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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Metallic NPs are localized at bark sur
face and in porous inner structures

• First application of cold O₂ plasma and 
TMAH digestion to tree bark

• O₂ plasma achieves 89 % degradation 
and preserve selectively oxide NPs

• Impact of degradation strategy on 
nanoparticle preservation is evaluated
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A B S T R A C T

This study presents methodological advancements for characterizing atmospheric nanoparticles (NPs) accumu
lated in tree bark, a passive bioindicator of urban nanoparticle pollution. Accurate assessment requires efficient 
degradation methods that remove organic matter while preserving inorganic NP properties. Preliminary imaging 
(SEM, X-ray microtomography) and chemical mapping revealed heterogeneous NP distributions, with prefer
ential accumulation at the bark surface and partial penetration into internal porous structures. Two degradation 
strategies – tetramethylammonium hydroxide (TMAH) digestion and cold O2 plasma treatment – were evaluated 
using bark doped with enginereed NPs (Au, Fe2O3, MnO2, TiO2, Al2O3, CuO) at environmentally relevant con
centrations. TMAH removed 27 % of bark dry weight, while O₂ plasma achieved 89 %, confirmed by FTIR 
analysis showing disappearance of lignin and cellulose peaks. spICP-MS quantification demonstrated that O2 
plasma preserved TiO2 and Al2O3 (~100 % recovery), partially degraded Fe2O3 (-43 % mass loss), and fully 
degraded CuO and MnO2, likely due to ionization energy thresholds and oxidation state transitions. TMAH 
induced partial Fe2O3 dissolution and CuO aggregation via complexation and electrostatic interactions. These 
results highlight the critical influence of degradation protocols on NP stability and underscore the need for 
optimized methods that efficiently remove organic matter while maintaining NP integrity. This work provides a 
robust analytical framework for environmentally relevant studies of nanoparticle behavior, persistence, and 
potential hazard in complex biological matrices.
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1. Introduction

Nanoparticles (NPs, 1 ≤ size ≤ 100 nm) are raising growing concerns 
about their potential impact on human health and the environment, 
with fluxes of the order of Tg/year, varying according to their source. 
The flow of incidental anthropogenic NPs is in the order of 1–10 Tg/year 
and can contribute to air, soil and river pollution [1]. Inorganic particles 
released in the urban atmosphere are metallic oxides particles such as 
Fe3O4, but also TiO2, MnO2 and CuO, which come from traffic activities 
such as exhaust emissions, brake pad wear and tire abrasion [2,3]. In 
addition, particles are also produced by other sources of activity such as 
industrial, residential combustion [4] and the erosion of buildings [5].

In the environment, they can disperse and accumulate in soil and 
water, potentially affecting ecosystems and food chains. Metallic NPs 
can disrupt the growth of plants and micro-organisms, which are 
essential to biodiversity [6]. Several studies on the impact of atmo
spheric NPs on human health have been conducted and because of their 
size, they can easily penetrate living organisms, crossing biological 
barriers and reaching organs such as the lungs, brain and liver. Once in 
the body, they can generate oxidative stress, a chemical reaction that 
damages cells and tissues [7] and epidemiological studies show that 
exposure to air pollution NPs increases the risk of cardiovascular dis
ease, including stress and systemic pulmonary inflammation, nervous 
system imbalances [8,9]. The risk therefore depends on parameters like 
the chemical composition, number and size distribution of these parti
cles. Even though the danger is recognized, the human health risk 
assessment also requires characterizing the exposure of the general 
population to atmospheric NPs.

In urban areas, various methods are used to measure ultrafine par
ticle concentrations and distributions. Condensation Particle Counters 
(CPCs) allow for real-time measurements of particle number concen
tration, while Scanning Mobility Particle Sizers (SMPSs) provide 
detailed size, number, and volume distributions of NPs [10]. However, 
these techniques do not directly determine the chemical composition of 
the particles, which requires filter-based sampling followed by labora
tory analysis using methods such as bulk or LA-ICP-MS [11].

Other methods like field flow fractionation (FFF) or Dynamic light 
scattering (DLS) can be used to determine the size distribution of NPs 
[12–14]. X-ray energy dispersive analysis (EDX) combined with scan
ning electron microscopy (SEM) offers insights into the size and 
elemental composition of NPs [15] within the range from nano to 
micron scales. These latter are however limited in that they do not 
simultaneously provide information directly relevant to assessing po
tential health impacts. From the past two decades, single-particle 
inductively coupled plasma-mass spectrometry (spICP-MS) have been 
developed. It is a technique that can determine elemental composition, 
particle mass distribution and particle number concentration of sus
pended NPs in an aqueous solution [16]. It has been used especially to 
determine the behaviour and fate of NPs surface waters [17–19], with 
ICP-ToF-MS applied for ash deposits [20] and also in urban area for NPs 
from road dust leachate [21]. These leachates have been shown to 
contain trace metal(loid)-bearing NPs originating from atmospheric 
deposition, vehicular abrasion, and resuspension processes.

High-resolution mapping of atmospheric particle exposure requires a 
large number of sampling points. However, effectively mapping the 
exposure spatially, at the scale of a city for instance, remains a signifi
cant challenge. These measurements are currently confined to labora
tory settings and have not been integrated into air quality monitoring 
practices. The primary challenge lies in the fact that, although spICP-MS 
can simultaneously provide size distribution and chemical composition 
data at the nano-scale, it remains underutilized for generating spatially- 
resolved maps of atmospheric NPs.

For this purpose, the use of passive biosensors such as tree bark as an 
indicator of the amount of NPs air pollution can be interesting [22,23]. 
Some studies already show the presence of metallic particle within the 
tree bark. Most of these studies usually analyzed the total metallic 

contents by ICP-MS after full mineralization of the barks, combined with 
SEM observations of particles [24]. Since the 2000s, analyses have most 
often focused on heavy metals in urban and industrial areas. In Serbia 
increased levels of zinc, copper, and lead were observed near busy roads, 
demonstrating a direct correlation with traffic intensity [25]. Similar 
results were reported in Nigeria, where the analysis of heavy metals in 
Terminalia catapa bark from parking areas with varying vehicle density 
revealed a clear link between metal concentrations and both urbaniza
tion and vehicle emissions [26].

Plane trees renew their bark once a year, which is why they have 
recently attracted the interest of scientific studies, mainly using envi
ronmental magnetism [27,28]. These studies have focused on total 
metal measurements, which lack size and number information, and on 
magnetism, which only captures a fraction of NPs present in bark.

