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Size-dependent translocation of polystyrene
nanoplastics across biological barriers in
mammals

Hong-Jie Zhang1,5, Sicheng Li 2,5, Xin-Lei Wang1, Ke-Da Zhang1, Hai-Tao Fang1,
Xuan Wu1, Ziyun Huang1, Wei Jiang 1, Liuyan Yang1, Qiao-Guo Tan 3,
Bingcai Pan 1, Rong Ji 1 , Ping Wang 2 , Baoshan Xing 4 &
Ai-Jun Miao 1

Nanoplastics (NPs) pose health concerns worldwide. However, robust quan-
titative data on their absorption, distribution, and excretion in mammals
remain scarce. Here, we provide a comprehensive assessment of polystyrene
(PS) NP biodistribution and elimination in rats using 14C-radiolabeling, the
most accurate and quantitative method available. Pregnant rats were exposed
to 14C-labeled 20 nm or 100 nm PS NPs (PS20 or PS100) via oral gavage, intra-
tracheal aerosolization, or intravenous injection, and tissue distribution and
excretion were determined by radioactivity measurements. We found that PS
NPs were exclusively excreted through faeces, irrespective of the exposure
routes, without urinary elimination. Both PS20 and PS100 crossed multiple
biological barriers, yet only PS20 reached the brain. Maternal transfer of PS20
occurred through both placenta and milk, while PS100 transferred solely via
milk. A physiologically based toxicokinetic model further simulated accumu-
lation kinetics across tissues. This study establishes the most comprehensive
and reliable quantitative profile of PS NP biodistribution in mammals to date,
revealing distinct size-dependent translocation patterns that provide a robust
foundation for evaluating their health impacts.

Globally, over 6 billionmetric tons of plasticwaste hadbeen generated
by 2015, and estimates show a rise to ~12 billion tons by 20501. Frag-
mentation of this waste2,3 produces microplastics (MPs, 1–5000μm)
and nanoplastics (NPs, <1μm) that are potentially hazardous to human
health4–6. Recent estimates suggest that humans ingest ~0.1–5.0 g of
these plastic particles weekly7 and inhale ~6.5–9.0μg/kg body weight
daily8. MPs and NPs intentionally produced for various applications
such as drug carriers9 and those released from disposable plastic
infusion tubes and bags10 also find their way into our bloodstream.
Such significant exposures from different routes mean high risks and

therefore, a quantitative understanding of the absorption, distribu-
tion, and excretion of these plastic particles through various exposure
pathways is critical and urgent6.

Despite extensive research on the biodistribution and elimination
of MPs and NPs, ongoing debate persists regarding their ability to
cross mammalian biological barriers. For instance, while some studies
report no systemic uptake (i.e., no barrier traversal) of MPs and NPs
following oral exposure11,12, others have detected them in multiple
organs13,14. Moreover, particles as large as several micrometers have
been reported to traverse the blood-brain barrier (BBB)15, the urinary
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system barriers16, and the placental barrier17, even though these bar-
riers are known to be permeable only to nano-sized particles18. These
discrepancies may arise from the use of fluorescence labeling techni-
ques,which can introduce artifacts due to dye leaching19. Similar issues
are encountered with non-carbon isotope20–22 and heavy metal23,24

labeling methods. In addition, contamination of MPs or NPs during
sample collection and digestion, as well asmatrix interference, cannot
be ruled out. Consequently, current findings are largely qualitative,
and possible methodological artifacts may affect their validity.

Here, we accurately quantify the absorption, distribution, and
excretion of 20nm and 100nm polystyrene (PS20 and PS100) NPs in
pregnant Sprague Dawley (SD) rats, employing 14C-labeling alongside
verification techniques such as gel permeation chromatography (GPC)
and stimulated Raman scattering microscopy (SRS). We focus on NPs,
whose smaller size compared to MPs may lead to greater health
impacts23. PS, as a representative of conventional polymers, has been
most frequently examined. By labeling the PS backbone with 14C
isotope25–28, we exclude the possibility of label leaching, making 14C
labeling the most reliable method for quantifying the tissue distribu-
tion and elimination of PS NPs. To explore the effects of exposure
routes on the biodistribution of PS NPs, rats are administered radio-
labeled particles via oral gavage (OG), intratracheal aerosolization
(ITA), or intravenous injection (IVI). Their distribution in the urine,
faeces, gastrointestinal (GI) tract, lungs, blood, thoracic and abdom-
inal aorta, liver, spleen, brain, heart, kidneys, residual tissues, and
maternal transfer via placenta and breast milk is quantified and then
simulated by a physiologically based toxicokinetic (PBTK) model.
Detailed information about the comparable physicochemical proper-
ties of 14C- and their unlabeled counterparts is provided in Supple-
mentary Text and Fig. S1.

