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Abbreviation List
1H-NMR: 1H Nuclear Magnetic 
Resonance

µ-XRF: Micro-X-ray fluorescence

ADE: Amazonian Dark Earth

ADEC: ADE cold-water extraction

ADEH: ADE hot-water extraction

AgNPs: Silver nanoparticles

AI: Aromatic index

B: Biochar

BC: Biochar cold-water extraction

BH: Biochar hot-water extraction

CC: Complexation capacity

CCC: Critical coagulation concentration

ConAC: Condensed aromatic carbon

CONCORDIA: Core consistency 
diagnostic

CL: Total ligand site concentration

Cryo-TEM: Cryogenic transmission 
electron microscopy

CuO: Copper oxide

CuONP: Copper oxide nanoparticles

DBE: Double bond equivalent

Dh: Hydrodynamic diameter 

DOC: Dissolved organic carbon

DOM: Dissolved organic matter

DRX: X-ray diffraction

EC50: Effective concentration

EEM: Excitation-emission matrix mode

FET: Fish Embryo Toxicity

FTIR: Fourier transform infrared 
spectroscopy

hpf: Hours post-fertilization

K: Conditional stability constant

LC50: Letal concentration

NOM: Natural organic matter

NP: Nanoparticle

OECD: Organization for Economic Co-
operation and Development

PARAFAC: Parallel factor analysis

PtNMs: Platinum nanomaterials

SOM: Soil organic matter

S: Oxisol

SC: Oxisol cold-water extraction

SB: Oxisol-Biochar system

SH: Oxisol hot-water extraction

SBC: SB cold-water extraction

SBH: SB hot-water extraction

SEM: Scanning electron microscopy

SUVA254: Specific ultraviolet 
absorbance at 254nm

TGA: Thermogravimetric analysis

TEM: Transmission electron microscopy

TOC: Total organic carbon

UPW: ultrapure water

WEOM: Water extractable organic matter

XPS: X-ray photoelectron spectroscopy

ZHE1: Zebrafish Hatching Enzyme 1
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SECTION 1: Biochar Characterization 

X-ray diffraction (XRD)

The crystalline structure of the samples was evaluated by X-ray diffraction (D8 
Advance ECO, Bruker) using CuKα radiation (λ = 1,5406 Å), in the range of 10-90° (2θ), 
with a step size of 0.04° and an accumulation time of 0.6 s per step.

Thermogravimetric analysis (TGA)

Ash content was determined by thermogravimetric analysis (STA 449 F3, 
Netzsch), using a heating ramp of 20 to 850 °C at 10 °C/min.

Raman spectroscopy

Raman spectra were recorded using a 532 nm circular laser line as the excitation 
source, and a 50x objective lens for focusing the laser on the sample surface (XploRA 
Plus, Horiba). Acquisition parameters included 1% filter, 50 µm slit, 10 accumulations, 
and a 30 s acquisition time. The intensity ratio of the D and G bands 
(ID/IG) was calculated using deconvoluted vibrational modes of the G band (∼1580 cm−1) 
and the D band (∼1350 cm−1). Deconvolution was performed using Origin 2022b 
(OriginLab Corporation), and the values represent the average of three spectra.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained in the mid-infrared region (Cary 600 Series, Agilent 
Technologies) in the range of 4000–400 cm−1, with a resolution of 16 cm−1, and with 128 
scans. Solid samples were dispersed in KBr prior to analysis and then pressed to form the 
pellets.

X- ray photoelectron spectroscopy (XPS)

XPS measurements were performed   by applying Al Kα X-rays (K-Alpha, 
Thermo Scientific). Survey spectra (full-range) were acquired to identify the elemental 
composition with a spatial resolution of 400 µm and a pass energy of 50.0 eV. High-
resolution spectra were recorded for C (C 1s) analyzed with Thermo Avantage software 
(version 5.957, ThermoFisher, Basingstoke). 

Measurement parameters included: a total acquisition time of 2 min 23.3 seconds, 
15 scans, spot size of 400 µm, standard lens mode, constant analyzer energy (CAE) with 
a pass energy of 50.0 eV, energy step size of 0.100 eV, and 191 energy steps.

