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ABSTRACT

Inhalation of biopersistent nanoplastics may have adverse effects on lung health. By varying the acetate content of poly(vinyl
acetate-co-alcohol) (PVAc), model nanoplastics with different surface hydrophobicity can be produced to study the effects of
nanoplastic hydrophobicity in the lung. PVAc nanoplastics with a high hydrophobicity, administered by oropharyngeal aspiration
to C57BL/6j mice (300 pg; ~10 mg/kg), show transient pulmonary inflammation which peaks at 24 h post-administration and
resolves by day 7. Hydrophilic PVAc induces no inflammatory effects at the same dose. Pulmonary administration of hydrophilic
and hydrophobic PVAc nanoplastics increases the prevalence (~30%-35%) of distinctive coarsely vacuolated alveolar macrophages
over 28 days. Hydrophobic PVAc and silica nanoparticles (control) induce minor increases in collagen deposition, but do not
stimulate tissue remodeling to the same extent as a bleomycin model of fibrosis. Longitudinal micro-CT imaging is explored
as a non-invasive methodology for detection of lung fibrosis. A bespoke image analysis method to quantify high density tissue
signal volume correlates moderately well with histopathology-derived collagen deposition data (R*> = 0.73). In summary, inhaled
nanoplastics with high surface hydrophobicity induce transient inflammation following a single administration of 300 ug, an
increase in coarsely vacuolated macrophages and mild increases in collagen deposition.

1 | Introduction [1-3], has led to an increased number of reports assessing the

pulmonary and systemic toxicity of inhaled polymeric nanomate-
A public and regulatory interest in the potential of adverse rials. Recently, Yang et al. reported that non-modified polystyrene
effects following inhalation of respirable micro- and nanoplastics (PS) nanoparticles (50 nm) administered to the lungs of mice as
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an aerosolized aqueous nanoparticle dispersion at doses of 16, 40,
and 100 pg/day for 1, 5, and 14 weeks induced dose-dependent
pulmonary inflammation and symptoms similar to that seen in
chronic obstructive pulmonary disease (COPD) in all treatment
groups [4]. Woo et al. [5] similarly reported that intratracheal
instillation of 1, 2.5, or 5 mg/kg polypropylene (PP) nanoplastics
(0.66 + 0.27 pm in size; dispersed in saline solution), five times
per week for 4 weeks, resulted in lung inflammation putatively
mediated by the p38- NF-xB pathway as a result of mitochondrial
damage. In a further study of murine responses to the pul-
monary administration of nanoplastics, Ji et al. reported that the
adverse pulmonary effects of milled nanoplastics—comprised of
polyethylene terephthalate (PET), polyvinyl chloride (PVC), and
polyethylene (PE) (~100 nm)—were typically more pronounced
than commercially available spherical polystyrene particles of
the same size. Furthermore, PVC induced slightly more severe
lung toxicity profiles compared to the other plastics, and the
adverse effects of nanoplastic exposure were comparable to those
observed with silicon dioxide (SiO,) and anatase titanium dioxide
(TiO,) [6]. Although these studies explore the lung toxicity of
different plastic types, exposure doses, and durations, they all
contribute to a growing evidence base that accumulation of
biopersistent plastics in lung may contribute to a chronic pro-
inflammatory state in the lung. The unique physicochemical
properties of plastics compared to other types of nanomaterials
(e.g., silica dust and titanium dioxide), are currently an under-
investigated topic. Specifically, the higher surface hydrophobicity
of plastics may contribute to a different toxicity profile in the lung
[7,8].

Hydrophobic molecular motifs or surfaces are recognized by
the innate immune system as a non-specific danger-associated
molecular pattern (DAMP) because, under physiological condi-
tions, hydrophobic regions in endogenous molecules and tissues
are typically inaccessible to immune cell recognition receptors
[9]. While challenging to demonstrate quantitatively, several
studies have shown that nanoparticles with increased surface
hydrophobicity elicit an enhanced immune response in both
in vitro and in vivo models. For example, Moyano et al. intra-
venously administered gold nanoparticles (5 mg/kg) coated with
headgroups of increasing partition coefficient (log p) values
to mice and measured cytokine gene expression patterns in
extracted splenocytes. Increasing the headgroup log p value (0.6-
5.4) and therefore the surface hydrophobicity of the material
correlated with subsequent increased pro-inflammatory cytokine
expression (e.g., TNF-a, IFN-y, IL-2, and IL-6) [10].

Jones et al. [7] and Dailey et al. [8] explored the acute effects of
increasing nanoparticle surface hydrophobicity on lung biocom-
patibility following pulmonary administration (220 cm? surface
area dose per lung) in Balb/c mice. In these two studies, a range
of different nanomaterials (lipid, protein, and polymeric) with
increasing surface hydrophobicity were assessed. Following intra-
tracheal administration of a coarse aerosol using a Microsprayer
device, two hydrophobic polymer nanomaterials comprised of
non-modified PS (50 nm) and poly(vinyl acetate-co-alcohol)
(PVAc; 150 nm; dose ~500 pg) induced an acute inflamma-
tory response, characterized by neutrophil infiltration, elevated
pro-inflammatory cytokines, and elevated protein levels in the
broncho-alveolar lavage (BAL) fluid. It was also observed that
exposure to both hydrophobic and more hydrophilic polymeric

nanomaterials was associated with increased numbers of alveolar
macrophages with unusually large vacuoles in the cytoplasm,
while non-polymeric nanomaterials, that is, lipid- or protein-
based nanoparticles, did not induce this macrophage response
[7,11,12].