It is therefore paramount to identifying and quantifying the 
elemental composition of NPs deposited on tree bark to create detailed 
maps that show where concentrations of different metallic NPs are 
highest within urban areas, helping to identify pollution hotspots using 
advanced analytical techniques like spICP-MS. It would be possible to 
characterize exposure to NPs by combining the use of passive biological 
bio-indicators, which are widely available in urban areas, with a unique 
technique giving access to the chemical composition and size distribu
tion of the particles. spICP-MS measurement requires NPs to be sus
pended in an aqueous phase, which means to transfer inorganic NPs 
from the tree bark to an aqueous solution. The main chemical compo
nents of bark are cellulose, lignin, hemicellulose and suber [29]. From 
these, lignin binds the bark cells together, providing bark mechanical 
strength and rigidity to resist external forces. Lignin is an irregular, 
cross-linked polymer network, which is composed of randomly 
cross-linked phenylpropanoid units. Hence, tree bark, also called 
“lignocellulosic material” is a complex and tough organic matrix to 
degrade. Before selecting a suitable degradation strategy, it is essential 
to understand how atmospheric NPs are distributed within the bark 
matrix. In this context, microscopy techniques such as scanning electron 
microscopy (SEM) and particle-induced X-ray emission (PIXE) have 
been used [30] to explore element localization within the bark, 
revealing that some atmospheric contaminants can penetrate beyond 
the surface and accumulate in specific internal layers. However, such 
approaches remain limited and have not been routinely applied to the 
study of NPs.

Given the structural complexity of bark and the potential embedding 
of inorganic particles in lignified tissues, a controlled degradation of the 
lignocellulosic matrix is necessary to release the NPs without altering 
their composition. Advanced Oxidation Processes (AOPs), such as Fen
ton or Fenton-like reactions, rely on the generation of highly reactive 
radical species and are primarily designed for the mineralization of low- 
molecular-weight organic contaminants dissolved in aqueous media, 
particularly in wastewater treatment [31,32]. However, their applica
tion to solid, highly recalcitrant biopolymers such as lignin and cellulose 
remains limited due to restricted radical accessibility and the intrinsic 
resistance of these polymeric structures to non-selective oxidative 
attack.

For biological tissues (e.g., fish and beef tissue), alkaline degradation 
methods are commonly used, particularly those involving tetramethy
lammonium hydroxide (TMAH) [33–35]. TMAH digestion at 90 ◦C for 
3 h has been shown to achieve complete solubilization, enabling sub
sequent chemical and elemental analyses [33]. Efficient solubilization of 
proteins, amino acids, and lipids in chicken tissue has also been 
demonstrated using a TMAH-based method, with recovery rates of 
90–95 % [34]. However, TMAH has never been tried to degrade bark 
samples so far. O₂ plasma degradation has been successfully applied to 
degrade organic matter of various compositions, particularly in re
fractory plant matrices [36]. This method effectively decomposes cel
lulose surfaces by breaking polymer chains and forming highly 
functionalized molecules [36]. This method has been used in fields such 
as archaeological conservation [37] and biomass processing [38], but its 
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application to tree bark degradation remains unexplored. In contrast to 
conventional AOPs, both cold O₂ plasma and alkaline TMAH digestion 
offer promising alternative degradation strategies better suited for 
controlled solubilization of complex solid matrices.

Despite the extensive research on these degradation methods, none 
have simultaneously evaluated their efficiency in degrading tree bark 
while assessing their impact on NPs. Given that tree bark is both 
chemically complex and a key bioindicator for environmental pollution, 
developing an optimized degradation method that preserves nano
particle properties while efficiently removing organic matter is crucial 
for accurate environmental assessments.

The objective of this study is thus twofold: (i) to demonstrate the 
spatial localization of NPs in bark tissue, and (ii) to assess the ability of 
two methods to selectively degrade the bark while preserving the inor
ganic particles. The first part focuses on locating metallic NPs within the 
bark matrix using a combination of complementary and multi-scale 
techniques: X-ray microtomography for 3D imaging of the internal 
structure at the micro-scale coupled with thin-sectioning and electron 
imaging for 2D imaging at higher spatial resolution. In the second part, 
O₂ cold plasma and TMAH degradation were investigated for the first 
time in the context of bark matrix degradation, for their ability to release 
NPs from the bark while preserving their physicochemical characteris
tics, in order to optimize bark-based environmental monitoring pro
tocols. The degradation efficiency of TMAH and oxygen plasma was first 
assessed using UV–VIS spectroscopy and FTIR. Then, to evaluate the 
potential of each method to preserve nanoparticle characteristics during 
digestion, bark samples were doped at environmentally relevant con
centrations with enginereed NPs (Au, Fe₂O₃, MnO₂, TiO₂, Al₂O₃, CuO), 
and the recovery rates and mass distributions of these particles were 
measured before and after digestion using spICP-MS.

2. Material and methods

2.1. Bark sample

In order to obtain robust recovery calculation during NPs doping 
tests, it was compulsory to work with a sample as uncontaminated as 
possible. Therefore, the location chosen for sampling was a forest 
environment free of NPs from anthropogenic origin. The tree bark from 
Platanus sp. used in this study has been sampled in March of the year 
2019 in the Fontainebleau forest (48◦ 25′ 52.36″ N, 2◦ 37′ 38.76″ E, 
Fontainebleau, France). The sampling protocol consisted in detaching 
several fragments of the bark from the tree at heights between 1 and 
1.7 m aboveground, using a plastic bag turned inside out for subsequent 
storage. The fragments are then stored in the freezer and ground using a 
grinder (®Mockmill 200) with ceramic blades to avoid metallic 
contamination. For the particle localization step, two Platanus sp. bark 
samples from Paris were selected based on their high iron content 
(1189 ppm and 1180 ppm, respectively), compared to only 57 ppm in 
the Fontainebleau reference bark.

These “contaminated” samples were used to investigate the spatial 
distribution of naturally accumulated NPs within bark tissues.

2.2. Electron microscopy

Scanning Electron Microscopy (SEM) analyses were performed at 
IPGP’s platform PARI using an Auriga 40 instrument equipped with a 
Bruker Quantax 200 energy dispersive X-ray spectrometer (EDS), oper
ated at a resolution of 1 nm with an energy beam of 30 keV. To improve 
noise reduction, the surface of the sample was gold-coated. SmartSEM 
software was utilized for image acquisition and enhancement.

Transmission Electron Microscopy (TEM) analyses were carried out 
at the PICMO platform of Université Paris Cité using a Jeol JEM 2100 
microscope (LaB6 filament), with a beam energy of 100 kV and a spatial 
resolution of 0.2 nm.

