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ARTICLE INFO ABSTRACT

Infusion therapy represents a critical and emerging exposure pathway for micro/nanoplastics (MNPs), with

fefyw ,ord‘S: significant implications for human health. However, accurate and simultaneous analytical methods for MNPs in
&i::éj;ano lastics infusion solutions are still underdeveloped, and the potential co-exposure to MNPs and phthalates (PAEs) has not
Phthalates P been fully explored. This study presents a novel integrated analytical approach combining Cloud-Point Extraction

Cloud-point extraction with Pyrolysis-Thermal Desorption-Gas Chromatography-Mass Spectrometry, enabling efficient extraction and
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precise quantification of MNPs from commonly used glucose and saline infusions, with MNP recovery rates
ranging from 96.74 % to 108.25 %. Our results reveal the presence of Polyethylene (PE), Polypropylene (PP) and

Polystyrene (PS) MMPs are present in PP-based infusion, with median concentrations from 30.45 to 125.27 pg/L.
Notably, nanoplastics (NPs) dominate, with PE-, PP-, and PS-NPs detected at median concentrations of 29.09 and
87.54 ug/L. Additionally, ten different PAEs were identified, with a significant positive correlation between
Diamyl phthalate and Bis(2-ethylhexyl) phthalate and MNPs. Co-exposure to PS-NPs and DEHP further dem-
onstrates the synergistic toxic effects in vitro. These findings highlight the pervasive contamination of infusions
by MNPs and PAEs, underscoring the urgent need for enhanced regulatory measures and advanced technologies
to mitigate the health risks associated with these contaminants in medical products.

1. Introduction

Recent research increasingly indicates that microplastics (MPs) have
infiltrated various human tissues and bodily fluids, including the liver,
lungs, intestines, blood vessels, feces, and cerebrospinal fluid [1,2].
Simultaneously, several epidemiological studies suggest that MPs may
increase the risk of cardiovascular diseases and intestinal inflammation
[3,4]. Classic animal exposure models have shown that when micro/-
nanoplastics (MNPs) enter the body, they can significantly disrupt
metabolic, digestive, immune, neurological, and reproductive functions,
potentially inducing a range of diseases [5,6]. Compared to MPs, the
toxicity of nanoplastics (NPs) has attracted more attention due to their
smaller size, which theoretically allows them to penetrate a wider array
of tissues and bodily fluids [7]. While direct evidence linking MNPs to
the initiation and progression of diseases remains limited, the potential
health risks associated with these plastic particles remain a major
research focus [8], especially as separation and detection technologies
for MNPs improve [9].

The unique route of MNP exposure via intravenous infusion poten-
tially presents more significant health risks compared to conventional
oral, inhalation, or dermal pathways [10]. This is primarily because
MNPs introduced through infusion bypass the typical absorption and
transport barriers, directly entering the bloodstream, where they can be
distributed throughout the body, potentially causing multi-organ dam-
age, such as blocking blood vessels and stroke [11,12]. In contrast, the
majority of MNPs ingested orally, inhaled, or absorbed through the skin
are generally hindered by various biological barriers, such as the in-
testinal epithelium, alveolar epithelium, and dermal layers, and are
eventually excreted via bodily fluids or feces [13]. Importantly, the
growing use of plastic materials for infusion packaging, driven by
logistical, cost, and convenience factors, substantially increases the
likelihood of MNPs entering the systemic circulation via intravenous
infusion [10,14]. Several recent studies have revealed the presence of
MNPs in commonly used infusion bags. For instance, Cui et al. [15]
employed Fourier-transform infrared spectroscopy and detected MPs
ranging from 15 to 100 pm in size in infusion fluids, with concentrations
of 2.91 + 3.91 particles per liter. Similarly, Zhu et al. [16] used Raman
microscopy to identify MPs ranging from 4 to 148 pm in infusion solu-
tions, with a concentration of 1-2 particles per bag. More recently,
Huang et al. [10] combined surface-enhanced Raman spectroscopy and
scanning electron microscopy to identify MPs with a size range of 1-62
pm, with concentrations as high as 7500 particles per liter. These find-
ings not only underscore the considerable potential for MNPs to be
introduced into the systemic circulation via intravenous infusion, but
also emphasize the importance of advanced detection techniques in
accurately quantifying the true content of MNPs in infusion solutions.