Results and Discussion
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Figure S1. Biochar characterization by a) X-ray diffraction (XRD), b) thermogravimetric 
analysis (TGA), c) Fourier transform infrared spectroscopy (FTIR), d) Raman 
spectroscopy, and e) C1s X-ray photoelectron spectroscopy (XPS).

Biochar from sugarcane bagasse characterization is shown in Figure S1. The 
diffraction pattern of biochar shows a large peak between 15 and 35° (2θ), with a 
maximum at approximately 22–24° (2θ) (Fig. S1a)1,2. This profile is attributed to the low 
structural ordering of biochar, characteristic of carbonaceous material from biomass 
processed through pyrolysis at low temperatures. Further, it reveals a pattern of SiO2 
(PDF#01-089-1961) related with quartz phase, agreeing with the ash content (32%) 
observed in TGA analysis 3 (Fig. S1b). 

Further, the Raman spectrum data confirms the low-structured profile of biochar 
indicated by the intense band at 1568 cm-1, related with O-moieties, and the band at 1370 
cm-1, of lower intensity, indicating the graphitization degree. The ID/IG ratio of 0.68 
suggests defects in the biochar chemical structure, with small aromatics domains3,4. 
Different vibration modes were observed in FTIR spectrum and identified as: -OH 
stretching (3363 cm-1), -CH2/CH3 stretching (2916 cm-1), C=C/C=O stretching (1710-592 
cm-1), -CH bending (1436,1350, 771, and 684 cm-1), -CO stretching (1050 cm-1)2,5. The 
high content of functional groups is also in agreement with XPS C 1s high resolution, 
indicating the presence of C-O, C-N, and C=O bonds on the material’s surface. 
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SECTION 2: Soil Characterization

Thermogravimetric analysis (TGA)

Ash content was determined using thermogravimetric analysis (STA 449 F3, 
Netzsch), heating the sample from 20 to 850 °C at a rate of 10 °C/min.

Results and Discussion

Figure S2. TGA of a) Oxisol, b) Oxisol-Biochar system, and c) Amazonian Dark Earth 
(ADE). DTG – Derivative Thermogravimetric curve – is the first derivative of the TGA 
curve, and represents the rate of change of mass with respect to temperature.

The thermal stability of soils and Oxisol amended with biochar was assessed 
through thermogravimetric analysis, also used to determine their ash content. The ash 
content in the samples was 87% in ADE, 89 % in Oxisol, and 91% in Oxysol-Biochar 
system. This indicates that the addition of biochar to Oxisol increased the soil ash content, 
what is probably due to the ash content in the biochar (32%, please see Fig. S1, Section 
1). Even though the biochar addition to Oxisol was low (0.5 % w/w), silicates were 
identified in the biochar composition (please see Fig. S1, Section1), and it probably 
contributed to increase the ash percentage. Despite the ash content, the profile of 
thermogravimetric curves of Oxisol and Oxisol+Biochar system were similar, showing 
three main mass loss events, where the first one is associated to adsorbed water (~80°C), 
and the other two, at ~300°C and ~500°C, are related to the loss of organic matter of labile 
and more recalcitrant structure, respectively. 

The thermogravimetric curve of ADE samples presented also three mass loss 
events, where the first one was related to adsorbed water (~80°C). Further, the 
thermogravimetric curve showed less defined thermal events and a shift to higher 
temperatures, which was more pronounced to the second mass loss event (~350°C), 
indicating the presence of more complex/stable organic structures in ADE soil 
composition, requiring higher temperatures to be eliminated. 
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SECTION 3: CuO Nanoparticle Characterization

Results and Discussion

CuONP morphology assessed by TEM revealed a quasi-spherical shape, with an 
average diameter of 6.79±0.22 nm. DLS measurements indicated a hydrodynamic 
diameter of 125.37±2.07 nm. The crystalline structure evaluated by XRD indicated a 
single-phase CuONP (JCPDS 01-089-5898). The peaks at binding energies around 934.7 
eV and 954.5 eV could be assigned to the Cu 2p₃/₂ and Cu 2p₁/₂ peaks of CuO, 
respectively, and satellite peaks of Cu 2p₃/₂ around 942.0 eV and of Cu2p1/2 at 963.0 eV, 
characteristics of Cu²⁺, confirm the formation of CuONP6,7 (Fig. S3). 

