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Abstract

Neglected tropical diseases including Chagas disease, also known as American
trypanosomiasis and leishmaniasis remains a serious health problem in several endemic. To
address this medical problem, much has been done in the past 15 years to design
nanomaterials with effective anti-kinetoplastids activity, particularly those nanomaterials
based on gold and silver nanoparticles. Herein, we describe a simple method to prepare silver-
loaded biochar by pyrolysis of silver nitrate-impregnated agrowaste powder (from olive
stones). The resulting Biochar@Ag was prepared at 400 °C for 15 minutes only and the yield
was found to be 36.5 %. The supported metallic Ag nanoparticles have triangular shape in the
nanoscale regime (< 100 nm) and a loading of 7.85 mmol per gram of Biochar@Ag. The
Biochar@Ag showed promising antiparasitic activity against promastigotes stage of L.
donovani, L. amazonensis and epimastigotes of T. cruzi with and 1Csy of 9.942 + 0.900 ppm;
14555 £ 1.035 ppm and 12.154 + 0.206 ppm, respectively. From the above, this work
conclusively demonstrates that slow pyrolysis is a unique thermochemical approach to
valorize agrowastes into highly effective anti-kinetoplastid silver-loaded biochar with
remarkably low cytotoxicity towards murine macrophages.
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Research Highlights

Olive pit-derived biochar bearing silver nanoparticles has been prepared by one step
slow pyrolysis

Silver nanoparticles are densely and evenly dispersed over biochar particles
Silver-loaded biochar has antiparasitic activity against L. donovani, L. amazonensis
and T.cruzi.

Waste and junk conversion to bioactive nanocomposite opens new horizons in treating

neglected tropical diseases.



Introduction

Neglected Parasitic infection caused by kinetoplastids, a group of flagellated protozoans
including Leishmania and Trypanosoma species, affect millions of persons and are
responsible for high mortality, disability and morbidity rates [1, 2]. Leishmaniasis is
considered as one of the major protozoan disease-causing high morbidities throughout the
world. This infection is caused by a protist parasite of the genus Leishmania through the bite
of a female phlebotomine sand fly [3]. Based on its clinical symptoms Leishmaniasis is
classified in 3 different forms namely cutaneous, mucocutaneous and visceral leishmaniasis.
As for Chagas disease (American trypanosomiasis), is caused by a protist parasite of the
species Trypanosoma cruzi (T. cruzi) and is transmitted by the faeces of an hematophagous
insects of the subfamily Triatominae [3]. This disease is classified into acute and chronic
phases [4]. According to World Health Organization (WHO) 6 to 7 million people worldwide
are estimated to be infected with Trypanosoma cruzi [5]. The actual treatment for those
diseases is characterized by variable efficacy among different species, high toxicity and high
cost resulting the urgent need for alternative anti-kinetoplastid agents. Metallic Silver (Ag),
ions and their composites and compounds are well known to exhibit antiviral, antileishmanial
and antibacterial activity [6]. There are numerous examples in the literature for
antileishmanial applications using Ag such as the use of Chitosan-based Ag nanoparticles [7],
AUcore@Agshen Nanoparticles [8], meglumine antimoniate-TiO,@Ag nanoparticle [9], gold-
silver bimetallic nanoparticles [10] and Ag compound with imidazolidine-2-thione [11], to
name but a few. Comparative studies using different NPs have found the following
antileishmanial activity: Ag>Au>TiO,>ZnO>MgO. Further, their activity is enhanced by
infrared and UV light [12]. Ag NPs produced with the help of olive and fig extract are more
efficient than standard drug Pentostam [13].

There are limited reports on carbonaceous based materials for anti-kinetoplastid application
and out of which they are mostly utilising functionalized carbon nanotubes (CNT), graphene
and CNT-graphene [14]. In the context of “trash to treasure” or “waste to wealth”, there has
been an effort to synthesize Ag NPs with nanoxylan (xylan from corn cobs as a stabilizing
and reducing agent) for antifungal and antileishmanial application [15]. In order to overcome
the problem of silver resistance [16] and for biomass waste valorization purpose, biochar
(“green carbon™) having biocompatibility [17] is a perfect candidate in association with Ag
NPs for antileishmanial applications. To the best of our knowledge, there are no reports on

biochar with loaded silver nanoparticles for such application.