PVAc is a non-biodegradable plastic used in cosmetics, adhesives,
resins, and for laminating metal foils [13]. It also finds extensive
applications in the shipbuilding industry and is a component
of microplastics found in marine sediments [14]. It has been
identified in storm drain retention ponds, albeit in a much lower
prevalence than other common plastics [15]. In our previous
works [7, 8, 16], PVAc was used as a model polymer to assess the
effect of surface hydrophobicity on respiratory toxicity, because
it may be modified by controlled saponification to hydrolyze
the PVAc ester side groups, resulting in copolymers with dif-
ferent hydrophobicity based on their acetate:alcohol mol ratio
(Figure 1A) [17, 18]. Intriguingly, Jones et al. reported that PVAc
nanoparticles with a high acetate:alcohol mol ratio of ~80:20
(PVAc80%) were highly pro-inflammatory and associated with
lower numbers of coarsely vacuolated alveolar macrophages
(~20%), while the more hydrophilic PVAc nanoparticles with
an acetate:alcohol mol ratio of ~60:40 (PVAc60%) were nonin-
flammatory under the same conditions. In contrast, the more
hydrophilic PVAc nanomaterials induced a vacuolated phenotype
in approximately 50% of the BAL macrophages [7]. Further in
vitro investigations of PVAc60% in the J774 macrophage-like cell
line demonstrated that the nanoparticle-induced macrophage
vacuolation was not associated with phospholipid accumulation
and therefore could not be classified as phospholipidosis. Inter-
estingly, the PVAc60%-induced vacuolated cells showed a slightly
lower metabolic activity, but were otherwise capable of normal
phagocytosis, showed unimpaired response to lipopolysaccharide
challenge and had no apoptosis markers, that is, elevated caspase
3/7[19].

The unexpected observations following single-administration
lung exposure to the two grades of PVAc nanomaterials stim-
ulated the following questions: How long do these abnormal,
highly vacuolated macrophages reside in the lung? Does the
PVAc-induced inflammation persist or resolve over time? Are
both grades of PVAc nanoparticles associated with lung patholo-
gies, such as fibrosis, which require a longer time frame for
development and resolution? To address these questions, a 28-day
study in C56BL/6j mice following a single-dose administration
of hydrophilic and hydrophobic PVAc nanoparticles was per-
formed and the following parameters of respiratory toxicity
were assessed: the presence of coarsely vacuolated macrophages,
pro-inflammatory responses, and elevated collagen deposition
(Figure 1B). Silica quartz dust (Min-U-Sil 5) was included as a
comparator nanostructured material known to cause elevated
collagen deposition and pulmonary fibrosis (i.e., silicosis) over
time [21]. Additionally, bleomycin treatment was also used as a
positive control for fibrosis development [22, 23].

Parallel to assessment of conventional toxicity parameters in BAL
and tissue, a non-invasive micro-computed tomography (micro-
CT) imaging technique was used to assess a subset of treated
animals throughout the study period (Figure 1B). Although
magnetic resonance imaging (MRI) is used more routinely in
clinical settings for detecting soft tissue changes [22-25], micro-
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FIGURE 1 | (A) Poly(vinyl acetate-co-alcohol) (PVAc) with different acetate:alcohol ratios can be produced via controlled hydrolysis of poly(vinyl
acetate). The ratios use in the current study are PVAc84% (84% acetate:16% alcohol) and PVAc68% (68% acetate:32% alcohol). (B) Scanning electron
microscopy (SEM; [17]) and cryo-transmission electron microscopy (cryo-TEM; [20]) images of representative PVAc60% nanomaterials from previous
studies (reprinted with permission). The black arrows in the cryo-TEM image indicate the PVAc core and the white arrows indicate the polyvinyl alcohol

coating adsorbed to the surface for colloidal stability. (C) Schematic of the current study to assess lung toxicity following a single oropharyngeal aspiration

(o0.a.) administration of nanomaterials (300 ug) to the lungs of C56BL/6j mice following by analysis of lung histology, markers of inflammation and tissue

damage in the lavage fluid, as well as noninvasive micro-CT imaging.

CT was chosen as the imaging modality in this study, due to its
more widespread availability in research lab settings. The micro-
CT analysis used here is based on imaging the thoracic region
of the mouse before and after treatment, then quantifying the
total tissue volume (mm?) associated with a high-density signal
recorded in Hounsfield units (HU). In a soft tissue system, the
Hounsfield unit scale typically ranges from 0 HU (signal density
of water) to —1000 HU (signal density of air). In the healthy lung,
the parenchyma typically shows signal values ranging between
—1000 and —50 HU, while high-density structural features,
such as larger airways, have signal values +300 HU [26-28]. It
was hypothesized that pathologies that increase tissue density,
such as inflammation, edema, or collagen deposition, would be
detectable via an increase in tissue volume with a high-density
signal (i.e., 300 HU), providing a longitudinal and noninvasive
measure of nanoparticle-induced changes to the lung.

