecting the size and uniformity of nHAP particles.
Deionized (DI) water, 5% (v/v) propanoic acid (PA), 5% (v/v)
acetic acid (AA), and 5% (w/v) oleic acid (OA) were investigated
as media by comparing the DLS data and TEM images of
resulting particles. nHAP particles synthesized with OA had a
significantly higher average particle size of 19,950 nm according
to DLS (Table 1) and non-uniformity was observed by TEM
(Figure S2), therefore it was not investigated further. Water, 5%
PA, and 5% AA yielded spherical nanoparticles that were
compared by size distribution histograms (Figure 2) —

throughout this communication size represents the diameter of
particles from TEM data, which were analyzed using Image)
software. While water produced the lowest average particle
size (Figure 2 a,b), the histogram also had large error bars,
especially in the 6 — 10 and >100 nm ranges, possibly from the
tendency of water-based nHAP to agglomerate. 5% acetic acid
resulted in lower agglomeration; however, most nanoparticles
were >100 nm (Figure 2 c,d). 5% PA was chosen for further
investigation because the resulting nHAP particles were
colloidal and smallest based on TEM (Figure 2 e,f) and DLS
analyses (Table 1).

Table 1. Size, PDl,a and zeta-potential of nHAP particles prepared by sonicating 10 mg
sHAP in 10 mL water or 5% organic acid for 15 min.b

Entry Medium Size (hm) SD? PDI? SD* Zeta(mV) SD?
1 5% OA 19,950 6,181 0.354 0.247 -16.3 5.98
2 Water 677.60 108.4 0.557 0.0840 5.62 0.755
3 5% AA 345.70 3.889 0.546 0.885 16.3  0.985
4 5% PA 252.60 38.70 0.545 0.043 15.2 0.686
a. Abbreviations — standard deviation, SD; polydispersity index, PDI; oleic acid, OA; acetic

acid, AA; propanoic acid, PA.
b.  Prior to analysis, the sample was centrifuged for 15 min at 6,000 rpm with the supernatant
decanted for analysis and the pellet discarded.
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Figure 2. Size distributions and TEM images nHAP samples prepared by ultrasound

US) in water or 5% organic acid for 15 min. Sample a,b (entry 2, top, blue, scale
ar: 200 nm, Figure S3) was sonicated in water, c,d (entry 3, middle, orange, scale

bar: 600 nm, Figure S4) in 5% AA, and e,f (entry 4, bottom, green, scale bar: 500
nm, Figure S5) in 5% PA. Prior to analysis, the sample was centrifuged for 15 min
at 6,000 rpm with the sur)ernatant decanted for analysis and the pellet discarded.
Reported diameters are labelled as “length”.
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Figure 3. Size distribution histograms and TEM images of nHAP samples prepared by ultrasonication (US) in 10% propanoic acid. Samples a,b (top left, Figure S6, scale

bar: 200 nm) and c,d (top right, Figure S7, scale bar: 500 nm) were sonicated for 15 min while samples e,f (bottom left, scale bar: 400 nm, Figure S8) an

g,h (bottom

right, scale bar: 200 nm, Figure S9) were sonicated for 60 min. Samples c,d (top right, scale bar: 500 nm) and g,h (bottom right, scale bar: 200 nm) were pre-treated
by placing sHAP into an oven for 24 h at 200 °C before milling. Prior to analysis, the sample was centrifuged for 15 min at 6,000 rpm with the supernatant decanted

for analysis and the pellet discarded.

Next, the concentration of PA was increased from 5 to 10%
(Figure 3). nHAP particles sonicated in 10% PA for 15 min had
more defined edges compared to those produced using 5% PA.
We hypothesize that this results from residual collagen within
sHAP being decomposed by the higher concentration of acid.
Collagen does not conduct electrons and therefore causes a
charge build-up during TEM analysis, distorting the image and
making observed particles less resolved. Furthermore, the size
distribution histogram of nHAP in 10% propanoic acid had a
slightly lower average particle size and only 0.5% of particles
were larger than 100 nm. Therefore, 10% PA was used herein
for further experiments.

Using 10% PA, the sonicating time was increased from 15 to
60 min. Interestingly, while the edges of particles were even
more defined (Figure 3 f), the average particle size increased
significantly from 28.7 + 0.50 (Figure 3 a) to 43.4 £ 1.2 nm
(Figure 3 e). Although 7.7% of nHAP particles had diameters
greater than 100 nm, the reported polydispersity index, PDI,
from DLS data was decreased slightly from 0.443 to 0.389 (Table
S3).

Increased diameters and PDIs were obtained when sHAP
was heated for 24 h at 200 °C before milling. For example,
heated samples sonicated for 15 min had a larger average
particle size (Figure 3 c) than sonicating unheated sHAP for 60
min (Figure 3 e). Also, sonicating heated sHAP for 60 min yielded
particles with an average particle size of 102 + 14 nm (Figure 3
g) with 45% of particles being greater than 100 nm, and a PDI of
0.837 (Table S3). Collectively, these experiments show that
heat, dilute acid used, and ultrasound treatment time period all
affect the size and PDI of nHAP produced.

To validate the increased sustainability of our process
compared to others reported in literature, we have performed
a simplified gate-to-gate life cycle assessment (LCA) for several
nHAP procedures, Table 2.38 This LCA is based on the
transformation of fish waste to nHAP without considering the
manufacture of additional chemicals used (e.g., PA). More
details regarding LCA calculations can be found in the ESL.™ Our
method that relies on ultrasound was compared with processes
that have used calcination and/or alkaline deproteinization.
Yamamura et al., Biazar et al., and Venkatesan et al. use NaOH

to dissolve the protein residues394041 and therefore possess
significant human ingestion potentials. While Sharifianjazi et
al.’s reported method is not hazardous for human exposure
because of the lack of chemicals required, it relies on
temperatures up to 850 °C to produce nHAP,37 resulting in a
high global warming potential from increased CO, emissions.

Table 2. Hot spot analysis of five processes to synthesize nHAP from waste using LCA.2

Route Ise? lew® linut® lingT® PER?
Our method 0 138 0 0 NO
Sharifianjazi et al.’ 0 4.28 x 10° 0 0 NO
Yamamura et al.>° 0 5.49 x 10° 0 3.39x10° NO
Biazar et al.®° 1.81 6.90 x 103 7.17 1.70 x 10* NO
Venkatesan et al.*! 1.42 901 563 5.17 x 10* MOD

a. Abbreviations — Life Cycle Assessment, LCA; Isr, smog formation potential;
lew, global warming potential; linut, human inhalation toxicity potential; lingT,
human ingestion toxicity potential; PER, persistence potential.

In conclusion, we have successfully transformed fish
processing industry discards into nHAP particles using
environmentally benign conditions. The size and definition of
particles can be tailored by heating the bones before sonication,
modifying the ultrasound medium and changing the time period
of sonication. Higher concentrations of organic acid and heat
lead to larger particle sizes, but more defined particles. Larger
or smaller particles (30 nm vs. 100 nm) can therefore be
prepared depending on their desired application. For example,
while smaller particles containing collagen could be useful for
biomedicine, larger particles have the potential to be explored
applications. Furthermore, our LCA
demonstrates a 97% reduction in CO; emissions compared with

for new materials

traditional calcination routes.3” We are now performing studies
to understand the nature of the sHAP remaining in the pellet
formed upon centrifugation and uses for the nHAP.
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