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NanoRefinery of carbonaceous nanomaterials: complementing
dairy manure gasification and their applications in cellular

imaging and heavy metal sensing
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ABSTRACT

This article describes an efficient method, combining chemical oxidation and acetone
extraction, to produce carbonaceous nanomaterials from dairy manure biochar. The optical
and mechanical properties are similar to methods previously reported carbonaceous
nanomaterials from biomass. Our novel process cuts the processing time in half and
drastically reduces the energy input required. The acetone extraction produced 10 fractions
with dairy manure biochar-derived carbonaceous nanomaterials (DMB—CNs). The fraction

with the carbonaceous nanomaterials, DMB-CN-E1, with highest fluorescence was selected
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for in-depth characterisation and for initial testing across a range of applications. DMB—CN-
E1 was characterised using atomic force microscope, electrophoresis, and spectrophotometric
methods. DMB-CN-E1 exhibited a lateral dimension between 11 and 28 nm, a negative
charge, and excitation/emission maxima at 337/410 nm, respectively. The bioimaging
potential of DMB—CN-E1 evidenced different locations and different interactions with the
cellular models evaluated. DMB—CN-E1 was quenched by several heavy metal ions showing
a future application of these materials in heavy metal ion detection and/or removal. The
demonstrated capabilities in bioimaging and environmental sensing create the opportunity for
generating added-value nanomaterials (NanoRefinery) from dairy manure biochar

gasification and, thus, increasing the economic viability of gasification plants.

Keywords: Carbonaceous nanomaterials; Dairy manure biochar; Chemical depolymerisation;

Cell imaging; Heavy metal ions sensors; Gasification

1 INTRODUCTION

Worldwide, the cattle inventory is estimated to be around 1 billion head of cattle. This
number of animals produces broad wastes including bedding material, feed wastes and
manure. In fact, every day each animal produces, on average, approximately 8.2 kg of dry
manure. With global cattle manure production around 3 billion tons per year (Nam et al.,
2016), cattle are one of the largest waste producers in the agroindustry (Guo et al., 2010;

Holm-Nielsen et al., 2009).

In light of this vast quantity, the focus of agro-industrial waste management has shifted

from disposal to the reuse of these residues for the production of chemicals, energy, and/or



materials. Dairy manure has been successfully employed as a substrate for waste-to-energy
production in anaerobic digestion (Burg et al., 2018; Ramirez-Arpide et al., 2018) and
thermal conversion (Nam et al., 2016; Nam et al., 2017) processes. One of the thermal
conversion processes is gasification. Gasification is a partial oxidation of a feedstock with the
production of combustible gases (carbon monoxide and hydrogen) and residual biochar.
These gases can be utilised for biofuel production via the Fisher-Tropsch process or for
engine power generation. The biochar coproduced from bioenergy generation is used as soil
amendment (Deal et al., 2012; Mukome et al., 2013; Wu et al., 2012) and activated carbons

(Angin et al., 2013; Park et al., 2013).

The economic feasibility of a dairy manure gasification facility for power production
was performed by Nam et al. 2016 (Nam et al., 2016). The authors made economic
estimations based on a gasification system able to transform the daily manure production of
14.500 head of cattle from 4 farms in Texas, USA (118.9 tonnes of manure/day). This facility
had a potential power generation of 2.5 MW with a £5.32 million net profit, at a minimum
selling price of 0.061 £/kWh and a discounted payback period from 3.7 to 5 years (Nam et
al., 2016). The study also assumed a biochar production equal to 5% of the original dairy
manure and a price of 0.076 £/kg. Therefore, the potential gasification facility will produce
approximately 6 tonnes of biochar daily and more than 2,000 tonnes of biochar every year.
Similar to this facility, any type of gasification facility will produce excessive amounts of
biochar, overwhelming storage capacity and current biochar derived products and
applications. To improve the economic feasibility of thermal conversion facilities and
overcome the emerging issues associated with biochar disposal and storage, it is necessary to
develop novel biochar applications that can utilise the massive production of biochar from

gasification facilities.



Biochar chemical depolymerisation, or oxidation, has been used as a method to
transform biochar from bioenergy process into added-value products and to complement
biomass thermal conversion. The chemical depolymerisation of cotton gin trash and
municipal solid waste biochars produced added-value products, humic and fulvic acids as
well as nanosilica (Genuino et al., 2017; Placido and Capareda, 2015). In recent years,
advanced materials have been produced from biochar using processes at high temperatures to
transform different substrates such as pollen, spices and coffee beans (D'Angelis do ES et al.,
2015; Essner et al., 2016; Vasimalai et al., 2018; Zhang et al., 2018). However, converting
biomass into biochar with the sole aim of making advanced nanomaterials is a high energy
cost process that misses the opportunity for bioenergy production. Moreover, biochar as a
secondary product of bioenergy production is a co-product from the optimised conditions for
syngas or bio-oil production. Thus, advanced materials derived from biochar under ideal
conditions for nanomaterials production and from biochar by-product of bioenergy
production have different characteristics and properties (D'Angelis do ES et al., 2015; Essner

et al., 2016; Vasimalai et al., 2018; Zhang et al., 2018).