2 | Results

2.1 | Polymer and Nanoparticle Characterization

Nuclear magnetic resonance (NMR) analysis of the PVAc solid
polymers used in the current study showed mean hydroxylation
values of 31.9 + 1.4% mol:mol for the more hydrophilic PVAc
polymer (molecular weight: 13 kDa; n = 7), and 16.2 + 1.7%

mol:mol for the more hydrophobic PVAc polymer (molecular
weight: 48 kDa; n = 5). This difference was considered highly
significant (p < 0.001); therefore, polymers were understood to
differ significantly in their degrees of hydroxylation as a measure
hydrophobicity [7]. The respective polymers are abbreviated with
their molar content of hydrophobic acetate residues: PVAc84%
(84% acetate:16% alcohol groups) and PVAc68% (68% acetate:32%
alcohol groups) (Figure 1A). Nanoparticles were prepared from
the PVAc polymers by injection of a methanolic polymer solution
into an aqueous solution containing 0.33% w/v polyvinyl alcohol
(PVA) under continuous stirring and subsequent evaporation of
the methanol. PVA is a low molecular weight (10 kDa) water-
soluble polymer required for colloidal stability in aqueous media.
Dynamic light scattering measurements showed that PVAc68%
and PVAc84% nanoplastics did not differ significantly in size and
all dispersions were stable in their respective dosing vehicles
(Table 1). Zeta potentials for both PVAc dispersions were neutral,
while silica demonstrated a markedly negative value.

2.2 | Rationale for the Choice of Administered

Dose

The choice of dose was based on earlier seminal studies with non-
modified PS beads of various sizes (i.e., 64, 202, and 535 nm),
which showed that nanoparticle surface area dose correlated

30f14



TABLE 1 |
potential measured in 6.3 mM NaCl (mean =+ standard deviation, n = 6).

Mean hydrodynamic diameters of nanomaterials in deionized water or vehicle (* sterile 5% dextrose solution; ** sterile PBS) and zeta

Hydrodynamic diameter Hydrodynamic diameter ¢-potential

in deionized water (nm) in dosing vehicle (nm) (mV)
PVACc68% 167 + 11 177 + 13* —4.80 + 0.38
PVACc84% 166 + 26 175 + 23* —6.96 + 0.24
Silica 625 + 154 727 + 162** —50.9 +2.34

better with pulmonary inflammation metrics compared to mass-
based doses values [29-30]. In Jones et al. we also observed this
phenomenon, when similar levels of lung inflammation were
detected following the administration of 220 cm? hydrophobic
PVAc nanomaterials (150 nm; 500 pg/lung) and non-modified
PS (50 nm; 200 pg/lung). At lower surface area doses (22 cm?;
50 and 20 pg/lung, respectively) only negligible inflammatory
effects were observed for both hydrophobic nanoplastics [7].
Intriguingly, no inflammatory effects were observed after admin-
istration of hydrophilic PVAc nanoparticles at both 22 and 220
cm?, indicating that surface hydrophobicity of nanoplastics is an
important driver of lung inflammation [7]. In the current study,
we chose to administer the PVAc nanoplastics at an intermediate
dose of 300 pg/lung (~100 cm?, ~10 mg/kg) because it was of
interest to explore the effects of PVAc nanoplastics at a lower
dose, while still maintaining the pro-inflammatory profile of
hydrophobic PVAc nanomaterials to assess whether this response
is detectable with the noninvasive micro-CT imaging method.
Furthermore, silica particles administered in this dose range have
previously been reported to induce low-level inflammation and
increased collagen deposition over longer study periods [21]. It
should therefore be emphasized that the doses chosen are not
meant to reflect realistic environmental or occupational exposure
levels to respirable micro- and nanoplastics.

2.3 | Assessment of Lung Inflammation, Tissue
Damage, and Vacuolated Macrophages

In the current study, both the PVAc nanoplastics produced the
same responses as in previous studies [7, 8], whereby the more
hydrophobic PVAc84% nanoplastics induced an acute inflam-
matory response in the mouse lung with increased numbers
of polymorphonuclear cells (PMNs) and elevated levels of pro-
inflammatory cytokines (e.g., TNF-a and IL-6) detected in the
BAL fluid at day 1 (Figure 2). This type of response profile
is characteristic of a general pro-inflammatory response of the
lung toward a variety of engineered nanomaterials and many
studies have found evidence that nanoparticles induce lung
inflammation by activating various cell signaling pathways such
as TRPM2, IL-1a, NFxB, PKC-«, and EGFR [31]. In contrast, the
more hydrophilic PVAc68% nanoparticle suspension showed a
minimal response, that is, only minor elevations in PMNs 1-day
post-dosing. All measures of acute inflammation observed in BAL
after PVAc84% nanoplastic exposure resolved by day 7.

A separate group of mice were treated with a regime of low-dose
chronic bleomycin, a glycopeptidic antibiotic and antineoplastic
compound known to induce lung injury and fibrosis [22, 23].
Bleomycin-induced weight loss was commensurate with known

treatment effects but this did not exceed 20% body weight. No
animals were euthanized for bleomycin-induced weight loss, and
no weight loss was observed in any other groups. The BAL
analysis for the bleomycin treatment group showed inflammation
and evidence of tissue damage in terms of increased levels of
BAL protein (Figure 2), which were consistent with previous
reports on the effects of bleomycin in mice [31, 33]. In comparison,
the administration of 300 ug finely ground silica to the lungs
resulted in mild inflammation as characterized by elevated BAL
neutrophils (Figure 2). This response to silica treatment was
lower than expected and may have represented strain-related
differences in comparison to those reported in other murine
models of silica-induced lung injury [21].