2.3. 3D imaging by X-ray micro-tomography

X-ray computed-tomography analyses at the micro-scale (micro-CT) 
were conducted at CEREGE’s MATRIX platform using a Zeiss MicroXCT- 
400 system. Samples were placed in Kapton tubes external face up. Scans 
were acquired at 40 kV and 250 µA; a total of 2 500 projections were 
collected through 360◦ sample rotation with an exposure time of 12 s per 
projection, resulting in a total acquisition time of 10 h. A 20x magnifi
cation optical objective was used to achieve an isotropic voxel of 1 µm 
and a field of view of 1x1x1 mm3. Volume reconstruction was performed 
with XM Reconstructed-Parallel Beam-9.0.6445 software using a filtered 
back projection algorithm. The brightest voxels, i.e. with highest X-ray 
absorption, reveal the distribution of metallic particles within the bark 
matrix, exhibiting lower X-ray absorption. The detail detectability is 
assumed to be at least 3 times larger than the voxel size (>3 µm).

2.4. Transverse thin sections of tree bark

Bark samples were embedded in a polymerizable resin to stabilize 
their porous structure and prevent deformation or particle loss during 
preparation. The embedding process involved several steps: fixation in 
2.5 % glutaraldehyde solution in 0.05 M phosphate buffer (pH 7.2) at 
atmospheric pressure for 24 h, followed by dehydration through a 
graded series of ethanol and acetone baths. Final resin impregnation was 
carried out under vacuum using Spurr’s resin medium viscosity (EMS).

Once polymerized, thin sections of 150 nm and 500 nm were cut 
using an ultramicrotome (RMC power tome XL) equipped with a dia
mond knife (Diatome), and stained with 1 % toluidine blue and 1 % 
borax to enhance visualization of the cellular structures by SEM and 
TEM.

2.5. Lignocellulosic material degradation protocol

2.5.1. Tetramethylammonium hydroxide (TMAH)
A 25 wt% laboratory-grade TMAH solution was obtained from Sigma 

Aldrich®. MQ water (18.2 MΩ cm) was used throughout. An aliquot of 
30 mg of bark was mixed with a 10 mL 20 %V/V TMAH aqueous solu
tion. The bark-to-solution ratio was selected based on values commonly 
used in TMAH digestion protocols reported in the literature (typically 
5–25 % v/v) [35]. Preliminary tests conducted using ratios ranging from 
10 % to 30 % (v/v) did not show any significant influence on organic 
matter solubilization; therefore, the selected ratio was retained for all 
experiments. The samples were sonicated for 20 min and stirred at 
80 rpm for 3 days.

2.5.2. O2 plasma reactor
The samples were digested by an RF Plasma Barrel Etcher PT7160 

(Polaron). A cold oxygen plasma reactor works by introducing an oxy
gen plasma into a chamber where the sample is placed. Oxygen ions and 
radicals oxidize refractory organic matter, reducing it to simpler com
pounds such as carbon dioxide and water. This process takes place at a 
relatively low temperature, between 60◦C and 90◦C, preventing thermal 
modification of the metallic NPs. An aliquot of 80 mg bark powder is 
placed in a ceramic crucible with a Teflon pierced lid. A carrier gas (O2) 
is introduced into the chamber, raising the chamber pressure to 0.5 bar. 
Then a 13.5 MHz radio frequency power is applied around the chamber 
The sample is digested for 5 h. After degradation, 1 mL of MQ is added 
and the samples is sonicated for 20 min to remove material from the 
crucible. Then 9 mL of MQ is added and the solution is transferred in a 
15 mL culture tube.

2.6. Lignocellulosic material degradation monitoring

TMAH degradation progress was monitored over time by measuring 
both dry weight loss and lignin absorbance in UV spectroscopy. The 
degradation efficiency of O2 plasma reactor was monitored by following 
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the dry weight loss and FTIR spectra.
For TMAH degradation, dry weight loss was calculated at the end of 

the experiment by filtering the solution using a 0.2 µm nylon filter on a 
Büchner funnel, and the filter containing the residual organic matter was 
subsequently weighed. For O2 plasma reactor degradation, dry weight 
loss at the end of the experiment was calculated by weighing the crucible 
containing the combustion residue.

UV-Visible absorption spectra were acquired using a Thermo
scientific Genesys 50 UV-Vis spectrophotometer.

Reference lignin (Cat. N◦ 471003: alkali lignin with low sulfonate 
content) was obtained from Sigma Aldrich and used for UV-Vis cali
bration of the lignin concentration in solution. A correlation coefficient 
of r² = 0.99 was obtained for this calibration.

Spectra were recorded for three replicates of bark mixed with TMAH 
solution and bark mixed with TMAH control solution diluted to 1/10 
concentration. Spectra for each sample was acquired over the 
200–600 nm wavelength range at 1 nm resolution and corrected from 
TMAH control solutions.

For FTIR analysis, a KBr pellet was prepared by mixing 2 mg of bark 
powder with 198 mg of KBr, followed by compression using a KBr pellet 
press machine. FTIR spectra were recorded using a Thermo Scientific 
Nicolet iN MX microscope equipped with an Ever-Glo conventional 
Infrared source, a x15 objective, and a liquid nitrogen-cooled mercury 
cadmium telluride (MCT)-A detector. Data analysis was performed using 
OMNIC Picta software.

2.7. Efficiency recovery experiments

AuNPs were obtained from NanoComposix (San Diego, CA, USA) as 
certified reference materials provided in aqueous suspension, with a 
nominal diameter of 32.7 ± 2.0 nm and a certified particle number 
concentration (0.147 × 10⁹ NPs⋅mL⁻¹). Metal oxide NPs (Fe₂O₃, MnO₂, 
TiO₂, Al₂O₃, and CuO) were supplied in powder form by different man
ufacturers. According to supplier specifications, CuO NPs (US Research 
Nanomaterials) had a nominal size range of 30–50 nm, Fe₂O₃ NPs (US 
Research Nanomaterials) a nominal diameter of 100 nm, MnO₂ NPs (US 
Research Nanomaterials) a nominal diameter of 50 nm, Al₂O₃ NPs 
(Sigma-Aldrich) a nominal size < 50 nm, and TiO₂ NPs (Tayca Corpo
ration) a nominal diameter of 100 nm. No surface coating or stabilizing 
agent was specified by the manufacturers, and no additional surface 
functionalization was applied prior to use. Fe₂O₃, MnO₂, TiO₂, Al₂O₃, and 
CuO NPs were futher characterized using scanning electron microscopy 
(SEM-EDS). The SEM pictures and size results are presented in Sup
porting Information 1.