Results and Discussion
Potential elimination of PS NPs through urine and faeces
One day after administering 0.84mg of 14C-labeled PS NPs (1.9 × 1014

particles of PS20 and 1.5 × 1012 particles of PS100) to each rat, a notable
amount of radioactivity was detected in the urine (Fig. 1a). However,

the daily urinary excretion of 14C declined rapidly over time, as indi-
cated by the quickly decreasing slope of the cumulative percentage
curve. After 5 days, nomore radioactivitywas detected in the urine and
the total amount of 14C excreted through urine accounted for
0.08–0.21% of the initial dose. GPC results of urine further indicated
that the radioactivity primarily stemmed from small molecules
resembling the residual mono- and oligomers (i.e., 14C-labeled styrene
monomer and short oligomers remaining from PS NP synthesis) pre-
sent in the PSNPpreparation (Fig. S2). As PSNPs are relatively inert, the
urination results suggest that the residual mono- and oligomers
adsorbed on the surface of PS NPs (0.3–0.4% of the total dose) were
not completely removed by diafiltration. These residual mono- and
oligomers rapidly dissociated from the PS NPs and were excreted in
urine, regardless of the location of the PS NPs in the rats. Despite
significant renal accumulation of PS NPs (Fig. S3a), their absence in the
urine implies thatneither PS20norPS100 is excreted via urine, likely due
to the physiological pore size limit (<10 nm) for urinary system
barriers29,30.

In contrast to urine, a substantial proportion of PS NPs was
excreted through faeces, as verified by the same MW distribution of
the 14C-labeled compounds in faeces and PS NPs themselves (Fig. S2).
Within the first day, the faecal excretion of PSNPs administered via OG
was the most significant, constituting 49.7–62.2% of the initial dose,
followed by ITA with 6.94–22.2%, and IVI with only 0.35% (Fig. 1b).
Initially high, daily faecal excretionofPSNPs fromOGand ITAdeclined
sharply until day 5. Afterward, there was a significant increase, fol-
lowed by a gradual decrease or stabilization. This phenomenon sug-
gests biphasic excretion of both PS NPs from different compartments
within the rats. In contrast, the daily excretion of PS NPs via IVI
remained relatively constant, with the slope of the cumulative per-
centage curve unchanged over the 19-day period. Moreover, a higher
percentage of PS100 was excreted through faeces following OG com-
pared to PS20, whereas the opposite trendwas observed for ITA and IVI
(p < 0.05, two-way ANOVA).

The observed higher faecal excretion of PS100 compared to PS20
following OG (Fig. 1b) suggests a reduced absorption of PS100 through

Fig. 1 | Potential elimination of PS NPs through urine and faeces. The cumula-
tive percentage of 14C in the a urine and b faeces on days 1–19 post the adminis-
tration of PS20 or PS100 via oral gavage (OG), intratracheal aerosolization (ITA), or
intravenous injection (IVI). All data (mean ± standarddeviation,n = 3) aredisplayed

as the cumulative percentage of 14C radioactivity in the specific excreta normalized
to the total radioactivity of 14C administered to the rats. All data points include
error bars, some of which are small and obscured by the data point symbols.
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the GI tract. The rapid faecal excretion of PS NPs administered via ITA
indicates that a portion of the particles in the lungs were efficiently
cleared by mucociliary transport up the airway, eventually into the
pharynx and the GI tract31. Further, the mucociliary clearance rate for
PS20 is higher than that for PS100, indicating that not only micrometer-
sized particles but also extremely small particles (e.g., less than
100nm) can be readily cleared. The minimal but relatively constant
faecal excretion of PSNPs following IVI is attributable to the challenges
faced by the NPs in transferring from the bloodstream to the GI tract.

Distribution of PS NPs in different tissues and blood
Due to the rapid faecal excretion following OG, with PS100 being
excreted more rapidly than PS20, only 40.8% (34.6%) of the initial PS20
(PS100) doses retained in the GI tract 1 day post administration,
decreasing consecutively to 7.61% (3.73%) after 19 days (Fig. 2a). Fol-
lowing ITA, PS20 was more efficiently eliminated through mucociliary
clearance than PS100, leading to higher levels of PS20 in the GI tract
(Fig. 2a). Specifically, a maximum value was observed on day 5, indi-
cating that it takes time for PSNPs to transport from the lungs to theGI
tract. In contrast to OG and ITA, PS NPs administered via IVI had the
lowest overall presence in the GI tract (Fig. 2a). Furthermore, following
IVI, the amount of PS20 in the GI tract was lower than that of PS100
(p < 0.05, two-way ANOVA), as PS20 was excreted more rapidly via
faeces for this administration route (Fig. 1b). The MW distribution of
the 14C-labeled compounds accumulated in the GI tract and other tis-
sues or body fluids was the same as that of PS NPs themselves (Fig. S2),
confirming the presence of PS NPs.