To date, biochar from dairy manure gasification, has not been evaluated for the
production of advanced nanomaterials. Advanced nanomaterials have been produced using
chemical and physical treatments from other types of biochar (Gao et al., 2017). Liou and
Huang developed a two-step method to produce high graphene sheet content carbon materials
from Elaeis guineensis and Cryptomeria japonica biochars. To produce 84% vyield graphene
materials, the biochars were pre-treated with acetic acid for 14 days followed by a 1500 °C
heat treatment (Liou and Huang, 2015). Zhu et al. introduced the production of 3D graphene

by incorporating hierarchical porous carbon. Their graphene material was produced by



carbonising (850 °C, 2 h, argon atmosphere) pre-treated Auricularia fungus which had
absorbed graphite oxide molecules. The material produced had high conductivity, which
allowed the material to be utilised as a supercapacitor (Zhu et al., 2015). Biochar has also
been proposed as a viable option to produce Carbon dots (Cdots) using a combination of
sulphuric and nitric acid as oxidising agents, and dialysis as the preferred separation method
(Tour et al., 2016). Wang et al. transformed rice husk biochar into Cdots using a combination
of oxidation, high temperatures and ultra-sonication (Wang et al., 2015). The Cdots from rice
husk biochar exhibited bright and tuneable photoluminescence, biocompatibility and low
cost. D’ Angelis do E. S. Barbosa et al. described the production of Cdots from calcined cow
manure at 300 °C using chemical oxidation with nitric acid for 72 h. In this case, the raw
manure was used exclusively as a substrate for charcoal and Cdot production (D'Angelis do

ES et al., 2015).

Biochar depolymerisation methods release carbonaceous compounds from the biochar
into the liquid phase. Oxidising methods employed in biochar depolymerisation are similar to
the methods employed for the production of carbonaceous nanomaterial from low and high
rank coal as well as from other types of biochar (Tour et al., 2016). It is possible then, that
carbonaceous nanomaterials can be produced from bioenergy-biochar depolymerisation. In
this work, we explored carbonaceous nanomaterial production as an additional application to
manage and extract additional value from the vast amounts of dairy manure biochar produced
through bioenergy processes. The aim of this research was to evaluate the combination of
chemical depolymerisation and solvent extraction as a rapid, low-cost method to produce
carbonaceous nanomaterials from dairy manure biochar co-produced from bioenergy

production. The best fraction of the dairy manure biochar—derived carbonaceous



nanomaterials (BCNs) was characterised, and its application to bio-imaging and heavy metal

ions detection was investigated.

2 MATERIALS AND METHODS

2.1 Substrate

Dairy manure was used for bioenergy production. The dairy manure biochar (DMB)
was kindly donated by Dr Sergio Capareda and his laboratory, the Bio-Energy Testing and
Analysis Laboratory (BETA Lab) at Texas A&M University. DMB was produced from dairy
manure in a fluidised bed/gasification process at 700 °C (Nam et al., 2016). After
gasification, dairy manure biochar was collected from the reactor and sieved using a 1 mm

mesh.

2.2 Chemicals

All chemicals were analytical grade: potassium permanganate (KMnOa4) (Alfa Aesar),
acetone (Acros Organics), potato dextrose broth (PDB) medium (ForMedium), Roswell park
memorial institute (RPMI) medium (Sigma—Aldrich), Murashige and Skoog (MS) medium
(Sigma-Aldrich), PBS (Sigma—Aldrich). The heavy metal ions included: Nickel sulphate
(Ni(I1) (Fisher Scientific), Copper sulphate (Cu (1)), Cadmium sulphate (Cd (Il)), Lead
Nitrate (Pb (I1)), Cobalt nitrate (Co (I)) (Sigma—Aldrich), Barium chloride (Ba (II))
(Sigma—Aldrich), lithium acetate (Li (I)) (Sigma—Aldrich), iron sulphate (Fe(Il))
(Sigma—Aldrich), manganese chloride (Mn (II)) (Acros Organics), zinc sulphate (Zn (II))

(Sigma—Aldrich), silver nitrate (Ag (I)) (Sigma—Aldrich), sodium molybdate (Mo (V1))



(Sigma—Aldrich). Deionised and filtered (Milli-Q ultrapure water system with a 0.22 pum

filter, Merck Millipore) water was utilised in all the procedures.

2.3 Biochar chemical depolymerisation

The biochar depolymerisation reaction was as follows: 10 % solutions of KMnO, (as an
oxidising agent) were mixed with DMB (5 %) in 125 mL Erlenmeyer flasks. The
depolymerisation was performed at 120 °C for 1 h at 15 psi in an autoclave (Med 12, Selecta)
following the protocol developed by Placido and Capareda (Placido and Capareda, 2015).
After the chemical depolymerisation, the biochar solutions were centrifuged at 5000 rpm for
20 min at room temperature to separate the liquid and solid phases. The liquid phase was
filtered using 0.22 pm filters (Millex) and refrigerated at —20 °C until use. The
depolymerised biochar was dried in a convection oven at 105 °C for 24 h. The initial DMB,
water-treated DMB (biochar in aqueous solution without KMnO, and autoclave conditions)

and a KMnO, solution without biochar were utilised as controls.

2.4 Purification of dairy manure biochar-derived carbonaceous nanomaterials

An initial acetone precipitation step (acetone extraction 1) was carried out in centrifuge
tubes using the filtered biochar depolymerisation liquid phase. After acetone addition, the
sample was agitated for 1 min using a vortexer. Acetone addition produced small
brown/reddish aggregates throughout the volume of the solution. The small aggregates
assembled until they formed a viscous colloidal suspension in the bottom of the sample. The
first addition of acetone generated three phases a supernatant (supernatant 1), a brownish

colloidal suspension (suspension 1), and a solid phase (pellet 1). To improve phase



separation, the samples were centrifuged at 5000 rpm for 20 min (Legend RT, Sorvall). The
liqguid phases (supernatant 1, suspension 1) were roto-evaporated (miVAc Quattro
concentrator, Genevac) to completely remove the acetone/water mixture. The solid phase
(pellet 1) was dried at 60 °C for 48 h. After weighing, the three fractions were resuspended in
5 ml of water and ultrasonicated for 1 min at 50 % amplitude (Branson, Emerson). Then, the
acetone precipitation step was repeated for each of the resuspended phases (Acetone
extraction 2). Supernatant 1 and colloidal suspension 1 each produced a supernatant and a
colloidal suspension, without pellet production. Whereas, pellet 1 produced a solid and a
supernatant. The 5 liquid phases were again roto-evaporated, resuspended and ultrasonicated
as previously described. A final acetone precipitation step was performed for the 5 liquid
fractions previously obtained (acetone extraction 3). Each fraction produced light and heavy
phases reaching a total of 10 fractions. These fractions were roto-evaporated, resuspended
and ultrasonicated. The fractions are described in Table 1 and the extraction sequence is
explained in the supplementary material. The fluorescence spectra (emission and excitation)
of the different fractions were obtained on a Hitachi F2500 spectrophotometer. The fraction
with the highest fluorescence was chosen for further characterisation. The recovery
percentage was calculated as a proportion between the weights of each fraction and the

original weight of the liquid phase after biochar oxidation.