To evaluate the NPs recovery after bark degradation using either 
TMAH or O2 plasma methods, the ‘pristine’ bark sample from the Fon
tainebleau forest was doped with the selected engineered NPs above 
mentioned. Spiking experiments consisted of adding known masses of 
engineered nanoparticles to pristine bark samples prior to degradation, 
followed by digestion and spICP-MS analysis to assess nanoparticle re
covery. An initial test of two replicates with gold NPs was carried out, 
prior the use of a mixture containing Al2O3, CuO, TiO2, MnO2 and Fe2O3 
NPs in MQ water, with respectively 3 replicates and 10 replicates for 
TMAH and O2 plasma degradation. Another NPs aliquot was added to 
MQ water as a reference and stored in the fridge until the analysis. The 
NP mixture solution was prepared to reflect environmentally relevant 
concentrations in urban bark samples, based on calculations from recent 
data reported by our group [27]; see Supporting Information 2). For 
TMAH degradation 1 mL of the NPs mixture was added to the bark in 
20 %V/V TMAH solution while a 100 µL droplet of the NPs mixture was 
added to the bark before O2 plasma degradation. All samples were sys
tematically sonicated during 20 min prior to analysis to limit aggrega
tion. The effect of the bark degradation on the NPs was assessed through 
the monitoring of the particle number concentration (PNC), particle 
mass concentration (PMC) and particle mass distribution (PMD) for 
undegraded spiked samples (only NPs), degraded spiked bark samples 

and for the unspiked degraded control bark sample. These parameters 
were quantified using single-particle inductively coupled plasma mass 
spectrometry (spICP-MS). The protocol is illustrated in the Fig. 1.

2.8. NPs detection by sp-ICP-MS

Single-particle ICP-MS measurements were performed using an 
analytical workflow previously developed and fully validated on the 
same HR-ICP-MS instrument (Element II, Thermo Scientific, located on 
the IPGP – PARI platform), including particle mass calibration, size 
detection limits, linearity range, accuracy, and repeatability, as detailed 
in Tharaud et al. [39,40]. All measurements were conducted within the 
validated operational range of this well-established method. The intro
duction system was a quartz cyclonic spray chamber with a PFA 
MicroFlow nebulizer. The peristaltic pump rate was set at 12 revolution 
per minutes (rpm) generating a sample uptake flow of 0.171 mL.min− 1. 
Torch parameters were optimized to achieve maximum sensitivity and 
stability: the RF power was set to 1285 W, the auxiliary flow rate at 1 L. 
min− 1, the cooling flow rate at 16 L.min− 1, and the sample flow rate at 
1.025 L.min− 1. The HR-ICP-MS was tuned daily to ensure maximum 
sensitivity (ie 1.6–2E6 ct s− 1/ppb on 115In in Low Resolution mode) and 
stability while also maintaining the oxide rate (UO/U) below 10 %. 
Secondly, high-resolution lenses were optimized in order to reach the 
best resolution power in each resolution mode (MR > 400; HR > 10000). 
The medium resolution was chosen to analyze 197Au, 27Al, 48Ti, 55Mn, 
56Fe and 63Cu. For a 90 s time scan and with a dwell time of 3 ms, a total 
of 15 000 data points were acquired per sample. The number of events 
did not exceed 10 % of the total readings, i.e. 1500 particles. To deter
mine the transport efficiency, a certified Au NPs reference material (i.e. 
diameter = 32.7 ± 2.0 nm and particle concentration 0.147 ×109 NPs. 
mL− 1) was used [39]. A transport efficiency of 11.1 % was calculated. 
The quantification was carried out using a multi-elemental standards 
range with concentrations varying from 100 ppt to 10 ppb.

For a given type of NP, identical dilution factors (from 100 to 1000) 
were applied before analysis to the digested, undigested and control 
samples. For each sample, a time-resolved signal intensity trace is ac
quired, displaying counts per second as a function of analysis time. 
Discrete signal peaks correspond to individual nanoparticle events, 
whereas the continuous baseline signal reflects the contribution from 
the dissolved ionic fraction. Particles larger than approximately 1–2 µm 
are known to be excluded by the sample introduction system and were 
therefore outside the analytical scope of the present study.

To distinguish the dissolved fraction from the particulate fraction, 
the Gaussian Mixture Model (GMM) has been used [40]. The GMM is 
based on a model that gives probabilities for all the datapoints to belong 
to a specific cluster, here the dissolved fraction or the particulate frac
tion. Once the data points have been distributed to the clusters, the 
number and mass of particles can be recalculated [39].

Then the particle mass concentration for one dataset is recalculated 
using the equation (1): 

PMC
∑

mp
q ∗ td ∗ ɳtransport

(1) 

where mp is the mass of the particles, td the sample analysis duration, q 
the sample uptake flow and ɳtransport the transport efficiency. Re
coveries were calculated by comparing spiked reference solutions (ie 
without bark and undigested) and spiked bark samples after digestion, 
after correcting the latter by subtracting the PNC and PMC measured in 
control (non-spiked) bark samples.

Particle mass recovery and particle number recovery were calculated 
using the Eq. (2) and (3): 
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NPs mass recovery =

(
∑n

1
PMC (after digestion)

/

n)

(
∑n

1
PMC (before digestion)/n)

(2) 

NPs number recovery =

(
∑n

1
PNC (after digestion)

/

n)

(
∑n

1
PNC (before digestion)/n)

(3) 

where n is the number of replicates and PNC the particle number 
concentration. The mass of the element and not the mass of the oxide 
was used for the calculation. The PMC and PNC values of the control 
bark were subtracted from each digested spiked sample. Because parti
cle size determination is derived from particle mass under the assump
tion of spherical geometry, which may not be valid for all investigated 
NPs, mass-based particle distributions were preferentially used to assess 
nanoparticle transformations during selective degradation process.

Complete digestion of samples was performed as a complementary 
control, and quadrupole ICP-MS was used solely for the routine deter
mination of total elemental concentrations following established labo
ratory protocols (see Supporting Information 3).

3. Results and discussion

3.1. Localization of inorganic particles in bark samples

To investigate the distribution and nature of inorganic particles 
within bark samples, a multi-scale imaging approach was employed, 
beginning with bulk surface observations and progressing to fine- 
resolution, 3D, and elemental analyses. Initial bulk surface observa
tions were conducted using scanning electron microscopy (SEM) in 
backscattered electron (BSE) mode on bark samples collected from 
urban environments. In the resulting images (Fig. 2 A), the organic 
matrix appears dark, while bright regions indicate metallic particles. 
These particles, exhibiting heterogeneous size distributions from nano
meters to microns, are often localized in the bark’s porous and recessed 
structures suggesting the bark morphology facilitates atmospheric par
ticle entrapment (Fig. 2 C). While some particles reside on the surface, 
others are embedded within the organic matrix. Energy-dispersive X-ray 
spectroscopy (EDX) confirmed the presence of metallic compounds, 
notably iron and copper oxides, as well as trace elements including 
chromium, zinc, barium, and tin (Fig. 2B).