Herein we report on novel silver-loaded biochar (Biochar@Ag) composite prepared by slow
pyrolysis of olive stone agrowaste powder impregnated with silver nitrate. The resulting
Biochar@Ag was characterized by XRD, SEM/EDX, TGA and XPS and its antiparasitic
activity was evaluated against promastigotes stage of Leishmania donovani, Leishmani
amazonensis and epimastigotes of Trypanosoma cruzi. The cytotoxicity towards host cells,
murine macrophage, was also studied. All assays were conducted in vitro using the

alamarBlue® method.

2. Experimental

2.1. Fabrication of Biochar@Ag by slow pyrolysis

Olive stone powder (3.67 g) was impregnated with an ethylic solution of silver nitrate
(Aldrich, 584 mg, ~3.44 mmol in 10 mL ethanol) and left to dry. The powder was mixed from
time to time on a glass lens and dried at RT until no more change in weight of the
uimpregnated powder was noted. 1.2 g of AgNO3-impregnated olive stone powder was
pyrolyzed in a tubular furnace (Thermolyne, model 21100) at 400 °C for 15 min, under a
stream of Ny/H, (95/5%) mixture. The temperature ramp was 30 °C/min, i.e. slow pyrolysis
regime. The system was left to cool under N,/H, mixture. The Biochar@Ag weight was found
to be ~0.44 g corresponding to a yield of ~37 %.

The same agrowaste, without any silver nitrate, was pyrolyzed and the pyrolysis yield was
found to be ~26 %.

2.2. Characterization of Biochar materials

X-ray diffraction (XRD) was used for structural characterization using a D8 Advance Bruker
diffractometer (Cu Ko radiation). Data were acquired in the 5-80 ° 20 range (step size = 0.01
°) using an incident wavelength A of 1.54056 A.

XPS analysis of Biochar@Ag was performed using a NEXSA apparatus (Thermo), fitted with
monochromated X-ray beam and operated in the constant analyzer energy mode. The pass
energy was set to 200 and 80 eV for the survey and narrow regions, respectively. A flood gun

was employed to compensate for the static charge buildup.

SEM images and EDX spectra were obtained with a Zeiss Merlin Field Emission scanning
electron microscope (Oberkochen, Germany), operated at 5 kV and coupled with a SDD X-
Max from Oxford Instruments. The biochar samples were coated with a 3 nm-thin layer of



palladium in order to avoid static charge. Palladium was deposited using a Cressington
208HR sputter-coater coupled with a Cressington MTM-20 thickness controller.

Thermogravimetric analyses were conducted using a Setaram machine (Setsys Evolution
model). The samples were heated up from RT to 800 °C, in air, at a heat rate of 10 °C/min.

2.3. In vitro Leishmanicidal and trypanocidal assays of Biochar@Ag

2.3.1. Parasite strains

The anti-kinetoplastid activity of Biochar and Biochar@Ag was evaluated against the
promastigote stage of Leishmania donovani (MHOM/IN/90/GE1F8R) and Leishmania
amazonensis (MHOM/BR/77/LTB0016) and epimastigote form of Trypanosoma cruzi (Y
strain).

2.3.2. In vitro leishmanicidal effect

The in vitro assay was performed using the alamarBlue® method as previously described
(paper atteneri). This simple and rapid test is based on the reduction of non-fluorescent
rezasurin into fluorescent resorufin by viable cells. This reaction could be measured by
colorimetric or fluorometric sensor. Both tested nanoparticle’s Biochar and Biochar@Ag
were resuspended in physiologic water at a suitable concentration. In Furter serial dilutions
using Leishmania medium (RPMI 1640) were made in a sterilized 96-wellmicrotiter plates
(Corning™) to get a final volume of 100 uL per well. Later, 100 pL of Leishmania donovani
or Leishmania amazonensis were added to each well, at a concentration of 2*10° cells/mL.
Finally, 20 uL of alamarBlue® reactant were added to the entire plate. After an incubation of
72 h, the plate was checked up visually using an inverted microscope and the emitted
fluorescence was measured with an EnSpire® Multimode Plate Reader (Perkin Elmer,
Madrid, Spain) at 570/585 nm. Leishmanicidal activity was expressed as ICsg values (the
concentration of a sample which caused a 50 % reduction in parasite viability). Those values

were calculated by non-linear regression analysis.

