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Abstract

Background:The quantification of nanomaterials accumulated in various organs is crucial in studying their toxicity
and toxicokinetics. However, some types of nanomaterials, including carbon nanomaterials (CNMs), are difficult to
quantify in a biological matrix. Therefore, developing improved methodologies for quantification of CNMs in vital
organs is instrumental in their continued modification and application.

Results:In this study, carbon black, nanodiamond, multi-walled carbon nanotube, carbon nanofiber, and graphene
nanoplatelet were assembled and used as a panel of CNMs. All CNMs showed significant absorbance at 750 nm,
while their bio-components showed minimal absorbance at this wavelength. Quantification of CNMs using their
absorbance at 750 nm was shown to have more than 94% accuracy in all of the studied materials. Incubating
proteinase K (PK) for 2 days with a mixture of lung tissue homogenates and CNMs showed an average recovery rate
over 90%. The utility of this method was confirmed in a murine pharyngeal aspiration model using CNMs at 30� g/
mouse.

Conclusions:We developed an improved lung burden assay for CNMs with an accuracy > 94% and a recovery
rate > 90% using PK digestion and UV-Vis spectrophotometry. This method can be applied to any nanomaterial
with sufficient absorbance in the near-infrared band and can differentiate nanomaterials from elements in the body,
as well as the soluble fraction of the nanomaterial. Furthermore, a combination of PK digestion and other
instrumental analysis specific to the nanomaterial can be applied to organ burden analysis.
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Background
Inhalation is the most common and hazardous route of
exposure to nanomaterials in an occupational setting. In-
halation of nanomaterials produces a higher deposition
rate of the micron-sized particles within the alveoli as a
result of their size-dependent aerodynamic properties
[1–3]. Furthermore, deposited particles exhibit limited
clearance rates from the alveoli due to the absence of

mucociliary clearance. The clearance of these nanoma-
terials from the alveoli is influenced by the physico-
chemical properties of the material including size, shape,
functionalization, and dissolution [4–6]. Because of the
long retention period for nanomaterials in the lungs, the
Organization for Economic Cooperation and Develop-
ment (OECD) testing guidelines call for repeated inhal-
ation studies (i.e., TG 412 and 413) and were revised in
2018 to include lung burden measurements showing
lung clearance kinetics for the material of interest [7, 8].

There are various methods which can be used to
measure the lung burden of non-labelled nanomaterials.
Generally, lung burden analysis can be divided into two
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steps: (1) collection of nanomaterials from the lung and
(2) quantification of nanomaterials using instrumental
analysis. In the first step, chemical or enzymatic diges-
tion methods are commonly used to collect nanomater-
ials from the lung tissue. Chemical digestion methods
using acids, alkalis, and oxidants are all common but
chemical digestion reagents can damage the structure of
the nanomaterials resulting in defects, dissolution and
oxidation [9]. Enzymatic digestion uses proteinase or
collagenase with a chemical lysis buffer and has been
proposed as an alternative to chemical lysis, as this
degradation approach seems to limit structural dam-
age of the nanomaterials [9, 10]. In the second step,
nanomaterials can be measured by various instrumen-
tal analyses including inductively coupled plasma
mass spectrometry (ICP-MS),fluorometry, and optical
absorbance spectrometry. For carbon nanomaterials
(CNMs), the determination of the concentration is
challenging because of the difficulty of measuring car-
bon in an organic matrix. Several approaches have
been used to measure CNMs in biological matrices,
including gel electrophoresis [11], programmed ther-
mal analysis (PTA) [9], Raman spectroscopy [12], and
near-infrared (NIR) spectroscopy [13]. However, there
are calls for the development of more efficient and
reliable measurement methods or protocols for CNMs
in an organ.

Carbon nanomaterials (CNMs) such as carbon nano-
tubes, graphene and carbon black are considered hazard-
ous materials when inhaled because of their bio-
persistence, high bio-durability, and unique physico-
chemical properties including their size and shape [14–
17]. Therefore, the precise evaluation of the kinetics of
CNMs is required for proper hazard and risk assessment
of CNMs. In this study, we developed an efficient and
reliable protocol for measuring the lung burden of
various CNMs including carbon black (CB), nanodia-
mond (ND), multi-walled carbon nanotube (MWCN
T), carbon nanofiber (CNF), and graphene nanoplate-
let (GNP) using proteinase K (PK) tissue digestion
and quantification of the recovered CNMs using a
UV-Vis spectrophotometer.