Figure S3. Copper oxide nanoparticle characterization by a) X-ray diffraction (XRD), b) 
X- ray photoelectron spectroscopy (XPS), c) hydrodynamic diameter, and d) transmission 
electron microscopy (TEM).
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SECTION 4: Water Extractable Organic Matter (WEOM) Characterization 

Fourier Transform Infrared Spectroscopy (FTIR)

The spectra were acquired for WEOM extracted from Amazonian Dark Earth 
(ADE) soil under cold water or hot water conditions (samples labeled ADEC and ADEH, 
respectively), and Biochar extracted with cold and hot water (labelled BC and BH, 
respectively). The WEOMs were freeze-dried, and the powders were dispersed in KBr 
(previously dried in an electric oven at 40 °C for 60 min) for pellet preparation. The 
spectra were obtained in the mid-infrared region (FTIR) (Cary 600 Series, Agilent 
Technologies) in the range of 4000–400 cm−1, with a resolution of 16 cm−1, and 128 scans. 
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Figure S4. FTIR spectra of WEOM from a) Amazonian Dark Earth (ADE) and b) biochar 
(B) from cold- (C) and hot- (H) water extractions.

Ultraviolet-visible spectroscopy (UV-Vis) and dissolved organic carbon (DOC)

Results and Discussion

Table S1 shows the concentration of DOC, the absorbance ratios E2/E3 and E4/E6, 
as well as the specific UV absorbance at 254nm (SUVA254) for the water-extractable 
organic matter (WEOM) extracted from Oxisol, Oxisol-Biochar system, Amazonian Dark 
Earth (ADE) soil, and biochar through cold- and hot-extraction. SUVA254 (L mg−1 m−1) 
was used to estimate the aromaticity at 254 nm and it was normalized according to the 
extracted DOC concentrations (mg C L-1) (Equation 1) 8,9.
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         (1)
𝑆𝑈𝑉𝐴254 =

𝐴254
𝑑

𝐷𝑂𝐶

Where A254 is the absorbance at 254 nm, and d is the optical path of the cuvette (m).

A positive correlation of DOC extracted with temperature was observed for soil 
samples and biochar. Hot-water extraction showed higher values of DOC in the WEOMs 
compared to cold-water extractions (Table S1). The spectroscopic indices are used as 
indicator of the molecular structure and composition of WEOM. The E2/E3 ratio can be 
indicative of molecular size and aromaticity, where the higher the value, the lower the 
molecular size and aromaticity, associated with less complex structures; for E4/E6, higher 
values indicate aromatic structures with low condensation, associated with labile 
compounds, i.e., easier to degrade or transform. Higher temperature preferentially 
mobilized labile carbon structures such as carbohydrates and fulvic acids, which is 
consistent with the decrease of SUVA254 values and E4/E6 ratio trends (Table S1)10–12. A 
positive correlation of DOC extracted with temperature was observed for soil samples 
and biochar. The higher the values of SUVA254, the higher the content of aromatic 
compounds in the samples, while lower values are associated with simple structural 
compounds. Hot-water extraction showed higher values of DOC in the WEOMs 
compared to cold-water extractions (Table S1). Higher temperature preferentially 
mobilized labile carbon structures such as carbohydrates and fulvic acids, which is 
consistent with the decrease of SUVA254 values and E4/E6 ratio trends (Table S1)10–12. 
The solubility of organic carbon could be linked to many factors such as microbial 
biomass, where temperature could contribute to higher extractions 13,  and clay content, 
considering that the organic carbon extractability of clay soil is less sensitive to 
temperature 14, which can affect the evaluation of carbon content and the composition of 
the water-extracts 10,15.

Table S1. Dissolved organic carbon (DOC) concentration, E2/E3 and E4/E6 absorbance 
ratios, and specific UV absorbance (SUVA) at 254 nm of dissolved organic matter 
extracted from Oxisol, Oxisol-Biochar system, Amazonian Dark Earth, and biochar from 
cold- and hot-water extraction.