2.5 Dairy manure biochar—carbonaceous nanomaterials characterisation

The liquid fraction with the highest fluorescence after the purification process was
evaluated using spectrophotometry, atomic force microscopy (AFM), Fourier-transform
infrared spectroscopy (FTIR) and Zetasizer size and charge measurements. The fluorescence

emission and excitation spectra of the different fractions were obtained on a Hitachi F2500



spectrophotometer. FTIR spectra of the different fractions were collected using a Frontier
FT-IR spectrophotometer with sampler (PerkinElmer) from 4000-600 cm™. UV-Vis
absorption spectra were recorded using a U3310 spectrophotometer (Hitachi). Atomic force
microscopy (AFM) images were captured on a BioScope AFM (Bruker Corporation.) in
ScanAsyst® mode, a PeakForce Tapping® based image optimisation technique (tip radius
nominally 2 nm and with a maximum of 12 nm) and the image analysis was performed using
the Bruker NanoScope software package v8.15 (Bruker Corporation). The dairy manure
biochar—carbonaceous nanomaterials (DMB—-CN) size, zeta potential in solution were
obtained by dynamic light—scattering (DLS) and laser doppler velocimetry (LDV) using the
Zetasizer Nano ZS (Malvern). The measurement was performed using 0.2 pum filtered
solutions in a DTS1070 cell, with water as dispersant (Refractive Index: 1.330) and
DMB-CNs refractive index estimated as 2.418 (Nguyen et al., 2016). The pH effect on
DMB-CNs was evaluated using fluorescence, UV—Vis and FT-IR spectroscopies. The

DMB-CNss solution pH was reduced using hydrochloric acid (HCI) 1 M.

2.6 Biocompatibility studies

DMB-CN biocompatibility was studied in three yeast species: Saccharomyces
cerevisiae AH22, Candida albicans SC 5314, and Yarrowia lipolytica (ATCC 46483). These
species belong to the yeast collection of the cytochrome P450 group at Swansea University.
The yeast growth curve studies were performed on a Bioscreen C instrument (Oy Growth
Curves Ab Ltd). Five different DMB—CN concentrations (50, 100, 250, 500, 1000 ppm) were
evaluated in wells with 200 pL of PDB and 100 uL of 1x10° cells mL™ inoculum and 3

replicates for each concentration. The cell concentration change in each well was evaluated



via the optical density change at a wavelength of 600 nm for 72 h and 30 °C. The growth

curves were also evaluated using DMB-CNs at pH 10, 7, and 3.

2.7 Cellular imaging

The potential applications of DMB—CNs as fluorescent probes for cellular bio-imaging
were evaluated in three yeast species (S. cerevisiae AH22, C. albicans SC 5314, and Y.
lipolytica (ATCC 46483), human TK6 cells and plant cells from Nicotiana tabacum. Yeast
species were cultured in PDB with a DMB-CN concentration of 250 ppm for 24 hours at 30
°C and pH 7. After incubation, the samples were centrifuged at 1000 rpm and washed with
fresh PDB. This process was repeated twice. Finally, the samples were re—suspended in PDB

at 1:10 of the original volume.

Human TK6 cells were cultured in 1000 pL of RPMI media with the following
DMB-CN concentrations 100, 200, 300 and 400 ppm. The cells were incubated for 24 h at 37
°C in 5% CO; and pH 7. After incubation, the samples were centrifuged at 1000 rpm and
washed with fresh PBS. This process was repeated twice. Finally, the samples were

re—suspended in PBS at 1:10 of the original volume.

The plant cell line Nicotiana tabacum was grown in Murashige and Skoog (MS)
medium at 20 °C, light 12 h, and 200 rpm for 6 days previous to inoculation with 250 ppm of
DMB-CNs. The N. tabacum cultures with DMB—CNs were incubated for 24 h at 20 °C, light

12 h, and 200 rpm. After incubation, the samples were centrifuged at 1000 rpm and washed

10



with fresh MS. This process was repeated twice. Finally, the samples were re—suspended in

MS at 1:10 of the original volume.

After re-suspending, the cells were imaged with confocal microscopy using a Zeiss
LSM 710 confocal system with Zeiss AXIO Observer Z1 inverted microscope stand with
transmitted light (HAL), Illuminator HXP 120C and laser illumination sources. The images
were collected under bright field and 405 nm fluorescence excitation. The differences in
fluorescence emitted by the DMB—CNs in the cells were determined by image analysis using

the software image J.

2.8 Heavy metal ions quenching assays

Stock solutions of the metal ions were prepared at concentrations of 200mM and for
DMB-CNs at concentrations of 1000 ppm. All the solutions were prepared using deionised
and 0.22 uM filtered water. The metal titration quenching studies utilised DMB-CN
solutions of 50 ppm diluted from the 1000 ppm solutions. The fluorescence of the DMB-CN
solutions was measured and then the metal solutions were added to the cuvette containing
DMB-CNs (50 ppm) to reach a metal concentration of 50 uM. Then, the fluorescence of
metal/DMB-CN solution was measured. The reduction in fluorescence was calculated as

fluorescence reduction percentage (%) (Equation 1).