Tissue histopathology was assessed at days 1, 7, and 28 (Figure 3),
with the results largely reflecting the indicators of inflammation
and tissue damage measured in the BAL fluid. No evidence
of macrophage accumulation, vacuolation, neutrophil infiltra-
tion, or tissue damage was observed in the saline vehicle or
PVAc68% treatment groups. PVAc84% treatment resulted in a
dense accumulation of macrophages and PMNs in the tissue
regions surrounding the central airways (although less so in
the periphery of the airways) at day 1, which fully resolved by
day 7. Silica treatment resulted in very minor tissue changes,
predominately the observation of accumulations of enlarged
alveolar macrophages with evidence of mild neutrophilia in the
central airways increasing from days 1 to 28. Finally, bleomycin
treatment resulted in substantial changes to the tissue from day 1
with increasing severity on days 7 and 28. The density of tissue
staining resulting from inflammatory cell accumulation and
tissue remodeling was evident at all timepoints post-bleomycin
administration.

In addition, it was previously observed that both PVAc nanopar-
ticle treatments were associated with high levels of coarsely vac-
uolated mononuclear cells (MNCs), most of which are assumed
to be alveolar macrophages [7, 19]. This phenomenon was also
observed in the current study following PVAc nanoparticle
treatment (Figure 4). The percentage of coarsely vacuolated
MNCs was determined by counting the prevalence of abnor-
mally vacuolated cells (with morphology similar to the cells
shown in the micrographs in Figure 4B) within a population
of 100 cells. Elevated numbers of coarsely vacuolated cells were
observed throughout the entire 28-day study period, although
the prevalence peaked at day 7. Similar to observations reported
by Jones et al. [7], the more hydrophilic PVAc68% nanoplastics
tended to show a higher prevalence of abnormal MNCs compared
to the more hydrophobic PVAc84% nanoplastics, although the
difference between the two systems is not significant in this
study.
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Analysis of lung inflammation and tissue damage in BAL. (A) Number of infiltrating polymorphonuclear cells (PMNs), (B) total BAL

protein content (mg/mL), (C) BAL TNF-a concentration (pg/mL), and (f) BAL IL-6 concentration (pg/mL). Values represent the mean + standard
deviation from n = 3-4 animals per group per time point. Three vehicle controls (represented in gray tones) were used: PVA (0.4 mg/mL) in 5% dextrose
(PVAc vehicle), PBS (silica nanoparticle vehicle), and isotonic saline (bleomycin vehicle). (*p < 0.05, **p < 0.01, ***p < 0.001; sample vs. matched vehicle

at each respective time point). n.d. = not detected.

2.4 | Assessment of Lung Edema and Collagen
Deposition

Wet and dry lung weights were recorded for standard gravimetric
analysis to evaluate whether treatments induced edema. Edema
was characterized as an increase in the ratio of wet/dry lung
weight and a minor but significant increase was only observed
in the bleomycin-treated group on day 1 (p < 0.05), compared to
naive animals (Figure S1A). A comparison of lung dry weights
(Figure S1B) revealed that a significant increase in mass was also
observed for the bleomycin-treated group, indicating collagen
deposition with remodeling but was not observed for other

treatment groups. This was further investigated through collagen-
specific staining using picrosirius red (Figure 5), revealing that
bleomycin-treated animals showed extensive collagen deposition
and tissue damage from day 1 onwards, while this was not as
evident for the nanoparticle treatment groups.

A semi-quantitative image analysis was performed with picrosir-
ius red stained samples (20x magnification), whereby total
collagen deposition was expressed as the picrosirius factor (PF%;
Figure 5). The PF% was derived by capturing a total of 39
non-overlapping images (0.6 mm? each) from cryo-slices taken
from different lung lobes of each animal. The extent of collagen
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staining (i.e., red signal) in each 0.6 mm? image was quantified
using the Image]J threshold tool (ImageJ software). From the 39
images, the region with the lowest red intensity value, typically
associated with non-collagenous tissue, was designated as a
background and subtracted from all other areas to normalize
the staining intensity values. Normalized intensities for all
39 sections were summated, divided by the total image area,
and multiplied by 100 to yield a PF% value for each animal.
Interestingly, PVAc84% and silica nanoparticle-treated animals
also showed minor, but significant increases in PF% at days
7 and 28. Lung slices of PVAc68% treated animals resembled
those of the saline control group. Significantly elevated PF%
values were observed for bleomycin treatment groups at all
time points, reflecting visible patterns observed in the tissue
histopathology.

2.5 | Micro-CT Assessment of Longitudinal
Respiratory Toxicity

Longitudinal micro-CT assessment of freely breathing mice was
performed on days 0, 1, 7, and 28 to track changes in lung health
following the different treatments. Since image quantification
from the whole lung significantly increased analysis time and
masked regio-specific high-density signals potentially indicative
of pathologies, an alternative approach using the evaluation of
six evenly spaced transverse image slices was investigated as a
surrogate for the whole lung (Figure 6A). The average tissue
density for whole lung data sets (—451 +55 HU/voxel) was very
similar to the average signal from the six transverse image slices
(—480 +65 HU/voxel) and both values were in the expected
range for parenchymal tissue values (Figure 6B) [34], indicating
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The top panel shows the average parenchymal signal density (HU/voxel) when measurements were restricted to 1000 to —50 HU. The bottom panel
shows average high density signal values (HU/voxel) measured between —300 to +300 HU. High attenuation artifacts (e.g., bone) were excluded from
all analyses. (B) Comparison of average parenchymal signal density values calculated from whole lung measurements (gray) versus values calculated
from six transverse slices (blue). These are compared with average high density signals calculated from six transverse slices. Values represent the mean +

standard deviation from n = 4 naive mouse lungs. **p < 0.001. (C) Images of the high density signal development in a single mouse following bleomycin
treatment. (D) Average high density signal volumes calculated from six transverse slices (n = 4 animals). ****p < 0.0001 compared to matched time

points in the naive group.