While SEM-EDX confirmed particle presence on the bark surface, it 
lacked the ability to assess particle distribution through the sample 
volume. To address this, X-ray microtomography (micro-CT) was 
employed. High-density regions, attributed to metal-containing parti
cles, were identified via bright voxels in the micro-CT images. The 3D 
reconstruction (Fig. 3A) revealed a scattered distribution of such parti
cles within the bark volume (from surface to core). Virtual 2D 

Fig. 1. Recovery test protocol.

Fig. 2. SEM image of P20A42 sample. Metallic particles on the bark surface (A). EDS spectrum associated with one particle, C) Image of a nanoparticle.
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orthoslices (Fig. 3C-D), extracted from the reconstructed volume, 
enabled detailed examination of micrometric particles localization. One 
slice (Fig. 3 C) highlighted a large region accumulating dense particles 
(~200 × 50 µm) near the bark–air interface, supporting the hypothesis 
that bark serves as a primary filter for airborne particles. X-ray fluo
rescence mapping (micro-XRF) further confirmed the presence of iron in 
this region, suggesting an anthropogenic origin. Another orthoslice 
(Fig. 3D), showed more uniform particle distributions, indicating po
tential penetration into deeper layers.

To further explore particle penetration, 500 nm-thick bark cross- 
sections were prepared and analyzed using SEM-EDX. The outer re
gion consists of compact cells, while the inner bark contains loosely 
packed, larger cells (Fig. 4A). Numerous cavities were observed, 
possibly resulting from resin artifacts or natural voids. Elemental map
ping (Fig. 4B) demonstrated that iron-rich particles were primarily 
concentrated in the outermost and innermost regions, with minimal 
presence in the intermediate zone. This distribution suggests selective 
retention at structural interfaces. Finally, transmission electron micro
scopy (TEM) provided nanoscale insights into particle morphology 
(Fig. 4C). EDX analyses confirmed the presence of iron oxide NPs 
forming aggregates between 50 and 500 nm, with individual NPs as 
small as 10 nm. Morphologies ranged from spherical to rod-like forms. 
Additional elements, including silicon and aluminum, were also detec
ted, though their distribution patterns differed from that of iron. 
Selected area electron diffraction (SAED) analysis (Fig. 4D) was used to 
identify the crystalline nature of one of the iron-containing particles 
embedded in the bark cross-section. The SAED results revealed that the 
red and green vertical lines correspond to the expected diffraction peak 
positions of two iron oxide phases: magnetite (Fe₃O₄) and hematite 
(Fe₂O₃), respectively.

Previous studies have investigated heavy metal retention in tree bark 

using non-destructive PIXE (Particle-Induced X-ray Emission) and ICP- 
MS techniques [30,41]. These works showed that atmospheric con
taminants accumulate predominantly in the outer bark (suber). One 
study further demonstrated that although most particles are retained 
near the surface, limited diffusion into cortical tissues may occur, likely 
due to oxide dissolution and subsequent metal ion migration. This 
finding aligns with our fine-section maps and micro-CT results, although 
such diffusion mechanisms were not directly explored in the present 
study. Therefore, in order to obtain a quantitative,rather than merely 
qualitative, measurement of the NPs trapped within the bark, the 
organic matrix must be completely degraded. This requires a selective 
degradation protocol that ensures full removal of the bark material 
without altering the physicochemical properties of the inorganic NPs.

3.2. Bark degradation monitoring

While TMAH degradation led to a corrected dry weight loss of 27 %, 
the highest loss was achieved with O₂ plasma treatment, reaching 89 % 
of dry weight loss.

Figure A displays, according to the wavelength and for different time 
steps, the absorbance of the three TMAH digestates corrected from the 
bark absorbance alone. Peak intensity at the wavelength of 220 nm is 
observed at each time step. This peak is characteristic of the lignin 
molecule [42]. During the degradation, the intensity of this peak in
creases proportionally to the extent of bark decomposition. In the 
presence of TMAH, Δ-Absorbance at 220 nm changes from 0.48 
± 0.05–2.56 ± 0.16 A.U. It raises after few hours and plateaus at 30 h. A 
peak corresponding to the release of phenolic compounds from lignin 
appears in the region 270 and 280 nm after 23 h [43,44]. The 
Δ-Absorbance associated to this wavelength increases from 0.24 
± 0.038–2.19 ± 0.25 A.U. The total lignin concentration in the TMAH 

Fig. 3. 3D imaging of sample P20A44R obtained by micro-CT (1vx=1 µm). 3D reconstruction (A). 2D virtual slices extracted from (A) with various orientation (B, 
C, D).
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digestion solution (Fig. 5B) reached 1.9 mg.mL− 1. Assuming a total 
lignin content of 50 wt% in the bark [29], this corresponds, in the pre
sent case, to a maximum potential release of 2 mg⋅mL⁻¹ total lignin into 
TMAH from the bark. This indicates that TMAH induced the dissolution 
of approximately 97 % of the total lignin.

Fig. 6A displays for the raw bark sample all the characteristic peaks 
of lignin [45,46]. These peaks disappeared in the IR spectra of the 
digested bark sample (Fig. 6B). Namely, the aromatic C-H in-plane 
deformation at 1091 cm− 1, C-O and glucopyranosic cycle syringyl 
symmetric vibration at 1230 cm − 1, stretching vibrations in the aromatic 
ring at 1426 cm− 1 and 1508 cm− 1, and C––O stretching at 1620 cm− 1. 

Similarly, most of the peaks corresponding to cellulose and hemicellu
lose also disappear after O2-plasma degradation, including C-O-C 
stretching at 1091 cm− 1, CH bond deformation at 1458 cm− 1, and the 
stretching vibration of the C––O functional groups of the acetyl ester at 
1508 cm− 1 whereas some others remain, namely CH2 wagging at 
1319 cm− 1 and C-H deformation at 1385 cm− 1. Although,very simple C 
chains were not affected by degradation and remain (-CH, -CH2 bonds, 
and C––C),these results highlight the efficiency of O2 plasma for bark 
degradation.

On the basis of dry weight loss results, lignocellulosic solubilisation 
and/or degradation, the O2 plasma reactor appears to be the most 

Fig. 4. Images of ultrathin bark sections (500 nm thick) from sample P20A41R. SEM image in backscattered electron mode (A). SEM elemental mapping of iron (B). 
TEM-EDS images (C). SAED analysis (D).
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efficient “soft” methods to degrade tree bark powder. Hence, it remains 
necessary to accurately evaluate the potential effect of O2 plasma and 
TMAH degradation on the inorganic NPs themselves.