2.3.3. In vitro evaluation against epimastigotes of Trypanosoma cruzi

The nanoparticles were tested against the epimastigotes of T. cruzi. Briefly, in 96-well plates
samples resuspend in physiological water were serially diluted in 100 uL of LIT medium
supplemented with 10 % heat-inactivated fetal bovine serum. In all tests. Later, epimastigotes
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in logarithmic growth phase were counted using the Invitrogen Tali Image-based Cytometer,
adjusted to 10° cells/mL, and 100uL were added to the 96-well plate. Finally, 20 uL of
alamarBlue® reactive were added to the entire plate to be incubated at 27 °C for 72 h. The
plate was observed under an inverted microscope after 72 h of incubation and analyzed

statistically as described in the leishmanicidal test.

2.4. Cytotoxicity Assay

The cytotoxicity assay was performed as described in literature [3]. Briefly, 2 x 10° of
macrophages cells were seeded in a 96-well plate in a 5 % CO, incubator at 37 °C. Cells were
allowed to adhere in 20 min. Meanwhile, serial dilutions of the Biochar@Ag were
prepared in a sterile deep well plate; later 50uL of each concentration were added to the
macrophage 96 well plate. Finally, the alamarBlue® Reagent was added into each well at an
amount equal to 10% of the medium volume and the plate was incubated for 24 hours at 37°C
with 5 % CO, atmosphere. The percentage of cell viability was evaluated using the
alamarBlue® assay. Dose response curves were plotted and the CCs, values were calculated.
Statistical analysis: all data are expressed as the mean + standard deviation of at least three
independent ex-periments. To highlight the dose response effect of the Biochar@Ag, a
statistical comparison was conducted using one-way analysis of variance (ANOVA). All
analyses and graphics were done by GraphPad Prism version 9.0. Statistical significance was
setat p < 0.05.

3. Results and Discussion

3.1. Strategy of Biochar@Ag design and antiparasitic application

There are numerous ways to prepare metallic nanoparticle-loaded biochar. The direct method
consists in impregnating the biomass precursor with silver nitrate followed by pyrolysis. The
indirect method, consists in making biochar first then react with metal ions for the in situ
deposition of the latter and their subsequent reduction into biochar-supported metallic
nanoparticles. Of relevance to this work, Huang et al. [18] treated silver nitrate with KOH to
obtain AgO, and added rosin. The mixture was pyrolyzed at 400 °C for 8 min under air. In
this work, we avoid the use of KOH or any acid treatment or post-treatment of the biochar.
We have pyrolyzed silver nitrate-impregnated olive stone powder particles in the slow
pyrolysis regime, at 400 °C for 15 min and the resulting material was tested for antiparasitic

activity in comparison to bare biochar. Figure 1 depicts the whole strategy of the work.
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Figure 1. General procedure for making silver nanoparticle-loaded biochar for anti-

kinetoplastid application.

3.2. Physicochemical properties of Biochar and Biochar@Ag

Figure 2 displays the XRD patterns of Biochar@Ag and the reference bare Biochar. The latter
is amorphous and exhibits no diffraction peaks. In contrast, sharp diffraction peaks are noted
for Biochar@Ag; they are centred at 20 = 37.9, 44.0, 64.3 and 77.2 ° and assigned to
Ag(111), Ag(200), Ag (220) and Ag(311) crystallographic planes, respectively. This is in line
with results reported elsewhere for silver NP-loaded rosin biochar prepared carbonization of
rosin modified with KOH-treated silver nitrate [18]. The XRD pattern of Biochar@Ag is

consistent with pure metallic silver nanoparticles loaded on biochar.
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Figure 2. XRD patterns of bare Biochar and Biochar@Ag composite.