FLo— FL gmt
FLo

Fluorescence reduction % = ( ) x 100 Equation 1

Where FLjis the DMB—-CN fluorescence without the addition of heavy metal ions and FLyyyt

corresponds to the DMB—CN fluorescence after a specific concentration of heavy metal was

11



added. Metal titration quenching studies were studied, using the heavy metal ion with the
highest quenching (Cu (1)) with Cu (II) concentrations from 0.0125 uM up to 50 uM and 50
ppm of DMB—CNs. The range utilised was selected to include the minimum limit for this
metal (Cu (II) 1.3 mg/L) and concentrations reported in wastewaters effluents (Zhou et al.,

2018).

3 RESULTS
3.1 Biochar depolymerisation

DMB-CNs were produced via a chemical process where DMB was oxidised by the
presence of KMnOs at mild temperatures and pressures. The visual changes in the liquid and
solid phase correlated with chemical changes identified using FT—IR spectroscopy. The DMB
control and water-treated DMB FT-IR spectra indicated modifications in the biochar
chemical groups (Figure 1a). The DMB control and the water—treated DMB had six principal
signals 693, 775, 873, the broad band between 1000 and 1100, 1403, and, 1633 cm ™. In
contrast, the KMnO: addition caused changes in the DMB FTIR spectra producing changes in
peak position, magnitude and shape. The KMnO, oxidised DMB had five signals at 917,
1030, 1403, 1633, and 3100-3600 cm . The formation of a peak at 917 cm* was the most
significant change in the KMnQ, oxidised DMB. Other changes observed were the decrease
of the signals at 873, 1033, and, 1403 cm*, the disappearance of the 693 cm* signal, and an
increased signal at 1633 cm . The significant reduction in the signals at 873 and 1403 cm™*
demonstrated a drop in the aromatic carbons in the biochar after the reaction (Gunasekaran et
al., 2008; Lou et al., 2015) connected to the release of aromatic structures into the aqueous
medium or the opening of aromatic rings. The increased signal at 1633 cm* is associated

with the presence of COO and C=0 linkages correlated with the opening of aromatic rings,

12



because alcohols and acids resulted from the opening of aromatic rings when they react with

KMnO, (Placido and Capareda, 2015).

The FT-IR spectrum from KMnO, control solution (Figure 1b), liquid phase from
water-treated DMB and liquid phase obtained from the depolymerised DMB. The KMnO,
control solution exhibited characteristic signals at 910 and 1627 cm *. The depolymerised
DMB liquid phase had a brown colour and its FT-IR spectrum had four principal signals at
1010, 1000-1200, 1200-1500, and 1500-1700 cm*. The most intense bands, 1200-1500
cm ! and 1500-1700 cm™*, were associated with carbon linkages (C-O-C and C-OH
bending, C—H bonds, CH3) C=C bonds, and aromatic structures. The presence of carbon
associated peaks in the liquid phase evidenced the releasing of carbonaceous compounds
from the DMB during the depolymerisation process. The FT—IR spectrum of water—treated
DMB indicated the release of an insignificant amount of compounds to the liquid phase. In
summary, the FT-IR spectra demonstrated DMB depolymerisation and the release of
carbonaceous compounds into the liquid phase. The released compounds had signals

associated with carboxylic acids, hydroxyl groups and aromatic carbons.

3.2 Purification of DMB-derived carbonaceous nanomaterials (DMB-CNs)

The liquid phases after the depolymerisation reaction were purified using three steps of
acetone extraction, yielding 10 different fractions labelled sequentially E1 through E10.
Figure 2a shows the extraction yield of each fraction as a mass percentage. The fractions
associated with the initial colloidal suspension reached a summed recovery percentage (E5-

E8) of approximately 50 %, with the E8 fraction with the highest recovery percentage. In

13



contrast, the fractions resulting from the initial supernatant summed a recovery close to 40 %.
The highest recoveries were found in the fractions E1 (16 %) and E3 (14 %). In total, the
recovery was above 90 % with the material lost during the purification process corresponding

to the volumes retired for fraction characterisation.

While all the fractions were fluorescent, the emission and excitation wavelengths, and
fluorescence intensity varied. The fluorescence of each raw extraction was measured using
four excitation wavelengths 350, 400, 450 and 500 nm. All the fractions (Figure 2b), with
the exception of fraction E8, exhibited maximum emission when excited at 350 nm. While
the maximum emission from these fractions decreased as the excitation wavelength

increased, emission was not observed at an excitation wavelength above 500 nm.

The E1-E10 fractions under a 350 nm excitation wavelength had two principal emission
wavelengths 420 nm (E1 and E2) and 440 nm (E3-E8 and E10) (Figure 2b). Fractions E3
through E8 and E10 (Acetone 3 extraction) originated from a colloidal suspension in either
acetone extractions 1 or acetone extraction 2. The Stokes’ shifts (difference between
maximum emission and excitation wavelengths) in the supernatant fractions E1 and E2 (70

nm) fractions were smaller than that of the colloidal suspension fractions (90 nm).

The fractions were diluted to the same concentration in weight (500 ppm) to determine
which fraction had the highest fluorescence yield (Figure 2c). The strongest signals were
produced by fractions E1 and E8. Fraction E1 produced almost two times more fluorescence

than E8, and at least 4 times more than any other fraction. Fraction E8 fluorescence increased

14



more than 100—fold between the experiment with the complete extracted fraction and the 500
ppm solution.. The E8 emission at a lower concentration, increases. This phenomenon may
be associated with self-quenching as the concentration of the initial experiment prevented the
emission at 350 nm (Figure 2a). The maximum emission wavelength of 420 and 440 nm
remained the same as in the initial experiment. As the fraction E1 emission was statistically
different (p<0.05) from the other fractions (supplementary material), fraction E1 was selected
as the most promising fraction for optical applications because of its fluorescence and utilised

for further characterisation.