Results
Working scheme
Figure1 is a schematic of the workflow used to evaluate
CNM lung burden in this study. Five types of CNM in-
cluding CB, ND, MWCNT, CNF, and GNP were se-
lected as test materials, which allowed us to cover most
of the available CNMs currently employed in research
and industries. The first step in our assay development
was to identify the optimal wavelength for measuring
CNM concentration. This wavelength is needed to re-
duce any interference from the biocomponents of the

Fig. 1 Schematic workflow for lung burden analysis.a, Selection of the optimal wavelength to quantify CNM concentration without interference
from the bio-components of the tissue homogenate.b Quantification of CNM concentration after mixing with lung tissue homogenates. In this
step, proteinase K (PK) digestion was used to collect CNMs from lung tissue homogenates.c, in vivo evaluation of this lung burden assay using a
murine pharyngeal aspiration model
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lung homogenates while still giving accurate CNM
quantitation (Fig. 1a). The second step was evaluating
the quantification of CNMs after they were added to the
lung tissue homogenates (Fig.1b). To do this CNMs
were collected from lung tissue homogenates following
PK digestion. Finally, we needed to evaluate this assay in
an in vivo model; here we measured CNM lung burden
at 24 h post pharyngeal aspiration in mice (Fig.1c).

Transmission electron microscopy (TEM) analysis of CNMs
Representative TEM images of the CNMs are presented
in Fig. 2. CB and ND were spherical with an average size
of 14 ± 0.2 nm and 4.87 ± 0.4 nm, respectively. MWCNT
and CNF were tubular. The size, specific surface area,
and IG/ID ratio of CNMs are presented in Table1. The
diameter and length of MWCNT were 16.7 ± 0.2 nm and
3.55μm, respectively. The diameter and length of CNF
were 24.79 ± 0.4 nm and < 10μm, respectively. GNP was
plate-shaped with a mean diameter of 512 ± 9.7 nm. The
BET specific surface area of CNMs was ranged 184–500
m2/g. The ID/IG ratio of CNMs showed variable values
by the types of CNMs.

Optimal wavelength selection for measuring CNM
concentration with minimal interference
CNMs dispersed in distilled water (DW) with 3% foetal
bovine serum (FBS) were shown to have increased ab-
sorbance in the 200–300 nm range, which then reached
a plateau and stabilised until absorbance reached 900
nm (Fig. 3a). The absorbance of the empty vehicle (DW
with 3% FBS) used in this study also showed increasing
absorbance between 200 and 300 nm, but its absorbance
was reduced to nearly zero after 500 nm. In addition,
CNMs/lung homogenate mixtures exhibited slightly
higher absorbance values from 200 to 900 nm when

compared to CNMs in DW with 3% FBS (Fig.3b). How-
ever, the absorbance of the lung tissue lysis solution was
shown to be reduced after 750 nm (approximately
0.068), which meant that this wavelength could be used
to successfully measure CNMs in mixed biological solu-
tions without interference. CNM at 25μg/mL were
shown to have an absorbance of 0.219 at 750 nm (Fig.
3b), confirming that 750 nm was the optimal wavelength
for evaluations of CNM concentration in lung tissue ho-
mogenates. Because this technique uses optical absorb-
ance in the near-infrared region, any nanomaterials
having a strong absorbance in this range could be quan-
tified using a similar approach.

Quantification of CNMs dispersed in DW with 3% FBS
To evaluate the detection limit for CNMs, a range of
CNM concentrations (0 to 1000μg/mL) were resuspended
in DW with 3% FBS and then subjected to evaluation at
750 nm. The lower and upper detection limits for a linear
dose-response were 0.39–50μg/mL for CB, MWCNT,
and CNF, and 1.56–200μg/mL for ND and GNP (Fig. S1,
see Supporting Information). To evaluate the accuracy
and reproducibility of this detection method, four concen-
trations of each of the CNMs (i.e., 10, 20, 30, and 300μg/
mL) were tested. The R2 values of standard curve fits for
all CNMs were more than 0.98 (Fig.4). The detection ac-
curacy (%) for all CNMs was more than 94% compared to
the target concentration (Table2).