Despite the considerable faecal excretion of PS NPs administered
via ITA, the majority (73.7–90.8%) accumulated in the lungs within the
first day post-administration, with a subsequent decline over time
(Fig. 2b). The temporal reduction of PS NPs in the lungs is attributed to
clearance mechanisms such asmucociliary transport, phagocytosis by
alveolarmacrophages, and lymphatic transport32. Although lower than
ITA, significant lung accumulation was observed for PS NPs adminis-
tered through IVI (0.08–1.69%) and OG (0.007–0.16%). The propor-
tions obtained herein seem low. But they were orders of magnitude
higher than the limit of quantification (2.8 × 10−4)% and represented a
huge number (1.1 × 108–3.2 × 1012) of PS NPs. Across all administration
routes, a greater overall proportion of PS100 was retained in the lungs
compared to PS20 (p <0.05, two-wayANOVA),whichmay bedue to the
more rapid transport of PS20 from lungs to faeces (Fig. 1b).

Although PS NPs were introduced directly to the bloodstream in
the IVI treatment, only a minuscule proportion of PS20 (0.27%) and
PS100 (0.66%) remained in the blood 1 daypost administration (Fig. 2c).
This finding implies that PS NPs may be rapidly sequestered from the
blood into certain tissues (e.g., liver and spleen), due to the high rate of
blood circulation in rats33. Additionally, a significant amount of PS NPs
was also adsorbed on blood vessels, likely through a combination of
non-specific physical interactions (such as van der Waals forces, elec-
trostatic and hydrophobic interactions) and hemodynamic effects that
enhanceparticle-endotheliumcontact. For instance, 6.15–16.3%of PS20
and 0.004–10.0% of PS100 were adsorbed on the thoracic and
abdominal aorta within 19 days post-IVI (Fig. 2d). This adsorption may
explain the previously reported presence of NPs in carotid artery pla-
ques of patients with asymptomatic carotid artery disease34. Com-
pared to IVI, blood concentrations of PS NPs (≤ 0.08%) were
significantly (p <0.05, two-way ANOVA) lower following OG and ITA
administration, as PS NPs from these two routes needed to cross bio-
logical barriers (e.g., intestinal and blood-air barriers) before entering
the blood. The low levels of PS NPs in the blood suggest a primary role
for the circulatory system in transporting these particles rather than in
their accumulation.

In line with the swift removal of PS NPs from the bloodstream
post-IVI, a substantial fraction accumulated in the liver, with 55.3% of
PS20 and 50.5% of PS100 present 1 day post administration, levels that

significantly (p <0.05, one-wayANOVA) changed to 19.6% and73.4%by
day 19 (Fig. 2e). The decreasing trend for PS20 may be attributed to
their redistribution within the animal, supported by their time-
dependent increase in the spleen (Fig. 2f), thoracic and abdominal
aorta (Fig. 2d), and residual tissues (Fig. S3b). For instance, the pro-
portion of PS20 in the spleen increased from 22.3% to 30.4% over
19 days post-IVI (Fig. 2f). In contrast, the increasing levels of PS100 and
their greater accumulation in the liver compared to PS20 at later time
points suggest weaker penetration and transport ability for PS100

18,35.
The distinct difference in hepatic accumulation between PS20 and
PS100 explains their opposing trend over time in the spleen (Fig. 2f),
thoracic and abdominal aorta (Fig. 2d), and residual tissues (Fig. S3b).
The hepatic accumulation of PS NPs from IVI was further verified by
SRS (Fig. 3), according to their specific aromatic C-H stretching
vibrations at 3061 cm−1. For OG and ITA routes, the liver contained
much lower proportions of PSNPs than IVI, preventing visualization by
SRS. However, significant accumulation of both PS20 and PS100 admi-
nistered through these two routes in the liver indicates that they can
cross the intestinal and blood-air barriers. Absorption in the GI tract
likely occurs through endocytosis by microfold cells in Peyer’s
patches36 and enterocytes in the villous epithelium18,37. The significant
extrapulmonary translocation of PS NPs administered via ITA to the
liver (Fig. 2e), with PS20 exhibiting greater (p <0.05, t-test) overall
translocation than PS100, indicated size-dependent translocation
across the lung epithelium31,38.