that the alternative analysis protocol was representative of the
whole lung. The further analysis detected a significant difference
in the average tissue density recorded using the parenchymal
measurement range (—1000 to —50 HU) compared to high-density
measurement range of —300 to +300 HU (-161 + 22 HU/voxel,
p < 0.01) (Figure 6B), which confirmed that despite the overlap in
measurement range, the analysis approach was able to quantify
parenchymal values as distinct from surrounding high density
values understood to represent the relatively denser vasculature
and supporting architecture in the lungs of naive mice. The
ability to distinguish non-parenchymal values as separate from

parenchymal values made high density regions a suitable marker
for the longitudinal tracking of changes associated with increased
tissue density such as inflammation, collagen deposition, fibrosis,
and/or angiogenesis [22, 23].

Longitudinal quantification of high density regions was per-
formed and the baseline value subtracted from each time point
to provide a mouse-specific change in high density signal volume
over time (A mm?; Figure 6D). The A mm? in naive mice was not
significantly altered over time (negative control), while a large
and significant increase A mm?® was observed at all time points
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Mean PF% values from collagen deposition studies were
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bleomycin (orange) at day 1 (circles), day 7 (triangles) and day 28 (squares).
Values for the Pearson correlation (r) and coefficient of determination
(R?) are shown.

following bleomycin treatment (positive control; Figure 6C). This
difference indicates that the longitudinal quantification of high-
density signal volumes is able to correctly distinguish between
healthy lungs and those with extensive tissue damage.

This quantification protocol was next applied to the post-
acquisition image processing of the nanoparticle treatment
groups: PVAc68%, PVAc84%, and silica (Figure 6D). Treatment
with nanomaterials resulted in minor increases in A mm?, but
these were not significant compared with the naive control group.
It was of interest to examine whether the high density signal
volume measured by micro-CT corresponded to levels of collagen
staining, which would provide an indication that the micro-CT
signal is driven by collagen deposition in response to treatment.
A correlation plot of the picrosirius factor (PF%) versus the high-
density signal volume (A mm?; Figure 7) showed a moderately
good Pearson correlation value (r = 0.8552) and coefficient of
determination (R?> = 0.7313). The A mm? was not highly correlated
to any other singular parameter measured (data not shown).

3 | Discussion

The current study was designed to investigate adverse respiratory
responses to PVAc nanoplastic exposure by quantifying the extent
of inflammatory and/or fibrotic changes observed over 28 days
following a single pulmonary administration. Furthermore, this
study sought to quantify the persistence of coarsely vacuolated
macrophages over time and investigate differences resulting
from the mouse strain in comparison to previous studies (i.e.,
C56BL/6j in the current study vs. Balb/c in [7]), as well as

explore noninvasive longitudinal micro-CT imaging as a method
for assessing lung tissue damage following nanoparticle exposure.

The comparisons to prior research using PVAc nanomaterials
revealed that the overall cellularity in the BAL of C57BL/6j
mice was lower than that of BALB/c mice studied previously
[7], although data trends remained the same, with the more
hydrophobic nanoplastics inducing a transient pro-inflammatory
response, while the more hydrophilic PVAc nanomaterials did
not. Taken together, the results of this study are in line with a
growing body of literature linking nanomaterial hydrophobicity
to toxicity in vitro and in vivo, across a range of organic and
inorganic nanomaterials [7, 8, 10, 35-37].

Intriguingly, the prevalence of coarsely vacuolated MNCs in the
BAL fluid does not appear to be directly linked with nanopar-
ticle hydrophobicity or inflammation, as vacuolated cells were
observed after exposure to both PVAc particle types and remained
prevalent in the lungs over 28 days. Furthermore, this highly vac-
uolated macrophage response appears to be associated primarily
with nanoplastic exposure, since finely ground silica nanoparti-
cles did not induce a similar response in this study. Jones et al. also
found coarsely vacuolated macrophage populations in the BAL of
animals exposed to nanoplastics (PVAc and PS) but not in animals
exposed to protein or lipid-based nanomaterials [7]. Interestingly,
the coarsely vacuolated macrophages were only observed in the
cellular fraction of the BAL fluid and could not be found in the
parenchymal tissue slices, which are typically used for routine
toxicology assessment. The underlying mechanism and the long-
term implications of this vacuolated phenotype are currently not
well understood, although Hoffman et al. have identified that
PVAc-treated cells do not stain positive for elevated phospholipid
content [19], indicating that phospholipidosis [38] is likely not
occurring in this cell population. Elevated neutral lipid levels
were observed [19]. Rather, it may reflect either the early stages
of apoptosis or dysfunctional autophagy, as has been postulated
for a wider variety of nanoparticles [39-42].