3.3. Nanoparticle stability during degradation

The effect of TMAH and O2 plasma bark degradation on metal
lirganic NPs was assessed by calculating the NPs number recovery, NPs 
mass recovery and mass distributions before and after the bark degra
dation, for each type of NPs.

3.3.1. O2 plasma degradation recovery experiment
PMC and PNC of Fe2O3, NPs, Al2O3 NPs and TiO2 NPs are displayed 

in Table 1. NPs of Fe₂O₃, Al₂O₃, and TiO₂ were detected, while no CuO or 
MnO₂ NPs initially introduced into the system were observed after 
degradation. Instead, dissolved Cu and Mn ions were detected, 

indicating their release into the solution.
The effects of degradation on nanoparticle concentrations were 

Fig. 5. The absorbance of the bark was subtracted from that of bark + TMAH. This Δabsorbance is plotted as a function of the wavelength in (A). The lignin 
concentration of the bark is subtracted from that of the bark + TMAH this Δlignin concentration is plotted as a function of time in (B).

Fig. 6. FTIR spectra of bark before (A) and after O2 plasma degradation (B).

Table 1 
Particle mass and number concentrations before and after O2 plasma 
degradation.

Nanoparticle PMC Before 
(ng⋅mL⁻⁻¹)

PMC After 
(ng⋅mL⁻⁻¹)

PNC Before 
(£ 109 

NPs⋅mL⁻⁻¹)

PNC After 
(£ 109 

NPs⋅mL⁻⁻¹)

Fe₂O₃ 
(n = 10)

101.3 
± 20.2

57.6 ± 27.0 6.4 ± 1.1 8.9 ± 4.5

Au (n = 3) 0.015 
± 0.002

0.015 
± 0.003

0.0012 
± 0.0001

0.0017 
± 0.0001

TiO₂ (n = 10) 16.2 ± 4.5 14.8 ± 2.4 7.1 ± 1.8 7.8 ± 2.4
Al₂O₃ (n = 10) 86.5 ± 17.9 87.5 ± 17.2 27.0 ± 6.7 27.0 ± 8.0
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assessed by comparing the mean particle mass concentration (PMC) and 
particle number concentration (PNC) before and after the degradation 
process (Table 1). For Fe₂O₃ NPs, a substantial reduction in PMC was 
observed dropping by 43 % (Table 1) suggesting partial dissolution. 
Despite this decrease in mass, the PNC remained relatively stable. In 
contrast, the PMCs of Au, TiO₂, and Al₂O₃ NPs remained effectively 
unchanged (Table 1), indicating greater mass stability under the same 
conditions. The PNCs of TiO₂ and Al₂O₃ also showed minimal variation.

For Au NPs, the mean mass recovery was 101 ± 13 %, while the 
mean particle number recovery reached 138 ± 12 %, suggesting po
tential particle fragmentation during the treatment, while the constant 
PMC indicates that the total mass of Au remained unchanged. In the case 
of Fe₂O₃, TiO₂, and Al₂O₃ NPs, the mean mass recovery rates were 57 ±
44 %, 92 ± 34 %, and 101 ± 28 %, respectively. Corresponding mean 
particle number recovery rates were 139 ± 71 % for Fe₂O₃, 110 ± 41 % 
for TiO₂, and 100 ± 39 % for Al₂O₃. These results suggest higher vari
ability in mass-based recovery for Fe₂O₃, along with a general tendency 
for number-based recoveries to exceed 100 %, potentially due to particle 
fragmentation effects, or analytical sensitivity limits. Both CuO and 
MnO₂ NPs seemed to be completely degraded by the O₂ plasma treat
ment. To check how much metal remained, a mass balance was done by 
comparing the total metal concentration (NPs plus dissolved metal) 
before treatment and the dissolved metal left after treatment.

For copper, the total concentration dropped from 125 ±

38 ng⋅mL⁻¹ to 88 ± 23 ng⋅mL⁻¹ . For manganese, it dropped from 0.055 
± 0.007 ng⋅mL⁻¹ to 0.023 ± 0.005 ng⋅mL⁻¹ . This means about 30 % of 
the copper and 58 % of the manganese were lost overall. These losses 
show that the remaining dissolved metal cannot fully account for the 
NPs that disappeared, suggesting that, besides partial dissolution, 
another process such as volatilization may also be involved during the 
oxygen plasma treatment.

Despite the relatively high RSD values observed for certain nano
particle types, these results are based on a statistically meaningful 
number of independent experiments (n = 10 for O₂ plasma and n = 3 for 
TMAH) and reflect the intrinsic variability of nanoparticle–matrix in
teractions rather than a lack of experimental reproducibility.

Effect of O2 plasma on NPs stability: for the Au, Fe2O3, TiO2 and 
Al2O3 NPs the particle mass distribution (PMD) before and after 
degradation is represented using histograms (Fig. 7). The frequency of 
data in each bin is divided by the maximum frequency of all the data, in 
order to abstract from the total number of particles, highlighting only 
the relative distribution of masses. This ensures a direct comparison of 
distribution profiles, regardless of differences in overall data quantity 
before and after degradation. The PMD results are reproducible, with an 
uncertainty below 5 %, indicating reliable measurements across 
replicates.

The shape of the Au and TiO₂ NP histograms remains nearly identical 
before and after degradation, indicating high stability of the PMD 
(Fig. 7). For Al₂O₃ NPs, a narrowing of the distribution is observed after 
degradation. In contrast, Fe₂O₃ NPs exhibit a marked shift in the dis
tribution towards lower masses.

Hence, the near 100 % mass and number recovery rates of Au, TiO₂ 
or Al₂O₃ NPs further suggest that O₂ plasma degradation does not 
significantly affect these NPs. In contrast, Fe₂O₃ NPs exhibit a mean loss 
of 43 % in mass fraction, despite a stable particle number concentration 
(PNC). This loss of Fe₂O₃ material could result from either aggregation or 
partial dissolution. However, since aggregation would likely reduce the 
PNC, and the PNC remains stable (albeit with high variability after 
degradation), partial dissolution is the more plausible explanation.

Total mass recovery (protocol in Supporting Information 3), as 
analyzed by ICP-Q-MS, yielded the following results: 62 ± 25 % for 
Fe₂O₃, 104 ± 31 % for TiO₂, 95 ± 37 % for Al₂O₃, 76 ± 16 % for CuO, 
and 50 ± 10 % for MnO₂ NPs. These findings correspond to mean 
nanoparticle losses during the degradation process of 38 %, 24 %, and 
50 % for Fe₂O₃, CuO, and MnO₂ NPs, respectively.