Detectable levels of PS20 were also found in the brain 1 day post
administration, as verified by GPC (Fig. S2), representing 0.01%,
0.02%, and 0.03% of the initial dose from OG, ITA, and IVI, respec-
tively (Fig. 2g).While PS20 were not detected in the brain after 5 days,
a notable presence was observed again on day 19 post-administra-
tion, suggesting their repeated uptake into and clearance from the
brain via the bloodstream, as evidenced by similar time-dependent
variations in blood levels (Fig. 2c). In contrast, PS100 were not
detected in the brain at any time point, regardless of the adminis-
tration route. The blood-brain barrier BBB serves as a selective semi-
permeable interface that shields the brain from harmful substances
in the bloodstream, permitting only the passive diffusion of small,
lipid-soluble molecules below 400–600Da39. Nevertheless, particles
may traverse the BBB through paracellular diffusion, transcellular
transport, and transcytosis40,41. Moreover, PS20 in the brain can be
rapidly cleared via the paravascular and ancillary pathways42.
Therefore, our study indicates that only PS20 may be sufficiently
small to cross the BBB.

Besides the tissues above, the heart, despite its central role in
circulating blood33, exhibited extremely low accumulation of PS NPs
(0.0003–0.1%) (Fig. S3c), suggesting the difficulty of PSNPs to cross or
adsorb on the atrial and ventricular walls. Nevertheless, a substantial
amount of PS NPs was detected in other residual tissues of the rat,
including skin, bone,muscle, andbloodvessels (excluding the thoracic
and abdominal aorta), with PS20 ranging from0.23% to 23.9% and PS100
from 0.26% to 8.42% (Fig. S3b). The adsorption of PS NPs onto blood
vessels other than the thoracic and abdominal aorta mentioned above
may be an important cause for this distribution.

Maternal transfer of PS NPs via placenta and breast milk
Maternal transfer of PS NPs to offspring may take place through two
primarymechanisms: translocation across the placental barrier during
pregnancy and via lactation postpartum43. For the former, all three
administration routes resulted in comparable placental accumulation
of PS NPs, with PS20 (0.03–0.11%) showing a higher (p < 0.05, t-test)
degree of accumulation than PS100 (0.005–0.044%) 1 day post
administration (Fig. 4a). Further, a notable accumulation of PS20
(0.05–0.07%) but no PS100 was detected in the fetuses, indicating a
size-dependent transfer of PS NPs from the placenta to the
fetus (Fig. 4b).
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Fig. 2 | Distribution of PS NPs in different tissues and blood. The percentage of
14C in the a gastrointestinal (GI) tract, b lungs, c blood, d thoracic and abdominal
aorta, e liver, f spleen, and g brain on days 1, 5, and 19 post the administration of
PS20or PS100 via oral gavage (OG), intratracheal aerosolization (ITA), or intravenous
injection (IVI). All data (mean ± standard deviation, n = 3) are displayed as the

percentage of 14C radioactivity in specific tissues or blood normalized to the total
radioactivity of 14C administered to the rats. Data points partially obscured below
the x-axis represent values below the limit of quantification [(2.8 × 10-4)% of initial
dose]. All data points include error bars, some of which are small and obscured by
the data point symbols.
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In addition to the materno-fetal transfer, a considerable presence
of PS20 and PS100 was detected in rat milk (Fig. 4c). Under this condi-
tion, ~0.03–0.1% of the initial PS100 dose was excreted through milk 1
day postpartum (i.e., day 6 post administration in Fig. 4c), whereas the

milk content of PS20was significantly (p <0.05, two-wayANOVA) lower
at 0.003–0.005%. Moreover, the concentration of PS NPs in milk
diminished rapidly over time, with no detectable NPs in milk 14 days
after delivery (i.e., day 19 post administration in Fig. 4c). Comparing

Fig. 3 | Distribution of PS NPs in the liver as imaged by SRS. The SRS signal
intensity at a Raman shift of 3061 cm−1 (corresponding to the peak of the PS SRS
spectrum) and 3018 cm−1 (representing the pre-peak minimum of the PS SRS
spectrum) for the liver sections on days a, c 1 and b, d 19 following intravenous
injection of a, b PS20 and c, d PS100. Potential accumulation of PS20 and PS100 was
highlighted within red and blue rectangles, respectively. e–h The Raman spectra of

the rectangular areas in a–d, confirming the presence of PS. The Raman spectra of
the tissue background (BG) were also included in e–h for comparison. The back-
ground signal intensity at 3018 cm−1 was higher than that at 3061 cm−1 due to the
strong Raman signal of C-H from biomolecules (e.g., lipids). Each figure was repli-
cated in over 20 independent experiments, with similar results. Scale bars, 20μm.
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the two maternal transfer pathways, materno-fetal transfer pre-
dominantly contributed to offspring accumulation of PS20, while lac-
tation was the only route for PS100 accumulation. These findings
suggest that the blood-milk barrier permits a broader size range of PS
NPs compared to the placental barrier44.