3.3 Dairy manure biochar—derived carbonaceous nanomaterials characterisation

The E1 fraction was characterised spectroscopically and morphologically. Figure 3
summarises the spectroscopic characterisation. This fraction will be defined as dairy manure
biochar—derived carbonaceous nanomaterials E1 fraction (DMB-CN-E1). The FT-IR
spectrum (Figure 3a) had three bands from 950 to 1050 cm*, 1100 to 1500 cm*, and 1500
to 1700 cm ™. The most intense band was the band from 1100 to 1500 cm™. This band
contained the highest peak at 1365 cm * (C—O—C and C—OH bending) and a lower-shoulder
peak around 1305 cm* (C—H bonds, CH3). The 1500 to 1700 cm* band had two peaks, a
well-defined peak at 1542 cm™ (C—C skeletal vibrations) and a flat shoulder at 1618 cm™
(C—O vibrations). The 950 to 1050 cm * was the least intense signal, and was centred at 1010
cm* (Si-O or with C-O). After evaluating several excitation and emission wavelengths, the
emission and excitation spectra (Figure 3b) evidenced the strongest emission at 420 nm with
an excitation wavelength of 337 nm. The zeta potential of the DMB-CN-E1 was —61.2 mV,
indicating strong negatively charged molecules with high stability. A negative zeta potential

facilitates interactions with positively charged particles such as heavy metal ions.

15



Additionally, the DMB—CN-E1 in solution had a hydrodynamic diameter of 110 nm. The
UV-Vis spectrum and the sample’s electrophoresis gel are included in the supplementary

material.

The fluorescence emitted by the DMB-CN-E1 solutions presented a slight, reversible
variation when the pH of the solution was modified (Figure 3a). From the initial
measurements at pH 10, the emission reduced 5 % and 10 % at pH 8 and 6, respectively.
Further pH reduction to pH 4 resulted in the DMB-CN-E1 fluorescence reaching values 3 %
greater than the original fluorescence at pH 10. As expected, the excitation spectra mirrored
changes in the emission spectra with changing pH. The fluorescence intensity changed, and
the shape of the curve at pH 4 and 6 differ from the curves at pH 8 and 10. However, the pH
changes did not cause a shift either in the maximum emission or maximum excitation

wavelengths. The narrow peak at 425 nm corresponds to the emission signal.

The DMB-CN-E1 FT-IR spectra exhibited greater alterations as the pH was changed
(Figure 3b). The signals observed at pH 10 were 950 to 1050 cm*, 1100 to 1500 cm*, and
1500 to 1700 cm™. This changed as the pH reduced. At pH 8 the signals at 1365 cm™*
(C-O-C and C-OH bending), 1547 cm ™ (C—C skeletal vibrations) and 1620 cm™* (C-O
vibrations) decreased. Moreover, a significant reduction in the 1365 cm™ signal was
observed. The main change was the appearance of a new signal at 1100 cm* referring to C—
O-C bonds. At pH 6, there was a considerable change as the single broad band between 1500
and 1700 cm ™, with local maxima at 1620 and 1547 cm ™, separated into two distinct peaks at
1640 and 1554 cm* (C—C stretching, C=C aromatic stretching). Additionally, the signal at

1365 cm* decreased significantly (84 %) compared with the initial pH spectra (10) and pH 8

16



(70 %). In contrast, the signal at 1100 cm™ increased substantially, becoming the strongest
signal in the spectra (OH groups). At pH 4, the FT-IR spectrum is similar to that at pH 6 with

a slight reduction in the signal at 1100 cm ™.

Figure 3c illustrates the morphological characterisation of the E1 fraction using AFM
microscopy. The AFM image vyielded a height distribution following a log-normal
distribution (Figure 3d). The height average was 1.1+0.3 nm with a minimum and maximum
value of 0.5 and 2 nm. The particles had a lateral dimension between 11 and 28 nm with an
average size of 14+3.5 nm. The AFM section shown as white line in Figure 3c and as a line
graph the height and distance between particles in Figure 3e revealed particles of similar

heights as reported by the height distribution.

3.4 Biocompatibility studies

The growth curves of S. cerevisiae, C. albicans, and Y. lipolytica at three pHs (3, 7 and
10) and five concentrations of DMB—CN-E1 (50, 100, 250, 500 and 1000 ppm) were tested
(supplementary material). At the pH values evaluated and concentrations of 100 ppm or
below, there was no variation in the yeast growth curves indicating that the DMB-CN-E1 at
those concentrations did not affect the growth rate of the yeast studied. At pH 10, the 250
ppm concentration displayed different effects over each yeast. S. cerevisiae was completely
inhibited, C. albicans did not show any inhibition, and Y. lipolytica was partially inhibited. At
pH 10, 500 and 1000 ppm concentrations completely inhibited growth in the three yeast
types. At neutral and acidic pH, there was no indication of inhibited growth at any

DMB-CN-E1 concentration. Therefore, inhibition observed at pH 10 with the concentrations
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above 100 ppm is most likely associated with a combined effect between DMB-CN-E1

concentration and the pH.