DOC UV-Vis
Sample

mg C L-1 E2/E3 E4/E6
SUVA254

(L mg C-1 m-1)
SC 13.3 2.083 1.000 1.67Oxisol (S) SH 45.6 3.119 1.030 0.87
SBC 8.6 2.079 1.063 2.74Oxisol+Biochar system (SB)
SBH 56.1 2.925 1.152 0.85
BC 168.0 3.327 2.824 3.37Biochar (B) BH 386.4 3.245 4.080 3.00

Amazonian Dark Earth (ADE) ADEC 60.8 1.978 1.723 3.25
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ADEH 351.2 4.266 2.136 1.29
*The addition of “C” and “H” after the sample label means the temperature employed in the water extraction process, where “C” is 
used for cold-water extraction and “H” for hot-water extraction.

Excitation-emission matrix fluorescence spectroscopy (EEM-Fluorescence)

Results and Discussion

EEM-Fluorescence was used to qualitatively estimate the difference in the organic 
composition among the WEOM from different origins. EEMs-fluorescence data revealed 
similar overall compositions among soil and biochar spectra, showing a main peak at 
[λEx220/ λEm425] and a secondary peak at [λEx325/ λEm425], attributed to fulvic acids or 
humic-like acids of small size and complexity16–19. However, the soils’ spectrum 
presented a low intensity peak at [λEx200/ λEm300], associated with aliphatic and low 
complexity compounds such as carbohydrates and simple aromatic proteins (e.g. tyrosine-
like), and a peak at [λEx280/ λEm350] related to soluble microbial-like products containing 
aromatic proteins (e.g., tryptophan) and amino sugars19–22. Other quality indices such as 
fluorescence index (FI) 23 and the humification index (HIX) (i.e., the degree of 
condensation of aromatic structures) 24 (Fig. S6) were used to distinguish the organic 
matter source and its chemical reactivity, respectively. Values of FI (the area at λEm 435–
480 nm divided by the area at λEm300–345 nm, at λEx 254 nm) lower than 1.5 are generally 
related to terrestrial sources (allochthonous), while higher values are linked to the 
microbial source (autochthonous) 23,25,26. The HIX (the ratio of fluorescence emission 
intensity λEm 450 nm and λEm 500 nm at an excitation wavelength of λEx 370 nm) is related 
to the presence of condensed aromatic structures in the samples 24–27. These values are 
presented in Table S1 and can be valuable indicators of changes to the composition of 
WEOM as a result of increasing the temperature of the water used for extraction and 
following biochar addition to soil. 
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Figure S5. Excitation-Emission matrix (EEM) spectra of WEOM from cold- and hot-
water extraction of Amazonian Dark Earth (samples ADEC and ADEH), Oxisol (SC, 
SH), Oxisol-Biochar system (SBC, SBH), and biochar (BC< BH) where C in the name 
indicates cold extraction while H implies hot-water extraction. 

EEMs-fluorescence data revealed similar overall compositions between ADE and 
biochar samples (Fig. S5), both indicative of an allochthonous C source based on their 
lower fluorescence index (FI) values 28–30 (Fig. S6). As biochar was obtained from 
sugarcane pyrolysis, and ADE organic matter primarily originates from above-ground 
plant litter residues, their lower FI values reflect the allochthonous profile of their organic 
matter 28–30 (Fig. S6). The humification index (HIX) decreased following hot-water 
extraction, which preferentially mobilized simpler compounds such as carbohydrates and 
fulvic acids 10–12. The increase in WEOM’s DOC value with temperature is not linked to 
the degree of humification (HIX), as higher temperatures of extraction are associated with 
labile carbon structures, which is consistent with SUVA254 values and E4/E6 ratio (Table 
S1) 10–12. Further, the DOC enhancement can be due to nitrogen-rich compounds such as 
amino acids and amino sugars, favored in hot-water extractions  15.
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Figure S6.  Fluorescence indices, such as Fluorescence Index (FI, by McKnight), 
Humification Index (HIX, by Zsolnay), and Microbial Material (BIX, by Parlanti), 
obtained by PARAFAC of WEOM extracted from ADE, biochar, Oxisol, and Oxisol-
Biochar system.