PBTK modeling results of PS NP distribution in rats
To elucidate the link between external dose and internal distribution,
we simulated thebiodistribution andeliminationdata of PSNPsusing a
particle-based PBTK model (Figs. S4 and S5)45. Figure S6 shows good
agreement between observed and predicted values, with most
observed-to-predicted ratios within a factor of 2, indicating the mod-
el’s robust predictive capacity. The derived PBTK parameters
(Table S1) align with the biodistribution results of PS20 and PS100
described above. For instance, among the three administration routes,
OG demonstrates the highest tissue/plasma distribution coefficient in
the GI tract (PGI), ITA exhibits the highest coefficient in the lung (PLu),
and IVI shows the highest coefficient in the liver (PLi), respectively. The
substantial variation in distribution coefficients across tissues under-
scores their distinct permeability to PSNPs, which also depends on the
administration route. A previous study46 on PBTK modeling of PS NPs
via OG reported much lower KGIb (3.4–4.2 × 10−5h−1) and PLi (1 × 10−4)
compared to our observations (0.02–0.17 h−1 and 0.016–0.34). Given
their data were based on positron emission tomography of 89Zr-
labeled PS NPs47, our results highlight the need for reliable quantifi-
cation methods to accurately predict the biological distribution
of PS NPs.

In summary, the quantitative data obtained in our study reveal the
critical impact of administration routes on the biodistribution of PS

NPs. Notably, PS NPs administered orally were excreted in faeces,
whereas those introduced intravenously accumulated predominantly
in the liver and spleen, and those delivered through the respiratory
tract accumulated mainly in the lungs. For orally administered PS NPs,
despite rapid faecal excretion, their potential to affect the GI tract and
gut microbiota warrants attention. In contrast, inhaled PS NPs require
assessment of their impact on the lungs, while intravenously intro-
duced PS NPs warrant examination of their effects on the liver and
spleen. Regardless of the administration routes, we also found sig-
nificant systemic accumulation of PS NPs in various tissues, indicating
their ability to traverse various biological barriers in mammals. Our
results underscore the need to comprehensively examine the impact
of NPs across different organs and to look out for potential systemic
effects. Beyond administration routes, we also found that particle size
significantly influences the biodistribution of PS NPs. Of the two sizes
examined, only PS20 may cross the BBB, potentially leading to neuro-
toxicity. Whereas PS20 were transferred maternally through both the
placenta and breast milk, PS100 were detected only in breast milk. This
differential transfer is likely to form distinct NP distribution patterns
and lead to size-dependent effects in the offspring. Future research
should explore the molecular mechanisms by which differently-sized
PS NPs cross various biological barriers.

Although our experiments were conducted in rats, the exposure
routes parallel those relevant to humans, including ingestion, inhala-
tion, and intravenous delivery. These parallels generate testable
hypotheses for human studies: ingestion-focused work should assess
GI and microbiome effects, inhalation studies should examine pul-
monary outcomes, and intravenous exposure studies should investi-
gate hepatic and splenic responses. Furthermore, the evidence for

Fig. 4 | Maternal transfer of PS NPs. The percentage of 14C in the a placenta,
b fetus, and c milk on days 1–19 post the administration of PS20 or PS100 via oral
gavage (OG), intratracheal aerosolization (ITA), or intravenous injection (IVI). As
delivery occurred on day 5 post-administration, there are only two time points
(days 1 and 5) for the distribution of PS NPs in the a placenta and b fetus. Since the
x-axis denotes the time elapsed post-administration of PS NPs and delivery
occurred onday 5 post-administration, the time points in c correspond to days 1, 3,

7, and 14 postpartum (i.e., days 6, 8, 12, and 19 post-administration). All data
(mean ± standard deviation, n = 3) are displayed as the percentage of 14C radio-
activity in the placenta, fetus, or milk normalized to the total radioactivity of 14C
administered to the rats. Data points partially obscured below the x-axis represent
values below the limit of quantification [(2.8 × 10−4)% of initial dose]. All data points
include error bars, some of which are small and obscured by the data point
symbols.
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size-dependent maternal transfer highlights the need to consider vul-
nerable populations such as pregnant individuals, fetuses, and infants.
The possibility of smaller PS NPs to cross the BBB further suggests that
future human biomonitoring and risk assessments should stratify by
particle size. Collectively, these translational insights emphasize the
importance of investigating NP behavior under human-relevant
exposure scenarios while avoiding over-extrapolation from
animal data.