Quantification of CNMs from the lung tissue homogenates
The second step in developing our lung burden assay
was to evaluate its efficacy in a tissue setting. To do this,
CNMs were mixed with lung tissue homogenates,
treated with PK and then evaluated using the UV-Vis
spectrophotometer technique described above. First

Fig. 2 The shape and morphology of various CNMs evaluated using transmission electron microscopy.a, carbon black;b, nanodiamonds;c,
carbon nanotube;d, carbon nanofiber;e, graphene nanoplatelet
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0.02 g (dry weight) of lung tissue homogenates were
treated with 1 mL of Tris buffer (pH 8.0) containing
200μg PK at 56 °C and showed complete lysis within 2
days (Fig.5). The presence of erythrocytes did not influ-
ence the efficacy of the PK digestion as lung tissues were
completely digested regardless of perfusion (Fig.5).
Thus, the main experiment was performed with lung tis-
sues without perfusion. All CNMs were properly de-
tected using this technique and the recovery percentage
for the CNMs between 3.1 to 100μg/mL was over 86%
and mean recovery percentage of tested concentrations
was over 90% for all types of CNMs (Fig.6 and Tables
S1 and S2, see Supporting Information). It is worth not-
ing that the UV-Vis spectrophotometer can detect both
higher and lower CNM concentrations than the ones
used here supporting its widespread utility in this type
of application. The loss rate of CNMs by mechanical
processes such as washing and centrifugation was ranged
about 3–7% (Table 3). Because the loss rate was
dependent on the concentration of samples, it was
slightly increased as increasing the concentration.

Lung burden analysis after pharyngeal aspiration of
CNMs in mice
As a pilot study, we evaluated the deposition rate at time
zero and retention rate at 24 h after a single pharyngeal

aspiration of CNMs. The deposition rates of CB, ND,
MWCNT, CNF, and GNP at time zero compared to the
nominal treatment dose (30μg/mouse) were 84.9, 80.4,
79.1, 80.2, and 75.7%, respectively (Fig.7a). While, the
retention rates of CB, ND, MWCNT, CNF, and GNP at
24 h after aspiration compared to that of time zero were
99.5, 99.5, 98.4, 97.9, and 97.5%, respectively (Fig.7b).

Discussion
Measuring the lung burden of nanomaterials is now
mandatory under the revised inhalation toxicity testing
guidelines (i.e., TG412 and TG413) published by the
OECD [7, 8], and there is an ongoing project of testing
guidelines for toxicokinetics to accommodate nanoma-
terials [18]. In addition, new or improved methodologies
to evaluate the concentration of nanomaterials in bio-
logical samples is essential for continued research in-
cluding evaluating nanomaterials in biomedical
applications. Thus, this study was designed to create a
novel methodology to quantify CNMs deposited in the
lung using PK enzymatic digestion and UV-Vis
spectrophotometry.

The recovery of CNMs from organ tissue homogenates
is critical for the success of organ burden assays and
various chemical cocktails or enzymes have been sug-
gested for the digestion of these organ tissues [9].

Table 1 The physicochemical properties of CNMs

CNMs Size Surface area (m2/g) Raman (ID/IG)

CB 14 ± 0.2 nm 254 0.35

ND 4.87 ± 0.4 nm 279 0.3

MWCNT Diameter: 16.7 ± 0.2 nm
Length: 3. 55� m

224 1.46

CNF Diameter: 24.79 ± 0.4 nm
Length: < 10� m

184 1.02

GNP 512 ± 9.7 nm 500 1.43

Fig. 3 The selection of an optimal wavelength to quantify CNMs without interference from tissue homogenates.a, Absorbance of CNMs or
vehicle control [VEH (DW), DW with 3% FBS].b, Absorbance of vehicle control [VEH (tissue), tissue lysates in DW] and CNMs collected from a
mixture of 25� g/mL CNMs and 0.02 g (dry weight) lung tissue homogenates following treatment with 200� g of proteinase K (PK). The insert
figure represents that the absorbance of the bio-components was lower at 750 nm after treatment with PK, making it the optimal wavelength to
quantify CNMs without interference from the tissue homogenate
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Chemical cocktails to digest organ tissues use oxidants,
acids, and alkalis. These cocktails are hazardous to hu-
man health and some chemicals like nitric acid can in-
duce defects or degradation of nanomaterials even in
their most stable formats [19]. Because CNMs are