Proton nuclear magnetic resonance (1H-NMR)

WEOM samples were diluted with deuterated water (D2O, Acros Organics, 100% 
D) to achieve a solution with a ratio of 90% H2O to 10% D2O. Sodium 2,2,3,3-
tetradeutero-3-trimethylsilylpropanoate (TSP, Acros Organics, 98% D) was added at a 
concentration of 0.83 µM as an internal reference. One-dimensional 1H NMR spectra 
were recorded using a modified water suppression pulse sequence (PEW5shapepr). The 
acquisition parameters included a 4 s relaxation delay, a time domain of 16 k, and 1024 
scans. Spectra were normalized to DOC content. Spectral integration was performed over 
the chemical shifts corresponding to different 1H chemical environments: aliphatic 
protons (CH3, 0.6-1.0 ppm; CH2, 1.0-1.4 ppm; HC−C−C-X, where X is a heteroatom 
such as O, N, or S, 1.4-1.85 ppm), protons in the α position to double bonds (HC−C=Y, 
1.85-3.2 ppm), protons attached to oxygenated carbons (HC-OR, 3.2-4.4 ppm), olefinic 
protons (HC=R, 5.0-6.5 ppm), aryl protons on aromatic rings (H-Ar, 6.5-8.3 ppm), and 
protons in carbonyl groups (HC=O, 8.3-10.0 ppm). The 1H signal between 4.4 and 5.0 
ppm was not considered due to attenuation by the water suppression pulses. While the 
region from 0.0 to 0.6 ppm ("methane" region) was measured for normalization to total 
spectral intensity, it was not evaluated in this manuscript. Resonances in this region are 
typically due to dissolved methane 31 or poorly characterized silicates 32, and were 
excluded from interpretation due to their unclear context in DOM. Sharp singlet peaks 
indicative of pure compounds were observed for protons in acetic acid/acetate (1.9-2.1 
ppm), methanol (3.2-3.4 ppm), and formic acid (8.1-8.3 ppm) in some spectra. Signals 
from these regions were summed and reported as low molecular weight compounds and 
subtracted from their respective regions. Integrals were converted to a carbon basis using 
the H/C ratios expected for the detected protons 33. Each integral was then normalized to 
the total spectral intensity. Results are shown in Table S2.

Table S2. Relative distribution of carbon across functional groups in WEOM from ADE 
and biochar, estimated from 1H-NMR data using H/C correlation. ADE – Amazonian 
Dark Earth, B – Biochar, C – cold-water extraction, H – hot-water extraction. 
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Functional 
Group 

(ID)

1H-NMR 
Chemical 

Shift
(ppm)

ADEC ADEH BC BH

O=CH 8.3-10.0 1.3% 1.6% 2.9% 3.5%
Aromatic 6.5-8.3 7.0% 7.3% 17.8% 20.8%

Olefin 5.0-6.5 2.2% 2.1% 2.6% 3.6%
HC-O-R 3.2-4.4 31.1% 43.5% 21.7% 26.1%
HC-C=Y 1.85-3.2 18.7% 20.1% 27.9% 27.1%

CH 1.4-1.85 9.7% 7.3% 9.3% 7.3%
CH2 1.0-1.4 22.4% 9.6% 12.1% 8.1%

A
lip

ha
tic

CH3 0.6-1.0 6.9% 8.3% 4.6% 3.0%

Aliphatic 39.1% 25.2% 26.0% 18.4%
Oxygenated 51.1% 65.2% 52.5% 56.7%
Olefin 2.2% 2.1% 2.6% 3.6%
Aromatic 7.0% 7.3% 17.8% 20.8%

Electrospray ionization Fourier transform ion cyclotron resonance mass 
spectrometry (ESI-FT-ICR-MS)