XP spectra and surface elemental composition of Biochar@Ag are displayed in Figure 3. The
survey region (Figure 3a) exhibits sharp Ag3d doublet is noted with Ag3ds, and Ag3dss
peaks centred at 368.2 and 374.2 eV, respectively (Figure 3b). These binding energy values
[19] and 6 eV splitting [20] are consistent with silver in the metallic state. C1s narrow region
from the biochar is displayed in Figure 3c; it is peak fitted with four components assigned to
sp? carbon atoms (284.6 eV), sp® carbon atoms (285.3 eV), C-O (286.8 eV) and O-C=0
(288.6 eV) carbon atom types [21]. Figure 3d depicts the surface elemental composition (in
at. %); O/C ratio is about 0.16 , lower than 0.20 obtained for Shorea robusta leaves,
carbonized at 300 °C [20]. A lower pyrolysis temperature induces less degradation of the
cellulosic initial material and thus leads to higher O/C ratio as is the case in the case of S.
robusta [20]. One interesting point is that the actual surface silver content is high, and
parallels the sharp Ag3d doublet noticed in Figure 3a. This indicates that direct pyrolysis of
silver nitrate-impregnated biomass is an effective way to obtain high silver nanoparticle
loading on biochar, compared to the impregnation of biochar with pre-fabricated silver
nanoparticles. Indeed, the survey region reported by Shaikh et al. [20] exhibits a very low

relative intensity of the Ag3d doublet.
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Figure 3. XP spectra and composition of Biochar@Ag: (a) survey, (b) Ag3d, (c) C1s, and (d)
chemical composition in at.%.

SEM/EDX can further give credit to the XPS analysis and could explain the sharp Ag3d peak.
Figure 4 displays SEM/EDX analyses of Biochar and Biochar@Ag. One can clearly note that
very dense distribution of silver nanoparticles (Figures 4d,e) over the biochar microparticles,
which have almost a wax-shaped structure (Figure 4a,b). No particular feature is noted for
Biochar at higher magnification (Figure 4c), which contrasts with the individual or stacked,
triangular silver nanoparticles (68 + 7 nm) displayed in Figure 4g for Biochar@Ag. It is also
worth to note the uniform distribution of the Ag NPs (Figure 4f), which fully credits the
effective simple impregnation approach devised in this work. Prominent Ag peak is noted in
Figure 4h for Biochar@Ag compared to Figure 4d showing te absence of any Ag peak for the
bare Biochar. The Ag/C ratio is ~ 0.04 and ~0.06 as determined by EDX (Figure 4h) and by
XPS, respectively. This is an expected trend as XPS is more surface specific than EDX.

10




4

100 rm

. Spectre 48 . Spectre 43
% at % at
874 (& 822
125 - o 143
01 - Ag 35

0.0
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various magnification. EDX spectra in d and h are representative of all EDX analyses.
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Figure 5. TGA analyses of Biochar and Biochar@Ag.

Figure 5 plots the thermograms of Biochar@Ag and the reference bare Biochar. The
gravimetric measurements were performed under air in order to burn out the biochar; this is
the reason for low residual 9.7 wt. %. In the case of Biochar@Ag, the higher residual mass
(31.5 %). The onset of Biochar degradation is 274 °C, higher than that of Biochar@Ag which
starts to degrade at 200 °C, well below the bare Biochar. This could be due to catalytic
thermal degradation of the carbonized matter by silver NPs [22]. Degradation progresses until
377 °C and the mass becomes stable. In the case of Biochar, thermal degradation keeps

progressing until reaching 522 °C the onset of stable Biochar weight loss.