3.5 Cellular Imaging

Figure 4 displays confocal fluorescence microscopy (358 nm excitation wavelength)
images recorded after 24 h of growth with the DMB-CN-E1 at pH 7. From the images, the
three yeast species seem to interact with the DMB—CN-EL1 in different ways. S. cerevisiae
exhibited a less intense signal than the other yeast. Image analysis showed DMB-CN-E1
fluorescence in S. cerevisiae was approximately 6—times lower than that of the other yeast. C.
albicans and Y. lipolytica, had strong fluorescence signals with no statistical difference
between the two yeast species. The combined images from the brightfield and fluorescence in
Y. lipolytica and C. albicans provided evidence indicating DMB-CN-E1 trapped within
cytoplasmic organelles. In contrast, the DMB—CN-E1 inside S. cervisiase seem dispersed
throughout the cell cytoplasm. Comparing Figure 4 images with previously reported yeast
fluorescence images, the localisation of DMB-CN-E1 appears to be in the yeast nucleus
(Kume et al., 2017) or/and vacuoles (Eide, 2006; Johnston et al., 2013). The control using
only PDB did not generate any fluorescence associated with either the DMB-CN-EL1 or any

autofluorescence from the yeast.

The uptake of DMB-CN-E1 by plant and human cell line was evaluated in vivo
utilising the strong emission from the DMB-CN-Elunder 405 nm excitation. Figure 5
displays confocal fluorescence microscopy images for TK6 cells and N. tabacum after 24 h of
culture with 250 ppm of DMB-CN-EL. The TK®6 cells showed fluorescence across the entire

cell with intense zones and spots observed (Figure 5a). It was not possible to identify the
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DMB-CN-E1 in a particular location or organelle. The corrected total cell fluorescence
analysis evidenced that concentrations 100, 200 and 300 ppm produced a fluorescence
significantly different than the control (Figure 5b). At 400 ppm, the fluorescence signal
seems to drop drastically. This is due to the decrease in the number of the cells for
fluorescence quantification. The N. tabacum control without DMB-CN-E1 evidenced
autofluorescence that spectrally overlapped the DMB-CN-E1 emission. Therefore, the
fluorescence observed in the cells corresponded to a mixture between the DMB-CN-E1
fluorescence and N. tabacum autofluorescence (Figure 5c¢). The image analysis evidenced a
25 % fluorescence increase in the samples with DMB—CN-E1 compared with the control
(Figure 5d). This difference was statistically significant, demonstrating that DMB-CN-E1

were present in the plant cells (Figure 5d).

The fluorescence of the cellssDMB-CN-E1 was reproducible in different cellular
models. In general, the cells uptake DMB—CN-EL1 inside cytoplasmic organelles, especially in
Y. lipolytica and C. albicans. TK6 and S. cerevisiae, exhibited DMB-CNs distributed
throughout the cells instead of located in specific locations/organelles. The capability of
DMB-CNs to penetrate different type of cells opens the door for novel methodologies for
detection, identification or biosensing of intracellular events in different type of organisms

based on these water dispersible and renewably produced DMB-CN.

3.6 Heavy metal ions detection

To evaluate the relevance of DMB-CN-EL1 to fluorescence-based metal ion sensing,

fluorescence quenching experiments were performed with Cu (11), Co (I1), Ni (I1), Fe (1), Pb
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(11, Hg (11), Ag (1), Mn (1), Li (1), Mo (V1), Ba (Il) and Zn (I1) (Figure 6a). From the twelve
metal ions used, eight were able to quench the DMB-CN fluorescence above 15 % (Cu (I1),
Co (1), Ni (I1), Fe (11), Pb (11), Hg (11), Ag (1) and Mn (11)). While, Li (1), Mo (V1), Ba (lI)
and Zn (I1) did not achieved a significant quenching (i.e. < 1 %). The most significant
fluorescence reduction was achieved by the Cu (1) (41 %) followed by the Co (1) (31 %)
and Ni (I1) (30 %). As several heavy metal ions significantly quenched the DMB-CN-E1
fluorescence, this indicated the presence of carboxylic and phenolic groups facilitating the
interactions between the DMB—CN-E1 and heavy metal ions. The DMB-CN-E1 capability as
a heavy metal sensor was evaluated for Cu (1) detection as it was the ion that achieved the
highest quenching. Figure 6b depicts the fluorescence spectra of the DMB—CN-EL1 after
adding different concentration of Cu (lI1). For this metal the limit of detection was 0.3 uM.
The Stern-Volmer plot (Figure 6b embedded plot) described the relationship between
fluorescence quenching and the metal ion concentration as non-linear with downward
curvature. This type of Stern-Volmer curve is characteristics of pure collisional quenching

with accessible and inaccessible guenching sites.

4 DISCUSSION

The combination of chemical oxidation and solvent purification produced purified
carbonaceous nanomaterials with optical characteristics for imaging applications from dairy
manure biochar. Acetone was selected as the solvent because it is miscible and polar, and
produces two phases. Additionally, acetone had the advantages of a low boiling point, low
cost and facile recovery. After three acetone extractions, 10 different fractions with different
levels of fluorescence were produced. The E1 fraction was selected for complete

characterisation because its optical properties and recovery vyield. The E1 fraction
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corresponded to 15 % of the total depolymerised material in the liquid phase. Therefore, the

remaining 85 % of the depolymerised materials must still be investigated.

DMB-CN-E1 had similar properties to other carbonaceous nanomaterials produced
from cow manure and other types of biomass (Table 2). DMB-CN-E1 had maximum
emission and excitation wavelengths in the same range as the majority of the Cdots. As with
Cdots from other types of biomass, DMB—CN-E1 emission maximum shifts with excitation
wavelength (Figure 3). The DMB—CN-E1 height and lateral dimensions were larger than the
majority of the other carbonaceous nanomaterials’ lateral dimensions. Two materials
described in literature that had a greater diameter were the Urine-derived Cdots and vitamin

C urine-derived Cdots (Essner et al., 2016).