The powdered WEOM samples were solubilized in ultrapure water, sonicated for 
10 min, and then batch treated with cation-exchange resin (Dowex 50WX8 100–200 
mesh, Acros Organics). Samples were diluted in methanol (Fisher Scientific, Optima LC-
MS grade) to result in a 1:1 MeOH:water solution. Analyses were carried out using a 10 
Tesla Bruker Daltonics Apex Qe FT-ICR spectrometer with an Apollo II electrospray 
ionization (ESI) source (Bruker, USA). Samples were injected at 120 µL hr−1 and 
analyzed in negative-ion mode, (-)ESI. The instrument was calibrated externally with 
polyethylene glycol 34, and the tune validation was made using Suwannee River Fulvic 
Acid 35. A total of 300 scans were accumulated across a mass range of 200 – 1000 Da for 
each sample. Procedural blanks were analyzed between samples to ensure no carryover 
effects. ESI voltages and ion accumulation delays were optimized for each sample to 
ensure consistent spraying and harmonize the number of detected species of each sample. 
Once mass spectra were acquired, peaks with signal-to-noise ratios ≥ 3 were selected, and 
the mass lists were internally calibrated using naturally abundant fatty acids, dicarboxylic 
acids, and CH2-homologous series 36. Peaks that appeared in process blanks were 
removed, along with salt, doubly charged, and isotopologue (13C) peaks 37. Empirical 
formulas were assigned to peaks using C, H, O, N, S, and P elements in the range of 
12C5-∞, 1H5–100, 16O1–30, 14N0–5, 32S0–4, and 31P0–2. Only formulas within ± 1 ppm error were 
chosen for the final formula lists. Formulas that did not stick to established molecular 
rules for natural organic matter were excluded from consideration. For mass peaks with 
ambiguous assignments (meaning they could match multiple molecular formulas), a 
refinement process was carried out by considering their inclusion within homologous 
series such as CH2, H2, COO, CH2O, C2H4O, O, H2O, and NH3. Ultimately, only one 
molecular formula was selected for each mass peak in the final formula list for each 
sample. 
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Molecular catalogs were explored by calculating key metrics indicative of 
structural properties: molecular weight; number of double bond equivalents (DBE) - 
number of double bonds or cyclization in a molecule; and modified aromaticity index 
(AImod) – a indicative of the double-bond density in a molecule. For AImod ≥ 0.67 
molecules are condensed aromatic compounds (ConAC); for 0.67 > AImod ≥ 0.50 
molecules are aromatic compounds with aliphatic side chains; and formulas with AImod 
=0.00 are viewed as fully saturated compounds. Molecular formulas were also 
categorized based on 1) the presence of non-O heteroelements: CHO, CHON, CHOS, and 
CHOP, and 2) compound class they could represent: condensed aromatic compounds, 
ConAC (AImod ≥ 0.67); lignin (AImod < 0.67; H/C < 1.5; 0.1 > O/C < 0.67); tannin (H/C < 
1.5; O/C ≥ 0.67; AImod < 0.67); sulfonic acid (H/C ≥ 2.0 O/C < 0.67; S > 0); sugar (H/C 
≥ 1.5; O/C ≥ 0.55; N > 0); protein (H/C ≥ 1.5; O/C < 0.55; N > 0); lipid (H/C ≥ 1.5; O/C 
< 0.67; N=0), and unsaturates (H/C <1.5; 0 > AImod < 0.67; O/C <0.1) 36,37. Molecular 
formulas were visualized on van Krevelen diagrams 38. 

The numbers of identified molecular formulae determined by negative ion mode 
ESI were 2826 formulas for ADEC and 1736 formulas for ADEH, showing 1160 similar 
formulas between them. For biochar, 1695 formulas were identified for BC and 1187 
formulas for BH, with 1039 being common formulas present in both biochar extracts.

Table S3. Relative percentage of compounds’ formulas identified by ESI-FT-ICR-MS 
on the WEOM samples of ADE and biochar.

ADEC ADEH BC BHCompound Classes
(%)

CHO 67.08 81.73 95.85 98.52
CHON 18.60 6.86 0.54 0.66
CHOS 13.92 11.41 3.61 0.82
CHOP 0.40 - - -

ConAC-like 9.28 1.36 18.54 19.74
Lignin-like 55.95 59.68 69.58 74.44
Tannin-like 13.41 22.09 5.33 3.10
Sulfonic Acid-like 10.62 0.55 3.5 0.36
Sugar-like 4.43 11.61 2.03 1.57
Protein-like 3.15 3.45 0.15 -
Lipid-like 3.04 1.27 0.84 0.78
Unsaturated-like 0.07 - 0.03 -
Extra-like 0.05 - - -

AI 0.38 0.35 0.53 0.56
DBE 11.80 12.55 16.22 15.90
(-) Not identified; AI: aromatic index; DBE: Double bond equivalent.
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SECTION 5: Eco-corona Characterization

EEM-PARAllel FACtor analysis 

Figure S7. PARAFAC-identified components representing interactions between soil 
WEOM and CuONPs: (a) WEOM from Oxisol, Oxiso-Biochar system, and Amazonian 
Dark Earth, where C1, C2, and C3 were identified as the main components, and C4 was 
likely noise-related signal; (b) WEOM from biochar alone, being identified two 
components (C1 and C2).