commonly quantified using thermal or optical methods
structural defects or degradation of CNMs can result in
inaccurate quantification. In addition, most organ bur-
den analysis of metal-based nanomaterials use acid di-
gestions to lyse the organ tissues and nanomaterials [20,
21]. However, this method cannot discriminate between
nanomaterial-derived metal ions and tissue-derived
metals or bio-persistent nanomaterials from dissolved
ions [22, 23]. For example, the iron concentration col-
lected by acid digestion of organs treated with iron oxide
nanomaterials can be derived from iron in the organ,
iron from dissolved iron oxide in the body fluid such as
lysosomal fluid, or iron from bio-persistent iron oxide.
Thus, the extraction of nanomaterials from the organ
without defect or degradation is critical for the accurate
quantification of nanomaterials in organ tissues. The en-
zymatic digestion of these tissues could therefore provide
a solution to these problems. Here, we showed that en-
zymatic digestion could facilitate the recovery of nanoma-
terials from tissue homogenate without damaging the
CNMs and allowed for the evaluation of morphological
changes like defects or biotransformation [24].

Mineralization of CNMs is required for the acid diges-
tion methods such as HCl, nitric acid, and hydrofluoric
acid. However, some of the chemical digestion agents such
as Solvable (PerkinElmer, Waltham, MA, USA) and Clean
99-K200 (Clean Chemical, Osaka, Japan) and enzymatic
digestion methods do not require the mineralization
process [9, 25]. Because the mineralization process can re-
duce the recovery of CNMs, the wet process such as
proteinase-K can have advantages to collect CNMs in the
biological matrices. To our knowledge, this the first report

Fig. 4 The standard curve fit of CNMs using a UV-Vis spectrophotometer. CNMs were dispersed in distilled water with 3% foetal bovine serum
and absorbance was measured at 750 nm.a, carbon black (CB);b, nanodiamond (ND);c, multi-walled carbon nanotube (MWCNT);d, carbon
nanofiber (CNF);e, graphene nanoplatelet (GNP). Data are expressed as mean ± SEM andn = 4

Table 2 The accuracy (%) of the UV-Vis spectrophotometer
technique when measuring CNM concentration

CNMs Target concentration (μg/mL)

10 20 30 300a

CB

Measured 9.53 ± 0.28 19.37 ± 0.66 28.76 ± 0.47 285.49 ± 1.04

Accuracy % 95.3 ± 2.84 96.8 ± 3.33 95.8 ± 1.57 95.1 ± 0.34

ND

Measured 9.51 ± 0.26 19.07 ± 0.76 28.52 ± 1.03 286.06 ± 4.05

Accuracy % 95.1 ± 2.61 95.3 ± 3.82 95.0 ± 3.43 95.3 ± 1.35

MWCNT

Measured 9.69 ± 0.18 19.29 ± 0.57 28.75 ± 1.11 285.12 ± 4.55

Accuracy % 96.9 ± 1.84 96.4 ± 2.85 95.8 ± 3.70 95.0 ± 1.51

CNF

Measured 9.42 ± 0.56 19.03 ± 0.57 28.69 ± 1.06 286.04 ± 2.22

Accuracy % 94.2 ± 5.67 95.1 ± 2.88 95.6 ± 3.55 95.3 ± 0.74

GNP

Measured 9.63 ± 0.11 19.48 ± 0.87 29.22 ± 1.10 289.88 ± 9.92

Accuracy % 96.2 ± 1.12 97.4 ± 4.37 97.4 ± 3.68 96.6 ± 3.30

The accuracy (%) was calculated by comparison with the target concentration
weighed during sample preparation
aThe target concentrations were selected as 10, 20, and 30μg/mL for non-
diluted samples and 300μg/mL for samples needed dilution
The data are presented as mean ± SEM from four independent measurements
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