Method
Preparation of PS NPs and characterization
Both PS20 and PS100 were synthesized via microemulsion
polymerization26. The process involved heating 10mL of 1% w/v
sodium dodecyl sulfate (SDS) to 67 °C, followed by the addition of
0.35mL of 14C-labeled styrene (407 MBq/g, alpha carbon labeled,
Moravek, USA). After thorough mixing, 0.8mL of 4.5% w/v potassium
persulfate was added to initiate a 2-h polymerization and PS20 were
thus obtained. Synthesis of PS100 followed a similar method but with a
lower SDS concentration of 0.016% w/v. Unlabeled PS NPs were also
synthesized following the samemethod. Diafiltration through a 10-kDa
regenerated cellulose membrane removed any soluble impurities in
the PS NPs. The hydrodynamic diameter of the PS NPs was measured
by a dynamic light scattering particle sizer (Zetasizer Nano S90, Mal-
vern, UK), their morphology visualized using transmission electron
microscopy (JEM-200CX, JEOL, Japan), and their chemical composition
verified through Raman (Xplora, Horiba, France) and Fourier trans-
form infrared (FTIR, Nexus 870, Nicolet, USA) spectroscopy.

Exposure experiment
Exposure and sample collection. Fifty-four pregnant Sprague-Dawley
rats (SPF grade, 11 weeks old, gestational day 15) were purchased from
Nanjing Qinglongshan Biotechnology Co., Ltd [Animal Production
License No. SCXK (Su) 2024-0001]. The animals were housed under
controlled conditions (23–25 °C, 50–60%humidity, 12-h light/12-h dark
cycle) with ad libitum access to food and water. All experimental
protocols were reviewed and approved by the Animal Ethical and
Welfare Committee of Nanjing University (Approval No.: IACUC-
D2211002) and conducted in accordancewith the 3Rprinciples and the
Regulations for the Administration of Laboratory Animals.

The 54 rats were randomly assigned to six treatments, each
receiving a single dose (0.84mg) of 14C-labeled PS20 or PS100 via OG,
ITA, or IVI. Single dose (acute exposure) was applied instead of mul-
tiple doses (chronic exposure) to clearly discern the distribution pro-
file of PS NPs. The applied dose falls within the reported range for MP
intake in humans48 and the dosage (342 kBq/animal) of 14C is also at the
lower end of the range employed in previous rat studies49. Our pre-
liminary experiments further showed that this dosage of 14C-labeled PS
NPs hadnegligible effects on the rats. ITAwas selected over traditional
intratracheal or intranasal instillation methods due to its closer simu-
lation of natural inhalation processes and its reduced likelihood of
direct NP migration from the nasal cavity to the laryngopharynx and
subsequent entry into the GI tract. Following exposure, the rats were
singly housed in metabolic cages with continuous access to food and
water. The metabolic cages separated faeces and urine, with faecal
pellets sliding down through a grid into a collection channel and urine
being funneled into a separate receptacle to prevent cross-
contamination. Their faeces and urine were collected daily. The col-
lection containers and funnels were cleaned with tetrahydrofuran
(THF) between each collection. In our preliminary experiment, THF
cleaning had been found to be able to reduce the residual 14C radio-
activity below detection limit. This experiment spanned 19 days, with
three time points (days 1, 5, and 19), two of which (days 1 and 5) pre-
ceded delivery.

At each time point, three rats fromeach treatmentwere humanely
euthanized through intraperitoneal injection of pentobarbital sodium

(100mg/kg). Blood was first collected via abdominal aorta, and the
blood vessel was emptied in case of cross-contamination. Afterward,
various tissues, including the GI tract (esophagus, stomach, small and
large intestines, and the content inside), lungs with trachea, thoracic
and abdominal aorta, liver, spleen, brain, heart, kidneys, residual tis-
sues, as well as placenta and fetus (on days 1 and 5 only), were har-
vested with different scissors, which were cleaned by THF before the
dissection of the next rat. The aluminum foil on the lab bench was
changed as well. Offspring were also collected on days 6, 8, 12, and 19
post administration (i.e., days 1, 3, 7, and 14 postpartum) for milk
sampling from the stomach. All collected samples were immediately
frozen in liquid nitrogen and subsequently stored at −80 °C. Prior to
analysis, the samples were freeze-dried and ground into fine powders
in different agate mortars (i.e., different mortars for different tissues),
which was cleaned by THF at least three times between each sample.