Fourier Transform Infrared Spectroscopy (FTIR): The main functional groups 
present in the molecules comprising the eco-corona acquired by CuONP upon interaction 
with WEOM were attributed by FTIR analysis. The spectra were obtained in the mid-
infrared region (FTIR) (Cary 600 Series, Agilent Technologies) in the range of 4000–400 
cm−1, with a resolution of 16 cm−1, and 128 scans, with the solid samples being dispersed 
in KBr. The KBr was previously dried in an electric oven at 40 °C for 60 min, thoroughly 
mixed with the sample, and then pressed to form the pellet. 
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Figure S8. FTIR spectra of CuONP with hard corona of WEOM from a) Amazonian 
Dark Earth (ADE), b) biochar, c) Oxisol, and d) Oxisol-Biochar system, after three 
washing steps with UPW.

X- ray photoelectron spectroscopy (XPS)

XPS measurements were performed   applying Al Kα X-rays (K-Alpha, Thermo 
Scientific). Survey spectra (full-range) were acquired to identify the elemental 
composition with a spatial resolution of 400 µm and a pass energy of 50.0 eV. High-
resolution spectra were recorded for C (C 1s). The spectra were analyzed with Thermo 
Avantage software (version 5.957, ThermoFisher, Basingstoke). 

Measurements parameters included: a total acquisition time of 2 min 23.3 seconds, 15 
scans, spot size of 400 µm, standard lens mode, constant analyzer energy (CAE) with a 
pass energy of 50.0 eV, energy step size of 0.100 eV, and 191 energy steps.
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Figure S9. XPS carbon (C1s) spectra for CuONP with hard corona obtained from 
nanoparticle interaction with WEOM from Oxisol, Oxisol-Biochar system, Amazonian 
Dark Earth and biochar, after three wash steps with UPW, and the relative percentage of 
chemical bonds obtained from the relative peak intensities.

Cryo-transmission electron microscopy (Cryo-TEM)

Cryo-TEM was used to identify the eco-corona formation on CuONPs primarily 
for those samples that presented better results from quenching titration, i.e., WEOM 
samples from hot-water extraction. Thus, Figure S10 presents the images of SH and SBH 
samples where no eco-corona formation was identified. The images resemble those of 
CuONP in UPW (Fig. 2a), where no difference in contrast surrounding the nanoparticles 
is identified, which would otherwise indicate the presence of a molecular layer (eco-
corona) adhered to the nanoparticle surface. Images of WEOM from cold-water 
extraction were obtained only for samples where quenching titration and stability results 
showed outstanding behavior such as higher binding affinities (log K and CC values) and 
aggregation inhibition from NaCl addition, i.e., ADEC and BC samples (Fig. 2b and 2c).
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Figure S10. Cryo-TEM images of eco-corona identification on CuONP from their 
interaction with WEOM samples (ADEC, ADEH, BC, and BH) to estimated corona 
thickness, measured by contrast differentiation, represented by yellow colored lines in the 
grey value (intensity) versus distance (nm) plots. 

Figure S11. Cryogenic transmission electron microscopy images of CuONP interaction 
with WEOM from a) SH and b) SBH samples.
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SECTION 6: Nanoparticle and WEOM Interaction

Figure S12. a) Zeta potential for WEOM samples from hot- and cold-water extractions; 
b) Zeta potential of CuONP in UPW and after WEOM addition. S – Oxisol, SB – Oxisol-
Biochar system, ADE – Amazonian Dark Earth, with C and H indicating cold- and hot-
water extractions, respectively.