The O₂ RF plasma system uses an RF-induced gaseous discharge to 

degrade organic material primarily through oxidation. This process re
quires an ionization energy of 13.6 eV. Oxygen plasma, composed 
mainly of O⁺ ions, promotes the oxidation of organic matter and can also 
affect certain metal oxides. The oxidation of organic material generates 
organic fragments, volatile products (e.g., CO₂ and H₂O), phenolic 
(RCOH*) and oxygenated (OH•) radicals. Water formed during this 
process can further react with O⁺ ions to produce additional OH• radi
cals, which may capture free electrons present in the plasma, leading to 
the formation of hydroxide (HO⁻) ions [47]. When metallic oxide NPs 
interact with plasma radicals and ions, they may undergo oxidation. 
Among the tested oxides, MnO₂ is the only NP for which the metal (Mn) 
is capable of significant oxidation, transitioning from an oxidation state 
of + 4 to + 7, forming permanganate ions (MnO₄⁻). In contrast, the 
metals involved into CuO, Fe₂O₃, TiO₂, and Al₂O₃ NPs are less prone to 
oxidation. Ti and Al are already in their highest oxidation state (Ti⁴⁺ in 
TiO₂ and Al³⁺ in Al₂O₃) and while higher oxidation states exist for CuO 
and Fe₂O₃, further oxidation would lead to unstable compounds that 
readily revert to their original oxide forms [48].

The ionization energies for these oxides, corresponding to the energy 
required to ionize their primary element, are as follows: 3.6 eV for CuO, 
12.7 eV for Fe₂O₃, 13.7 eV for TiO₂, and 16.0 eV for Al₂O₃ [49]. These 
values indicate that CuO and Fe₂O₃ may undergo partial ionization, 
forming Cu²⁺ and Fe³ ⁺ ions in the plasma. However, the higher ioniza
tion energies of TiO₂ and Al₂O₃ prevent significant ionization, allowing 
these NPs to remain in their neutral nanoparticulate form.

For Fe₂O₃, the similarity in ionization energies between Fe–O³ ⁻ and 
O–O bonds suggests that ionization may occur only at the nanoparticle 
surface, leaving the core intact. A fraction of the ions generated in the 
plasma is likely evacuated by the reactor pump, contributing to the 
observed losses of Fe₂O₃, CuO, and MnO₂ NPs during degradation. This is 
consistent with the decreased total Cu and Mn content measured by 
spICP-MS after plasma treatment. Approximately 43 ± 11 % of the total 
Fe₂O₃ mass undergoes surface ionization, and 38 ± 25 % of the ionized 
fraction is evacuated by the reactor pump, explaining the 57 ± 44 % 
mass recovery rate observed after O₂ plasma degradation. The histo
grams of Fe₂O₃ NPs show a shift toward lower masses, reflecting size 
reduction due to surface ionization and material loss (Fig. 7). Once the 
O2 plasma is off, any remaining MnO₄⁻ and Cu²⁺ ions in the plasma revert 
to their stable forms. MnO₄⁻ could bind with counter ions such as K⁺, 
forming KMnO₄, while Cu²⁺ would combine with OH⁻ ions formed dur
ing organic matter oxidation to form Cu(OH)₂. Upon resuspension in MQ 
water (pH = 6), KMnO₄ dissociates completely, releasing MnO₄⁻, a 
highly water-soluble species. Similarly, Cu(OH)₂ dissociates under these 
conditions (pKₛ = 19.7), releasing some Cu²⁺ ions into the solution.

The resulting MnO₄⁻ and Cu²⁺ ions account for the increased dis
solved fractions observed after degradation and explain the complete 
dissolution of MnO₂ and CuO NPs.

3.3.2. TMAH degradation recovery experiment
PNC et PMC before and after degradation for each type of enginereed 

NPs are displayed in the Table 2.
A mean mass number recovery of 66 ± 17 % and a mean mass re

covery of 43 ± 17 % were obtained during the AuNPs spiking experi
ments. For the other targeted NPs, both the particle mass concentration 
(PMC) and particle number concentration (PNC) were higher after 
degradation. Recovery rates for these NPs exceeded 100 %, with PNC 
overestimated by factors ranging from 1.2 to 13.2 and PMC over
estimated by factors of 2.5–10.6.

Despite these discrepancies, the total metal mass balances, measured 
after leaching from the tube walls using ICP-MS QUAD, confirmed mass 
balances of 94 ± 8 % for Fe₂O₃, 86 ± 13 % for TiO₂, 99 ± 4 % for Al₂O₃, 
110 ± 49 % for CuO, and 96 % for MnO₂ NPs. These findings validate 
the accuracy of the results obtained in TMAH experiments.

These unexpected recovery values of NPs in TMAH solutions can be 
explained by the following facts. A significant adsorption of NPs on the 
tube walls in MilliQ water at pH values ranging from 5 to 6. Under such 
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Fig. 7. Boxplot and histograms of the concatenate PMD results before and after O2 plasma degradation for AuNPs (A). Fe2O3 NPs (B). TiO2 NPs (C) and Al2O3 
NPs (D).

S. Coural et al.                                                                                                                                                                                                                                  Journal of Hazardous Materials 506 (2026) 141584 

10 



conditions, increased adsorption onto the tube walls leads to underes
timation of reference values, introducing bias in the calculated recovery 
rates (these effects are discussed in detail in appendices). Conversely in 
the TMAH conditions, the presence of organic molecules and the high 
pH value (i.e. pH=11) promote the stability of NPs suspension. At this 
pH, organic matter facilitates the desorption of metal oxide NPs from 
tube surfaces by enhancing negative electrostatic interactions between 
the particles and the tube walls. Additionally, organometallic complexes 
may form, further preventing particle adhesion [50].

Therefore, MilliQ water is not a suitable reference media for 
assessing NP recovery rates (in terms of PNC or PMC) during degrada
tion with TMAH [51,52]. Instead, comparing the particle mass distri
bution (PMD) before and after degradation provides a more accurate 
assessment of the effects of TMAH treatment on nanoparticles.

The mass distribution data for each type of NP before and after 
degradation are displayed using histograms and boxplots in Figs. 8A and 
8B. The PMD results were reproducible, with an uncertainty below 5 %, 
indicating reliable measurements across replicates, then concatenated. 
TiO₂ and MnO₂ NPs show similar mass distributions before and after 
degradation, although a slight shift towards higher masses is observed. 
Overall, TiO₂, Al₂O₃, and MnO₂ NPs exhibit stable particle mass distri
butions (PMD) following TMAH treatment, indicating that this degra
dation method does not alter their properties. In contrast, Fe₂O₃ and Au 
NPs show a significant shift towards lower masses. For CuO NPs, a 
marked shift towards higher masses is observed in the histograms 
(Fig. 8A).