In addition to inflammation, the current study sought to explore
any fibrotic-associated effects of single-dose nanoparticle treat-
ment, as quantified by picrosirius red staining for collagen
deposition and micro-CT imaging. The longitudinal investigation
revealed that lungs exposed to saline and the more hydrophilic
PVAc68% nanoplastics showed low levels of collagen deposition
(PF% ~1%), while collagen deposition was elevated to a minor
but significant extent in lungs exposed to the more hydrophobic
PVACc84% and silica nanomaterials (PF% = 2%-3%). When com-
pared to chronic bleomycin for the induction of fibrosis (PF%
> 4%), a single administration of nanomaterials appeared to
result in relatively mild tissue changes with no notable tissue
remodeling. As both the total dose and length of exposure are
known to influence bleomycin-induced lung injury [22, 23], these
findings may highlight that chronic exposure to hydrophobic
polymeric nanomaterials could result in a fibrotic respiratory
toxicity over the longer term. The inclusion of collagen deposition
as an endpoint in chronic exposure studies with environmentally
relevant concentrations of nanoplastics could therefore be useful.

Changes in the lungs were also tracked using micro-CT as an
adjunct (noninvasive) methodology compared to conventional
(invasive) nanotoxicology assessments. The micro-CT image
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analysis method developed was based on the quantification
of the high-density values from six representative transversal
lung regions of interest. A moderately good correlation was
revealed between high-density signal volumes and the PF%,
indicating that the micro-CT image analysis has the potential
as an indicator of collagen deposition and fibrosis development
in the lungs, although the technique could benefit from further
investigation and refinement. It was, for example, noted that
micro-CT imaging was not able to detect increased tissue density
resulting from the lung inflammation present at day 1 following
PVAC84% nanoparticle exposure, as was clearly seen in the
H&E histopathology. It may be that cellular infiltration was not
detectable within the focused range of +300 HU but may be
quantifiable within a different range relative to the specific micro-
CT attenuation achieved. Tissue histopathology also indicated
that PMN infiltration was localized in the upper and central
regions of the lung, reflecting the likely distribution pattern
of nanomaterials following oropharyngeal aspiration of a bolus
liquid [43]. Therefore, the analysis of high-density volumes in the
six evenly spaced transversal sections may have underrepresented
the density changes occurring only in the upper regions of the
lung. It is anticipated that advanced image processing methods,
such as texture analysis, combined with machine learning, may
be able to provide more detailed and sensitive information
regarding respiratory tract changes measured using micro-CT
[44-47).

In addition, it was noted that longitudinal studies using invasive
methods such as ventilation, gating, or using postmortem image
analysis, to derive images with greater anatomical clarity and
fewer motion artifacts, may also have the potential to capture
pulmonary injuries with greater resolution. Such has been seen,
for example, in a recent mouse model of pulmonary disease,
employing an automated pulmonary air and tissue segmentation
protocol with in vivo respiration controlled and breath-gated
scanning in combination with post-mortem imaging and ex vivo
high-resolution scanning to improve the efficiency and limit user-
associated bias in the quantification of pulmonary injury [48].
With adaptability to longitudinal models, such methods could be
incorporated in future investigation of pulmonary nanotoxicity
but will require greater numbers of animals to be used. A
compromise may be to develop a similar protocol in freely
breathing animals, forgoing the ventilated and gated aspects but
incorporating selected post-mortem imaging and ex vivo high-
resolution scanning. Such approaches will be the focus of ongoing
investigations to improve the use of longitudinal non-invasive
imaging methodology in the field of respiratory nanotoxicology.

4 | Conclusions

This study confirmed that increases in the surface hydropho-
bicity of PVAc nanoplastics are associated with increased acute
inflammatory effects in the mouse lung, which resolves within 7
days after a single administration. Exposure to PVAc nanoplastics
led to an increased prevalence of distinctive coarsely vacuolated
MNCs in the BAL fluid, which were present over the entire 28-
day observation period, although the long-term implications of
this observation remain undetermined. The single exposure to
hydrophobic PVAc84% nanoparticles also induced a minor, but
significant increase in collagen deposition in the lungs, although

no evidence of tissue remodeling was observed. Since the effects
of cumulative respiratory exposure have yet to be studied and
these may reveal more substantial pathology. Finally, longitudi-
nal micro-CT imaging was assessed as a non-invasive adjunct
methodology for use in respiratory nanotoxicology studies. Using
the image analysis protocol developed for this study, the micro-
CT assessment correlated well with the conventional assessment
of collagen staining used as a biomarker for fibrosis, but CT was
not able to distinguish high levels of cellular infiltration which
occurred as part of the inflammatory response. However, future
method development in the area of image analysis shows promise
for improving the diagnostic specificity of image processing,
presenting an attractive platform for the rapid and non-invasive
longitudinal assessment of lung health following exposure to
nanoplastics.

5 | Experimental Section

5.1 | Materials

Two molecular weight grades of PVAc, high (48 kDa) and low
(12.8 kDa), were purchased from Sigma-Aldrich (Dorset, UK).
Poly vinyl alcohol (PVA; 8-12 kDa) was purchased from Sigma-
Aldrich (Dorset, UK). Fine ground crystalline silica (Min-U-Sil
5 quartz dust) was a gift from the US Silica Company (Houston,
TX, USA). Bleomycin A5 hydrochloride was purchased from LKT
Laboratories (Cambridge Bioscience Ltd, Cambridge, UK). All
other materials were of analytical grade.