The DMB-CN-E1 were biocompatible with the different species of yeast evaluated. In
yeast, the growth curves were affected only at the most alkaline pH and the highest
concentrations of 250, 500 and 1000 ppm. This effect on the yeast growth was associated
with the increase of the medium pH, which is recognised as a source of inhibition in yeast.
Pefia et al. (Pefia et al., 2015) described S. cerevisiae as a more sensitive yeast at pH above 8
(Pefia et al., 2015). This report correlates with the higher inhibition observed by S. cerevisiae
compared with the C. albicans, and Y. lipolytica which were able of growing up to pH 9
(Karam EI-Din et al., 2012). Besides yeast, Cdots from other sources have been innocuous to
other microorganisms such as Pseudomonas aeruginosa, Escherichia coli, and

Staphylococcus aureus (Gao et al., 2017; Mehta et al., 2014; Ritenberg et al., 2016).

The confocal fluorescent images of the three yeast species exhibited differences in the

location and uptake of the DMB-CN-EL. In yeast, this is the first study showing evidence of
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the dependence between yeast species and carbonaceous nanomaterials localisation and
uptake. Similar to S. cerevisiae, which exhibited considerable less uptake than the other yeast
species, other reports have described differences in uptake and location in other cell cultures
(Liu et al., 2015). The fluorescent confocal imaging from the TK6 and N. tabacum cells
demonstrated the potential that DMB-CNs have as a bio-imaging probe. The distribution of
DMB-CN-EL1 in TKG6 is similar to that observed in the cancer cell lines (MCF-7) using Cdots
from glucose and cow manure (D'Angelis do ES et al., 2015). N. tabacum auto-fluoresced at
the same wavelengths as the DMB-CN-E1. However, the carbonaceous nanomaterials were
distinguishable when incubated at concentrations of 250 ppm. Further studies with
DMB-CN-E1 will include the modification of their surface to increase their specificity and
further evaluation of the optical characteristics such as excitation and emission wavelengths
and how to control them. The adaptability as a bioimaging probe demonstrated by
DMB-CN-EL1 is a significant characteristic since the majority of reports using biomass
derived carbonaceous nanomaterials as bioimaging probes are only reported in one type of
cell or organism (plants, animals or human) (Xue et al., 2018; Zhang et al., 2018; Zheng et
al., 2017). DMB—-CN-E1 were able to effectively interact and fluoresce with 5 different types

of cells.

The evaluation of DMB—-CN-E1 as a probe for heavy metal ions in aqueous systems
evidenced significant quenching with different heavy metal ions as well as selectivity issues
which will need to be addressed before using this carbonaceous nanomaterial as a probe for
heavy metal ions. Microalgae biochar-derived carbon dots (MAB-Cdots) were tested as
heavy metal ions sensors for Cu (II), Pb (1) and Ni (1I) (Placido et al., 2019). DMB-CN-E1
exhibited higher fluorescence reducing (%) than MAB-Cdots in all cases. This improved

performance might be attributed to a size difference as DMB-CN-E1 are smaller than MAB-
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Cdots. In both cases, the Stern-Volmer plot evidenced the presence of a downward curve
indicating that both materials had a pure collisional quenching with quenching groups less
accessible than others. Following published work in the field, DMB—CN-E1 selectivity can
be enhanced through a number of different methodologies such as adding phosphorous or
nitrogen groups, coupling a secondary set of materials or performing multivariate statistics
(Gogoi et al., 2015; Gu et al., 2016; Lippolis et al., 2018; Ye et al., 2017). DMB-CN-E1
structure has C-0O, C=0 and C-OH linkages and these functional groups form coordination
bonds with heavy metal ions which result in fluorescence reduction. The diverse quenching
levels and dynamics exhibited by each heavy metal ion are associated with electronic,

chemical and vibrational characteristics (Shtepliuk et al., 2017).

The DMB-CN-EL1 corresponded to 3 % of the initial DMB, and 9 % of the non-ash
portion of the DMB (38 %). Therefore, for each tonne of DMB, it is possible to produce
approximately 30 kg of DMB-CN-E1 for imaging, sensing or other applications. In the
current market, carbonaceous nanomaterials for imaging such as Cdots and graphene
quantum dots are sold for between £129 and £200 for solutions of 10 to 50 mL with a
materials concentrations between 1 and 2 mg mL ™. Using a conservative estimation of a
market price for a kg of DMB-CN-E1 as 1% of the competitors (1.29 £/kg). Based on retail
sales prices, the production and extraction method demonstrated in this article could generate
an added-value product with 18-times more value than the original DMB (0.076 £/kg). As the
DMB-CN-EL1 had similar properties to other Cdots used as fluorescence imaging probes, this
technique presents an opportunity for this type of material to participate in the global market
for biologic imaging reagents valued at £7.1 billion in 2012 with an expected growth to £9.4
billion by 2017 (BCC Research, 2013). Compared with hydrothermal methods (824 h,

180-300 °C) for the production of imaging reagents from biomass (Cdots), chemical
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depolymerisation and solvent extraction produced fluorescence probes in half the time (4 h)
with similar properties. The processing time reduction has significant repercussions in terms
of cost reductions via reduced energy consumption as chemical depolymerisation is faster and
occurs at lower temperatures. Future work includes the application of DMB-CN-E1 in other
fluorescence sensing applications such as the detection of communicable/non-communicable
diseases and organic pollutants, the analysis of the other fractions from the acetone
extraction, and the evaluation of bioenergy biochar from other feedstocks as sources for

carbonaceous nanomaterials.