3.3. Antikinetoplastid activities
Table 1. Summary of 1Cspand CCs, values obtained in vitro

. Leishmania Leishmania Murine
Trypanosoma cruzi d . . h
IC onovani amazonensis Macophages
%0 ICso ICso CCs
Biochar@Ag (ppm) 12.154 +0.206 ° 9.942 +0.900 ? 14.555 +1.035 ¢ 70.33 + 0.550
Benznidazole (uM) 6.940 + 1.940 NT NT > 400 M
Miltefosine (UM) NT 3.32+0.27 6.48 + 0.24 72.190 * 3.060

* Means within strains with different lower-case letters (a—c) are significantly different (p <0.05).
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Figure 6. Effect of the Biochar@Ag on promastigote stage of L. donovani (A), L.
amazonensis (B) and Trypanosoma cruzi (C). The bar graph includes the calculated
percentage of growth inhibition. Differences between the values were assessed using one-way
analysis of variance (ANOVA). Data are presented as means £ SD (N = 3) **p < 0.01; ***p <
0.001; ****p < 0.0001.

Leishmanicidal and trypanocidal activities of Biochar and Biochar@Ag were determined
using almarBlue® method. The assay was done against promastigotes stage of L.
amazonensis and L. donovani and epimastigotes of T. cruzi. The obtained values of
concentrations inhibiting 50% of the parasite (ICso) are summarized in Table 1. The
antiprotozoal activity was dose dependent as illustrated in the Figure 6. The natural Biochar
was inactive against all the tested strains. In contrast, Biochar@Ag was very effective to
inhibit all the strains with 1Cs of 12.154 + 0.206, 9,942 £+ 0.900 and 14.555 £ 1.035 ppm
against T.cruzi, L. dononvani and L. amazonensis, respectively. The ANOVA analysis
revealed that the antikinetoplastid capacity was statistically affected by the dose and the type
of parasite used. Indeed, the most sensitive parasite was L. donovani where a concentration of
25 ppm was able to inhibit 90% of the initial cell culture (Figure 7C and 7D), whereas a
concentration of 50 ppm was needed to inhibit 90% of Trypanosoma cruzi (7E and 7F) and

Leishmania amazonensis (Figure 7A, B). On the other hand, the toxicity of the nanoparticles
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was evaluated towards murine macrophages and the cytotoxic concentration at 50% was
determined. The CCs of the Biochar@Ag was 70.33 + 0.550.

L. amazonensis L. donovani T.cruzi

.
»

B 7 . D G4 ‘ . F§ 2

Figure 7. Effect of Biochar@Ag on Leishmania amazonensis at 25ppm; Leishmania
donovani at 12.5 ppm (D) and Trypanosoma cruzi at 25 ppm (F). Negative control for each
strains (A, C and E). Images (40X) are representative of the cell population observed in the
performed experiments. Images were obtained using an EVOS FL Cell Imaging System
AMF4300, Life Technologies, USA. Scale bar = 75um.

Conclusion

To sum up, we have prepared silver nanoparticle-loaded biochar (Biochar@Ag) by pyrolysis
of silver nitrate —impregnated olive pit powder at 400 °C for 15 min, in the slow regime (heat
rate = 30°C/min). Dense and even distribution of triangular silver NPs was noted by SEM,
which accounts for very sharp Ag3d peaks recorded by XPS surface analysis. A more porous
structure was observed for Biochar@Ag compared to bare Biochar, possibly implying an
effect of silver nanoparticles which catalyze the degradation or the biomass or alter its
structure during pyrolysis. A concentration of 50 ppm of Biochar@Ag was able to eliminate
90% of three different kinetoplastid including Leishmania donovani, causative organism of
kala-azar and visceral leishmaniasis, Leishmania amazonensis, causative agent of cutaneous
leishmaniasis, and Trypanosoma cruzi, causative agent of Chagas disease.

From what has been stated above, we have provided a simple pyrolysis method, in the slow
regime, to design antiparasitic application of Biochar@Ag against L. donovani, L.
amazonensis and T.cruzi with lower cytotoxic effect on murine macrophage; although further
studies are needed to illustrate its action mode on the parasite. This waste-to-wealth procedure
could be adapted for other anti-tropical parasite applications, and more importantly it could be
scaled up given its simplicity, versatility and low-cost.
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