5.2 | PVAc Synthesis and Nanoparticle Fabrication
The PVAc polymers were modified by direct saponification
as previously detailed by Chana et al. [17]. From the high
molecular weight precursor, a modified PVAc polymer with 16
mol% hydroxyl groups and 84 mol% residual acetate groups
(PVAc84%) was produced. Modification of the low molecular
weight precursor yielded a PVAc polymer with 32 mol% hydroxyl
groups and 68 mol% residual acetate groups (PVAc68%). Polymer
purity and degree of hydrolysis were verified by NMR analysis
[17, 18]. To prepare PVAc nanoparticles, a solution of 5% w/v
PVACc68% or 1% w/v PVAc84% polymer in 2:1 methanol:water was
injected into 0.33% w/v aqueous PVA under continuous stirring.
Following solvent evaporation, suspensions were filtered (0.4 ym
syringe filter) and dialyzed against water (>48 h) to remove excess
PVA. Purified nanosuspensions were subsequently concentrated
using ultrafiltration centrifuge tubes (100 kDa MWCO; Millipore,
Watford, UK).

5.3 | Nanoparticle Characterization

PVAc and silica suspensions were investigated to determine
hydrodynamic particle size and zeta potential (Zetasizer Nano ZS:
Malvern, Worcestershire, UK). Particle size was determined using
dynamic light scattering using a scattering angle of 173° with
refractive indices and viscosity values optimized per run. Samples
were diluted at >0.01 mg/mL in deionized water or dosing
vehicle(s) to investigate colloidal stability. PVAc nanoplastics
were size-stable when stored in purified water at 4°C. Zeta

10 of 14

Nano Select, 2025



potential measurements were performed at 25°C in 6.3 mM saline
solution. Data is reported as the mean + standard deviation of n
= 3 nanoparticle batches.

5.4 | InVivo Pulmonary Administration

All procedures were conducted in accordance with the UK Ani-
mals (Scientific Procedures) Act 1986 (Project License Number
70/8279). Male C56BL/6j mice (Harlan, UK) weighing 21-25 g,
were allowed no less than 1-week acclimatization before use.
Animals were kept under a 12:12 light:dark cycle, in a climate
controlled environment with access to food and water ad libitum.
Body weight was recorded throughout the study, as a measure of
general health.

PVAc nanoparticle suspensions were prepared under aseptic con-
ditions in sterile 5% dextrose solution. Autoclaved silica (quartz
dust) was added to sterile phosphate buffered saline (PBS), and
suspensions were probe sonicated for 30 min (Jenson Vibra Cell,
50 W/60 Hz). All suspensions were shaken gently immediately
prior to use. Bleomycin solution was prepared in sterile filtered
saline as 10 mg/mL stock, and aliquots were diluted for dosing.
Bleomycin was stored at 4°C for the duration of use.

An adapted oropharyngeal aspiration dosing technique was used
for lung administration [44], and doses were chosen to produce
a low to mid-range response based on existing literature [7, 21].
Anesthetized mice (isoflurane: 4% in O,) were briefly suspended
by their upper incisors. Fingertip pressure was used to secure
the tongue away from the oral cavity to suppress swallowing.
The nostrils were gently held closed by fingertip pressure to
induce mouth-breathing. Using a micropipette, 40 uL of PVAc or
silica suspension (300 pg/mouse), or vehicle, were applied near
the posterior pharynx. Aspiration was confirmed by the rapid
disappearance of liquid from the opening of the larynx accompa-
nied by simultaneous inspiration of breath. The vehicle control
for PVAc nanoparticle suspension consisted of a 5% dextrose
solution containing residual PVA stabilizer (<0.4 mg/mL) [7]. As
a positive control for lung injury and fibrosis, chronic bleomycin
was administered via oropharyngeal aspiration, whereby mice
received six applications of bleomycin (0.05 mg/kg body weight)
or saline vehicle. The time course for chronic dosing consisted
of bleomycin uid for 3 days, followed by a 2-day rest period
where no bleomycin was applied. Then a final 3-day course of
bleomycin was administered. This provided a total cumulative
dose of 7.5 ug/mouse, with the two-day dosing hiatus considered
beneficial in reducing the stress of repeated manipulations
[22, 23].

5.5 | Assessments of Pulmonary Inflammation
and Fibrosis

5.5.1 | Inflammatory Cells, Cytokines, and Protein
Animals were sacrificed 1, 7, and 28 days post-treatment. The
common veterinary anesthetic ethyl carbamate (urethane: Sigma-
Aldrich, St. Louis, MO, USA) was used in accordance with IARC

guidelines [49, 50]. Prior to BAL fluid collection, mice were
sacrificed with an intraperitoneal overdose of the anesthetic

(urethane 50% w/v in water, >0.3 mL/mouse). The trachea was
exposed by a midline incision and cannulated with a 24-gauge
plastic tube attached to a 1.0-mL syringe. Lungs were then lavaged
3xwith 0.5 mL of sterile physiological saline, to a total recoverable
volume of >1 mL/mouse, placed in clean microcentrifuge tubes.
For each mouse 50 pL of BAL fluid was removed and diluted
1:1 with Turk’s solution (Merck Chemicals Ltd, UK) in a clean
microcentrifuge tube, and retained for undifferentiated leukocyte
counts using a Neubauer chamber. Data from each treatment
group were used to calculate mean + standard deviation for each
treatment group, respectively. An aliquot of 100 uL undiluted BAL
fluid was used for cytospin and differential cell staining (Reastain
Quick-Diff Kit, Reagena Ltd, Finland). Differential cell counts
were performed using oil emersion under 100x magnification
light microscopy. Counts for MNCs and polymorphonuclear
cells (PMNs) were performed on 100 and 200 cells per slide,
respectively. No other leukocyte types were observed. Data from
each treatment group were used to calculate mean + SD.

Interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a)
were quantified in the standard BAL supernatant using a col-
orimetric enzyme-linked immunosorbent assay specific to each
cytokine (Mouse TNF-a and IL-6 ELISA Ready-Set-Go! 96-Well
plate assay; eBioscience, Cambridge, UK). As a measure of tissue
integrity, total protein levels in BAL were quantified using a
Quick Start Bradford Protein Assay (Bio-Rad, Hemel Hempstead,
UK) according to the manufacturer’s instructions. Data were
expressed as mean + SD.

552 | LungEdema
The isolated lungs were dissected free of the trachea and connec-
tive tissues, then weighed and dried (96 h at 40°C). Dried lungs
were reweighed, and both dry lung weight and wet/dry ratio were
recorded for standard gravimetric analysis of edema. Data were
expressed as mean + SD.

5.5.3 | Lung Histology

Following formalin fixation, transvers samples of 3 mm thickness
were taken from the upper, middle, and lower regions of the left
lung. This was followed by dehydration through graded ethanol,
then paraffin wax embedding. Serial sections of 4 pm thickness
were taken from each region and stained with hematoxylin and
eosin (H&E) for cellularity and general morphology, or with
picrosirius red stain to detect collagen deposition [23, 43]. For
H&E, samples were qualitatively assessed at 40x magnification
light microscopy for evidence of macrophage accumulation and
vacuolation, PMN infiltration, tissue damage, or remodeling (n
= 3-4 animals per group). A semi-quantitative image analy-
sis was performed with picrosirius red stained samples (20x
magnification). Total collagen deposition was expressed as the
picrosirius factor (PF%), while nonspecific changes, for example,
cell infiltration and tissue remodeling, were referred to as the
tissue factor (TF%). The PF% was derived by capturing a total
of 39 nonoverlapping images (0.6 mm? each) across the upper,
middle, and lower lung slices for each animal to give a total area
per animal of 34 mm?. The extent of collagen staining (i.e., red
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signal) in each 0.6 mm? region was quantified using the ImageJ
threshold tool (ImageJ software for Microsoft Windows). From
the 39 regions imaged, the region with the lowest intensity value,
typically associated with non-collagenous tissue, was designated
as a background intensity value and subtracted from all other
areas to normalize the background signal. Normalized intensities
for all 39 sections were then added together, divided by 34 mm?*
and multiplied by 100 to yield a PF% value for each animal. Values
were reported as the mean + SD, n = 3-4 animals per group.

5.6 | Computed Tomography (CT) Image
Acquisition

Mice were anesthetized using isoflurane (2% in O,). Respiratory
rate and temperature were recorded throughout image acquisi-
tion, and temperature was maintained by heated air (34°C) in
the scanner bed. A Mediso NanoCT scanner was used to obtain
transverse helical scans of the thorax at maximum zoom, 360°,
pitch 1.0, coincidence 1:4, using a tube voltage of 45 kVp with
an exposure time of 1600 ms. Lung density measurements were
recorded in Hounsfield units (HU) and the total image acquisition
time per mouse was 40 min. All mice underwent CT analysis
prior to treatment as a measure of baseline lung health. Following
single administration (nanoparticles and vehicles) or the final
administration (bleomycin), measurements were taken again at
1, 7, and 28 days post-dosing. The baseline value for each mouse
(measurement prior to treatment) was subsequently subtracted
from the posttreatment measurements for each time point.

Image analysis was performed using VivoQuantTM software
(inviCRO, LLC). For model development and validation, the
average density (HU/voxel) from the whole lung of naive animals
was first assessed in comparison to the average density calculated
from six evenly spaced transverse lung slices (6 voxel thickness),
whereby measurements were restricted to a range of —1000 to
—50 HU, which is reflective of the parenchyma [34]. Next, the
parenchymal tissue density (HU/voxel) measured between —1000
and —50 HU was compared with the high-density tissue signal
(HU/voxel) measured between —300 and +300 HU (associated
with the normal vasculature and architecture of the lungs) in the
naive group to ascertain whether high density structures such
as airways can be identified with certainty. Individual values
were grouped and recorded as mean + SD (n = 4) for either
parenchymal or high-density signal analyses. In the analysis
of treated versus nontreated animals, the total volume (mm?)
of high-density signals (—300 to +300 HU) from six evenly
spaced transverse lung slices was quantified for each mouse
at day O (prior to treatment) and days 1, 7, and 28 following
treatment. Data was also collected from time-matched naive
controls. Baseline values were subtracted from each data set and
total high-density signal volumes at each time point plotted as the
mean + SD (n =4).

5.7 | Statistical Analyses

Raw data from analytic comparisons of solid polymers and
nanoparticle suspensions were analyzed using an unpaired, two-
tailed t-test, and results were considered significant at p < 0.05
(GraphPad Prism 10 software). Raw data from conventional in

vivo treatment protocols were analyzed using two-way ANOVA
with (mixed model analysis) with Bonferroni post-test (GraphPad
Prism 10 software), and results were considered significant at
p < 0.05. CT data were analyzed with repeated measures using
a Dunnett’s test.
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