Behavior of Fe₂O₃ NPs During TMAH Degradation: The shift toward 
lighter particles observed for Fe₂O₃ NPs after TMAH degradation sug
gests that the degradation process causes either the partial dissolution or 
the disaggregation of the original NPs. At pH 11, Fe₂O₃ NPs carry a 
negative charge, which typically prevents aggregation or disintegration 
due to electrostatic repulsion [53]. This negative charge stabilizes the 
particles, keeping them dispersed in suspension. Hematite is generally a 
stable and sparingly soluble phase, even under basic conditions [53]. A 
simulation of hematite nanoparticle behavior at pH 11 was performed 
using Visual Minteq version 3.1. The results show that NPs initially 
added remain in the solid precipitate form. However, when fulvic 
acid—used as an analogue for the organic ligand of TMAH—is included 
in the simulation at a concentration of 8 g/L, the solid hematite 
completely dissolves, and iron forms a soluble organometallic complex. 
Nevertheless, Fe₂O₃ NPs are detected in the TMAH solution. This in
dicates that hematite NPs undergo only partial dissolution. This partial 
dissolution would be enhanced by organic matter, particularly at the 
surface or defects in the crystalline structure [50]. Thus, the surface 
dissolution of Fe₂O₃ NPs is promoted by both the basic medium and the 
organic matter, resulting in a selective process that gradually reduces 
the nanoparticle size.

Behavior of CuO NPs During TMAH Degradation: The increase in NP 
mass suggests that the smallest CuO particles may dissolve during 
degradation and/or the remaining particles form aggregates. At pH 11, 
near the point of zero charge (PZC) of CuO (approximately 10) [54], the 

electrostatic repulsion between CuO particles decreases significantly 
and creates favourable conditions for homoaggregation, where smaller 
CuO particles cluster into larger aggregates [55]. In addition, during the 
TMAH degradation, organic matter and specifically carboxylate groups 
(-COO⁻) and other functional moieties from bark degradation, interacts 
with CuO NPs. It can adsorb onto the CuO surface and modify their 
surface chemistry [56–58]. This process can both reduce a potential 
dissolution, and simultaneously facilitate aggregation by reducing sur
face charge repulsion [59].

4. Conclusion

This study provides a detailed, multi-scale assessment of the locali
zation and stability of inorganic NPs in tree bark. It also critically 
evaluates two degradation protocols, i.e. O₂ plasma and TMAH, for 
effectively removing the organic matrix while preserving NP integrity. 
Using advanced imaging and chemical analysis techniques, we demon
strated that atmospheric inorganic NPs, primarily iron and copper ox
ides, are distributed heterogeneously within the bark, accumulating 
preferentially at the outer surface and penetrating selectively into in
ternal porous structures. Thus, the bark morphology acts as an efficient 
passive filter for urban airborne particles, with elemental mapping 
revealing anthropogenic signatures and selective retention at structural 
interfaces.

Our comparative analysis of the two degradation methods revealed 
that O₂ plasma treatment is markedly more efficient than TMAH 
digestion at removing organic matter (with up to 89 % dry weight loss 
observed). Spectroscopic monitoring confirmed the near-complete 
degradation of lignin and cellulose, thus validating O₂ plasma as an 
effective protocol for removing the organic matrix. However, the impact 
of these treatments on nanoparticle stability was found to be element- 
specific. O₂ plasma preserved the integrity of TiO₂ and Al₂O₃ NPs but 
induced the partial or complete dissolution of Fe₂O₃, CuO and MnO₂ NPs. 
This is due to differences in ionization energies and oxidation state 
transitions under plasma conditions. Conversely, TMAH degradation 
resulted in the partial dissolution of Fe₂O₃ NPs and the aggregation of 
CuO NPs, driven by the formation of complexes with organic ligands and 
changes in electrostatic interactions at high pH.

These findings highlight the need for a more refined degradation 
protocol that balances the efficient removal of organic matter with the 
preservation of all nanoparticle types. The observed variability in NP 
stability highlights the importance of tailoring methodological ap
proaches to the specific physicochemical properties of targeted NPs. 
Moreover, our results emphasize that reference conditions (e.g., MilliQ 
water) may introduce significant bias in recovery assessments due to 
adsorption phenomena, further supporting the need for method 
optimization.

Importantly, this study provides a novel contribution by being, to our 
knowledge, the first to evaluate O₂ plasma and TMAH digestion specif
ically for the selective removal of lignocellulosic matrix in tree bark 
while systematically assessing their impact on the recovery and stability 
of embedded inorganic nanoparticles. This comparative evaluation es
tablishes a methodological framework that can guide future studies on 
nanoparticle extraction from complex biological matrices.

Environmental implications

This study provides a robust methodology for detecting and quan
tifying atmospheric nanoparticles in tree bark, a passive bioindicator of 
urban contamination. By evaluating how different organic-matter 
degradation protocols affect nanoparticle stability and recovery under 
environmentally realistic concentrations, our work enables accurate 
assessment of the persistence, transformation, and potential hazard of 
metal and metal oxide nanoparticles in urban environments. These 
findings directly inform environmental monitoring strategies, improve 
risk assessment frameworks for emerging particulate contaminants, and 

Table 2 
Particle Mass and Number Concentrations Before and After TMAH Degradation.

Nanoparticle PMC Before 
(ng⋅mL⁻⁻¹)

PMC After 
(ng⋅mL⁻⁻¹)

PNC Before 
(£ 109 

NPs⋅mL⁻⁻¹)

PNC After 
(£ 109 

NPs⋅mL⁻⁻¹)

Fe₂O₃ (n = 3) 37.0 ± 4.6 91.1 ± 63.5 0.053 
± 0.014

0.42 ± 0.05

Au (n = 3) 0.0013 
± 0.001

0.00084 
± 0.00014

0.00028 
± 0.00001

0.00012 
± 0.00005

TiO₂ (n = 3) 0.018 
± 0.003

0.1 ± 0.03 0.38 ± 0.28 5.0 ± 0.8

Al₂O₃ (n = 3) 0.2 ± 0.1 1.4 ± 0.1 3.2 ± 1.2 19 ± 2
CuO (n = 3) 0.021 

± 0.001
0.083 
± 0.019

0.049 
± 0.037

0.061 
± 0.011

MnO2 (n = 3) 0.3 ± 0.0 1.5 ± 0.1 3.0 ± 0.4 12 ± 1
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support the development of reliable analytical protocols for assessing 
nanoparticle fate in biologically and environmentally relevant matrices.

Fig. 8. A: Boxplot and histograms of the concatenate PMD results before and after O2 plasma digestion for Au NP (A). Fe2O3 NPs (B) and CuO NPs (C). B: Boxplot and 
histograms of the concatenate PMD results before and after O2 plasma digestion for TiO2 NPs (D). MnO2 NPs (E) and Al2O3NPs (F).
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