Total radioactivity determination. A wet combustion method was
used to quantify the PS NP content in the collected excreta, tissues,
and body fluids. Briefly, 20mg of freeze-dried sample powder was
placed into one arm of an H-shaped glass tube, followed by the addi-
tion of 0.8 g of potassium dichromate and 10mL of sulfuric acid. The
arms of the tube were sealed with rubber stoppers, and the contents
were stirred for 30min. The tube was then autoclaved at 121 °C for 2 h
and allowed to cool to room temperature. Subsequently, 1mL of 4M
NaOH was injected into the opposite arm of the tube to capture the
14CO2 generated. After continuous stirring for an additional 24 h, the
NaOH solution was extracted and mixed with 3mL of scintillation
cocktail (Gold Star; Meridian Biotechnologies Ltd, Epsom, UK). The
radioactivity of the samples was measured by liquid scintillation
counting (LSC, LS6500, Beckman Coulter, Brea, USA). The PS NP
content was then calculated based on the radioactivity of 14C and total
weight of the excreta, tissues, and body fluids. Due to the inability to
collect all postpartum milk from the rats, the dry weight of milk was
approximated to be 8.0 grams per day50. The recovery yields for the
wet combustion method used to quantify 14C radioactivity were
100 ± 5% (Table S2). These yields were determined using 20mg of
freeze-dried tissues or body fluids from rats not exposed to PS NPs, to
which known amounts (33 Bq) of 14C-labeled PS NPs were added.
Moreover, the mass balance analysis showed that 91.3% to 100.8% of
the initial 14C dose was accounted for in excreta, tissues, and body
fluids across various particle sizes and administration routes
(Tables S3 and S4).

Measurement of MW distribution. The MW distribution of the
14C-labeled compoundswithin the excreta, tissues, and body fluids was
determined using GPC (PL-GPC120, Agilent Technologies, USA). For
this purpose, 0.1–0.5 g of freeze-dried powder from each sample was
mixed with 20mL of THF, sonicated for 30min, and centrifuged at
3900 × g for 15min. The resulting supernatant was concentrated
through rotary evaporation and then analyzed byGPC equippedwith a
PL-gel MIXED-C column (5 µm, 300mm×7.5mm). The column was
maintained at 40 °C, with THF as the mobile phase at a flow rate of
1mL/min. Fractions were collected every 0.25min, and the radio-
activity of the eluent was determined by LSC. For reference, the MW
distribution of the 14C-labeled PS20 and PS100 was similarly assessed,
along with that of the residual mono- and oligomers which were
removed from both PS NPs via diafiltration through a 10-kDa regen-
erated cellulose membrane as mentioned before.

PBTK modeling of the biodistribution data of PS NPs
The biodistribution results of 14C-labeled PS20 and PS100 were simu-
lated using a particle-based PBTK model45. Unlike traditional PBTK
models for small molecules, this particle-based approach accounts for
endocytosis in tissues such as lungs, spleen, liver, and kidneys,
assuming permeability-limited rather than perfusion-limited
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distribution of PS NPs. Figure S4 illustrates the initial compartmenta-
lization of rats into ten distinct compartments: lungs, spleen, liver, GI
tract, kidneys, heart, brain, placenta,mammary gland, and the residual
tissues. The lungs, spleen, liver, and kidneys were each further sub-
divided into three sub-compartments: capillary blood, tissue, and
phagocytic cells (PCs). PCs are hypothesized to be the primary cells
responsible for PS NP uptake, exerting a significant influence on their
transport and circulation. Other organs and compartments were divi-
ded into capillary blood and tissue sub-compartments. To incorporate
the administration routes of ITA and OG, the model integrated the
extrathoracic region into the lung compartment and the gut lumen
into the GI tract. The model also established the transfer of PS NPs
between theplacenta and the fetus and accounted formilk secretion in
the mammary gland compartment. All compartments are inter-
connected through the circulatory system, with the exchange of PS
NPs between blood and tissues occurring via a permeability-limited
process.