5 CONCLUSIONS

Biochar chemical depolymerisation and solvent extraction was proven to be an effective
method to produce carbonaceous nanomaterials from dairy manure biochar. The acetone
extraction produced 10 fractions and one of them (E1) was selected for further
characterisation due to its high fluorescence (DMB-CN-E1). DMB-CN-E1 was characterised
spectrophotometrically and morphologically, exhibiting a negative charge, an average lateral
dimension of 14 nm and an average height of 1 nm. The DMB-CN-E1 structure was rich in
carboxylic and hydroxyl linkages. DMB-CN-E1 was evaluated in different cellular models
(yeast, plants and human cells) and exhibited unique localisation patterns dependent in yeast.
Furthermore, the DMB—CN-E1 was biocompatible with the cellular models for 24 hours and
the doses studied. DMB-CN-E1 had similar properties to previously produced biomass
derived carbon dots. DMB—CN-E1 was quenched by heavy metal ions showing their future
for heavy metal ions sensing or removal applications. Chemical depolymerisation and solvent
extraction produced carbonaceous nanomaterials with similar optical and physical properties
compared with methods previously utilised for producing carbonaceous nanomaterials from

biomass but in half the processing time and with less energy use. These advantages open the
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opportunity for generating added-value nanomaterials (NanoRefinery) from dairy manure
biochar gasification, increase the value of biochar for gasification plants and the future

application of DMB-CNs as fluorescent probes in commercial bioimaging.
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8 FIGURES LIST

Table 1. Fractions obtained after three acetone extractions
Table 2. Comparative table of biomass derived carbon dots used as bioimaging probes

Figure 1. Depolymerised and non-depolymerised DMB FTIR spectrum a) Solid phase b)
Liquid phase

Figure 2 Fractions obtained after acetone extraction of the depolymerised DMB liquid phase.
a) Recovery percentage b) Maximum fluorescence and Max emission wavelength for
different acetone extractions. Note, fraction E8 fluorescence/emission wavelength at 450 nm
and 500 nm excitation both fall within in the Ex 500 nm band) ¢) Maximum fluorescence at
500 ppm and excitation wavelength of 350 nm.

Figure 3. DMB-CN-EL1 characterisation a) Fluorescence spectra at different pH. Embedded
image corresponds to the maximum excitation and emission fluorescence and their
correspondent wavelengths (L) b) FT-IR spectra at different pH. c) DMB-CN-E1 AFM
image d) DMB-CN-E1 AFM image height distribution ) DMB-CN-E1 AFM image

section analysis (white line).

Figure 4. Confocal microscope images of yeast species with 250 ppm of DMB-CN-E1 a) Y.

lipolytica, b) C. albicans c) S. cerevisiae. d) Corrected total cell fluorescence comparison

Figure 5. Confocal microscopic images with 250ppm of DMB-CN-E1 . a) Human cells line
(TK®). b) Corrected fluorescence analysis for the Human cells line (TK6) ¢) Plant cells line
(Nicotiana Tabacum) d) Corrected fluorescence analysis for the Plant cells line (Nicotiana

Tabacum).

Figure 6. DMB-CNs fluorescence quenched by Heavy metal ions a) DMB—CN-E1
fluorescence reduction percentage using 50 pM of heavy metal ions. The error bars are the
sample’s standard deviation. b) Fluorescence emission spectra of DMB-CN-EL1 in the
presence of different concentrations of Cu (11). The embedded image corresponds to the
Stern-Volmer plot for DMB—CNs and different concentrations of Cu (11).
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Table 1. Fractions obtained after three acetone extractions

Fraction Acetone Extraction1 Acetone Extraction 2

Acetone Extraction 3

*

El

E2

E3

E4

E5

E6

E7

E8

E9

E10

Supernatant

Supernatant

Supernatant

Supernatant

Colloidal suspension

Colloidal suspension

Colloidal suspension

Colloidal suspension

Solid pellet

Solid pellet

Supernatant

Supernatant

Colloidal suspension

Colloidal suspension

Supernatant

Supernatant

Colloidal suspension

Colloidal suspension

Supernatant

Supernatant

Supernatant

Colloidal suspension

Supernatant

Colloidal suspension

Supernatant

Colloidal suspension

Supernatant

Colloidal suspension

Supernatant

Colloidal suspension

* Characterised fraction

31



Table 2. Comparative table of biomass derived carbon dots used as bioimaging probes

Substrate Production method EXC/ET Diameter( Cellular imaging
(nm) nm)

Cow manure Chemical depolymerisation and solvent 337/420 14 S. cerevisiae, C. albicans, Y. lipolytica,
biochar extraction 4 h TKG®6 cells, N. tabacum cells
Pollen Sonication and h%/;jrt:ﬁhermal 200 °C, 360/432 5.2 Lettuce roots, leaves and plants

Cow manure 300°C,3h an%?‘?l;xr;e d in nitric acid 365 /450 4 Breast cancer cell (MCF-7)

Cinnamon Hydrothermal 200 °C, 12 h 370/465 3.4 LN-229 cells, HK-2 cells
Red chilli Hydrothermal 200 °C, 12 h 380/477 3.1 LN-229 cells, HK-2 cells
Turmeric Hydrothermal 200 °C, 12 h 370/460 4.3 LN-229 cells, HK-2 cells

Black pepper Hydrothermal 200 °C, 12 h 390/489 35 LN-229 cells, HK-2 cells
Lychee Carbonisation 420/520 1.4 Bel-7404 cells
exocarp

COfZﬁiﬁean 4% aqueous NaOH and acid precipitation 320/380 1-5 HeLa cells

Date kernel Hydrothermal 200 °C, 8 h 340/430 1-5 MG-63 cells

Urine Hydrothermal 200 °C, 12 h 325/392 10-30 MEF cells, BT-474 cells
Vitamin C Hydrothermal 200 °C, 12 h 425/500 1-15 MEF cells, BT-474 cells
diet Urine
ﬁf‘eﬁa&?ﬁj Hydrothermal 200 °C, 12 h 350/427 17-55 MEF cells, BT-474 cells

1 Exc/Em= Maximum excitation and emission wavelengths



HIGHLIGHTS

e Production of added-value nanomaterials (DMB—CNs) from dairy manure biochar
e Selection of the most suitable nanomaterials obtained from dairy manure biochar
e DMB-CNs were used as bioimaging fluorescent probes in different cellular models

e DMB-CNs were used for detecting 12 different heavy metal ions.
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