Aggregation Kinetics 

Determination of attachment efficiency 

The aggregation slope is divided into two phases that are used to determine the attachment 
efficiency. The first one corresponds to when the aggregation rate constant (k) is defined 
as the period from the experimental initiation (t0) and is known as reaction-limited 
aggregation (RLA). At this point the Dh increases with time, and it corresponds to the 
period from the initial aggregation (Dh0) to the time that Dh reaches values that exceeded 
at least 1.50 of the initial Dh0. The second one is known as diffusion-limited aggregation 
(DLA), where the aggregation rate constant (kfast) is independent of electrolyte 
concentration and aggregate formation occurs rapidly. During DLA the diffusion rate 
controls the aggregation process. The k value is calculated following Equation 2 (E2)

          (E2)
𝑘=

1
𝑁0(

𝑑𝐷𝑡(𝑡)

𝑑𝑡 )𝑡→0
where N0 is the initial particle concentration. The attachment efficiency (α) is determined 
by normalizing the constant of the initial slope (RLA) (k), of the aggregation profile, by 
the constant under favorable aggregation conditions (kfast) (DLA) for each solution 
chemistry, as described by Equation 3 39–41. 

         (E3)

𝛼=
𝑘

𝑘𝑓𝑎𝑠𝑡
=

1
𝑁0(

𝑑𝐷𝑡(𝑡)

𝑑𝑡 )𝑡→0
1

𝑁0𝑓𝑎𝑠𝑡(
𝑑𝐷ℎ(𝑡)

𝑑𝑡 )𝑡→0𝑓𝑎𝑠𝑡
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All the measurements for each NaCl concentration, and all the tested media, were 
acquired in duplicate.

Figure S13. CuONP (100 mg L-1) aggregation kinetics, as a function of NaCl 
concentration (0-1000 mM) at pH 5-6, in WEOM (at 5mg C L-1) from a) hot-water 
extraction of Oxisol (SH), b) cold- and c) hot-water extraction of Oxisol-Biochar system 
(SBC and SBH, respectively), d) hot-water extraction of biochar (BH), and e) hot-water 
extraction of Amazonian Dark Earth (ADEH). 

Figure S14. (a) Schematic illustration of eco-corona formation on CuONP and the 
resulting agglomeration behavior as influenced by eco-corona structure. (b) Aggregation 
kinetics of CuONP in response to increasing NaCl concentrations (0-1000 mM) at pH 5-
6 across different matrices: UPW (CuONP+UPW), and WEOM extracted using cold 
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water from Oxisol (CuONP+SC), biochar (CuONP+BC), and Amazonian Dark Earth 
(CuONP+ADEC).

Nanoparticle Stability Evaluation:

Figure S15. Photos of CuONP (100mg L-1) stability at different WEOM (SC, SH, SBC, 
SBH, ADEC, ADEH, BC, and BH, at 5 mg C L-1), evaluated over 96 hours in ultrapure 
water (a and b) and in EPA medium (c and d) and the corresponding absorbance 
measurements (396 nm).
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Figure S16. UV-Vis absorption spectra (200-600nm) of ultrapure water (UPW) and 
copper oxide nanoparticles (CuONP).
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SECTION 7: Toxicity Assessment 

 

Figure S17. Hyperspectral microscopy images of the outer surface of the chorion 
membrane of zebrafish embryos (48 hpf) exposed to CuONP in a medium containing 
WEOM from biochar (BC and BH), Oxisol-Biochar system (SBC and SBH), Oxisol 
(SH), and Amazonian Dark Earth (ADEH).

Figure S18. Hatching rate of zebrafish embryo at 96hpf exposed to CuONP and CuONP 
with an eco-corona formed from a) cold- and b) hot-water extractable organic carbon 
from Oxisol (SC and SH), Oxisol-Biochar system (SBC and SBH), Amazonian Dark 
Earth (ADEC and ADEH), and biochar (BC and BH) at 5 mgC/L. Data are expressed as 
mean ± error for three independent experiments for each concentration, and the statistical 
analyze was made by comparing the eco-corona treatments with the treatment containing 
only CuONP, where the asterisk (*) means a statistically significant difference.
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Table S4. Copper oxide nanoparticles (CuONP) concentration needed to reduce 50% of 
the hatching rate of zebrafish embryos with 95% confidence interval.

Sample EC50
(µg L-1)

Standard Error 
(SE)

95% Limits

CuONP 0.69 0.27 0.11
CuONP+SC 0.24 0.08 0.07
CuONP+SH 4.96 0.76 3.31

CuONP+SBC 1.79 0.72 0.24
CuONP+SBH >10.00 - -

CuONP+ADEC >10.00 - -
CuONP+ADEH >10.00 - -

CuONP+BC >10.00 - -
CuONP+BH >10.00 - -

(-) Not applicable.
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