The partitioning of PS NPs between capillary blood, tissues, and
PCs (when applicable) within each compartment at time t was mainly
characterized by the following equations,

dAblood com

dt
=Qcom × Cart � Cblood com

� �� PAcom

× Cblood com � Ctissue com

Pcom

� � ð1Þ

dAtissue com

dt
=PAcom × Cblood com � Ctissue com

Pcom

� �

� Kup com ×Atissue com � K re com ×APC com

� � ð2Þ

dAPC com

dt
=Kup com ×Atissue com � Kre com ×APC com ð3Þ

Where Ablood_com, Atissue_com, and APC_com denote the mass (ng) of PS
NPs in the capillary blood, tissues, and PCs of each compartment,
respectively. Cart represents the concentration (ng/kg) of PS NPs in
arterial blood, while Cblood_com and Ctissue_com are the mass concentra-
tions (ng/kg) of PS NPs in the capillary blood and tissues of each
compartment. Qcom (kg/h) signifies the blood flow rate in each com-
partment, Pcom is the tissue-blood partition coefficient of each
compartment, Kup_com (1/h) and Kre_com (1/h) are the uptake and release
rate constants of PS NPs by PCs of the respective compartment. The
permeability area cross product PAcom (kg/h) for each compartment is
calculated as the product of Qcom and the permeability coefficient
between capillary blood and tissue (PAC). The rats in themodel had an
average bodyweight of 0.45 kg, and the physiological parameters used
for these calculations are detailed in Table S5.

The model was calibrated and differential equations were solved
using SimBiology® (v24.2) within MATLAB™ 2024b (The MathWorks,
Inc., Natick, MA, USA), employing the ode15s solver. Kinetic para-
meters were derived by fitting the data with the Fit Data function in
SimBiology®, utilizing the lsqnonlin algorithm with a proportional
error model. The accuracy of the PBTK model was assessed by com-
paring observed and predicted values.

SRS imaging
Similar to the exposure experiment above, an additional cohort of 6
rats were exposed to 0.84mg per rat of unlabeled PS20 or PS100 via IVI
in triplicate. A control treatment was also included without exposure
to PSNPs. Onday 1 or 19 post administration, each rat was subjected to
anesthesia, followed by cannulation of the aorta through the left
ventricle51. Subsequently, the arterial system was rapidly flushed with
150mL of saline, after which 250mL of a 4% paraformaldehyde solu-
tion (w/v, pH = 7.40) was perfused. The liver was then embedded in

agarose, and sections of 100μm thickness were sliced for further
analysis by SRS. The ability of SRS to visualize the bioaccumulation and
biodistribution of PS NPs had been verified in the previous study from
our group52.

The SRS system integrated a dual-output femtosecond (fs) laser
(InSight X3, Spectra-Physics, Newport, USA), which provides pump
(800 nm, ~120 fs) and Stokes (1045 nm, ~220 fs) beamswith an 80MHz
repetition rate. The intensity of the 1045 nm Stokes beam was modu-
lated by an acousto-optical modulator (1205-C, Isomet, USA) at
2.5MHz. The pump and Stokes pulses were both chirped to ~3 ps by a
75 cm long SF57 glass rod, and were spatially overlapped by a dichroic
mirror (DMSP1000L, Thorlabs, USA). The temporal overlap between
pump and Stokes pulses was ensured by a time delay line in the Stokes
beam. Laser beams were scanned by a two-axis galvanometer
(GVS002, Thorlabs,USA) for SRS imaging. The SRS signal wasdetected
by a photodiode and resonant amplifier, demodulated by a lock-in
amplifier (HF2Ll, Zurich Instruments, Switzerland) at 2.5MHz. Imaging
utilized a 60× objective (N.A. 1.2, UPLSAPO60XW)with laser powers of
40mW for the pump and 80mW for the Stokes beam. The dwell time
was set at 20 µs, and thefieldof viewwas 200× 200μm2with 400×400
pixels. The SRS spectra were acquired by adjusting the delay time of
the Stokes laser.

Statistical analysis
Statistical analyzeswere conducted to assess several key aspects of our
findings, including the time-dependent distribution of PS20 and PS100,
the differences between these two size variants, and the effects of
various administration routes on the biodistribution of both PS NPs.
Significant differences (p <0.05) were based on the results of a one-
way or two-way analysis of variance with post-hoc multiple compar-
isons (Tukey or Tamhane; IBM SPSS Statistics 22.0, NY, USA). The
normality (Kolmogorov–Smirnov and Shapiro–Wilk tests) and homo-
geneity of variance (Levene’s test) of the data were determined during
the analysis of variance. Student’s t-test was used to test the significant
difference between two treatments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within this
manuscript. All other relevant data are available from the corre-
sponding authors upon reasonable request. Source data are provided
with this manuscript. Source data are provided with this paper.
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