Despite notable advancements in analytical techniques, accurately
and simultaneously quantifying MNPs in intravenous infusion fluids
remains a substantial challenge. Traditional spectroscopic methods are
typically limited to semi-quantitative analysis of larger MPs (4-148 pm),
due to the diffraction limitations inherent to spectroscopic techniques
[15,16]. These limitations prevent the accurate detection of smaller
particles, particularly those below 10 pm, and especially those under 5
pm [17,18]. Although combining spectroscopic techniques with electron

scanning microscopy can significantly improve the detection sensitivity
for smaller microplastics (1-10 pm), these methods are still inadequate
for the identification and quantification of NPs [10]. As a result,
spectroscopic-based approaches tend to underestimate the concentra-
tion of MNPs in infusion solutions, particularly missing the abundant
NPs present. In contrast, the analytical techniques such as pyrolysis (Py),
thermal desorption (TD), and gas chromatography-mass spectrometry
(GC-MS) hold considerable promise for overcoming the particle size
limitations and enabling the absolute quantification of MNPs. For
instance, Wang et al. [14] successfully employed these techniques to
quantify NPs in infusion solutions for the first time. However, their study
reported low recovery rates for MNPs, ranging from 15.6 % to 31.6 %,
which is significantly lower than recovery rates observed in similar
analyses of MNPs in other environmental matrices or biological samples
[17,19]. This discrepancy underscores the need for further optimization
of extraction and quantification methods specific to infusion fluids.

The low recovery rates are likely attributed to suboptimal sample
preparation methods, particularly in the extraction and enrichment of
MPs and NPs from complex infusion matrices [20]. In contrast, cloud
point extraction (CPE) offers advantages due to its temperature-induced
phase separation, heightened sensitivity to the surface characteristics of
MNPs, and effective mitigation of matrix interferences [21]. Addition-
ally, the use of surfactants, coupled with their strong affinity for NPs,
enhances the selectivity and enrichment efficiency of this technique in
complex biological and chemical matrices [22]. Therefore, an integrated
approach combining cloud point extraction with advanced
Py-TD-GC/MS has the potential to significantly improve the extraction
and quantification of MPs and NPs in infusions, contributing to more
precise risk assessments and mitigation strategies for MNPs exposure in
medical and public health contexts.

Furthermore, combined exposure to MNPs and toxic plasticizers may
result in even more severe health effects. Previous studies have shown
that combined exposure to MPs and phthalates (PAESs) can significantly
worsen intestinal or reproductive toxicity compared to individual
exposure [23,24]. Importantly, plastic infusion bags, commonly used in
medical settings, present a unique risk due to their potential to release
both plastic particles and plasticizers. However, fewer studies have yet
comprehensively investigated the types and concentrations of MNPs and
PAEs released simultaneously from plastic infusion bags, further hin-
dering the understanding of the synergistic health effects of this com-
bined exposure in medical contexts.

In this study, we hypothesize that plastic infusion bags can simul-
taneously release MNPs and PAEs into the human circulatory system. To
test this hypothesis, we have developed an innovative method
combining CPE with Py-TD-GC/MS for the extraction and quantification
of MNPs and common PAEs from large-volume infusion solutions. This
methodology enables precise assessment of the concentrations and dis-
tribution patterns of MNPs and PAEs in commonly used saline and
glucose infusion bags. Additionally, we also explore whether co-
exposure to NPs and PAEs results in synergistic toxic effects by a vitro
model. The results of this study will provide important insights into the
identification and evaluation of health risks posed by MNPs and plastic
additives in medical products, offering valuable directions for improving
global plastic pollution control and advancing the quality assurance of
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medical products in the future.
2. Methods and materials
2.1. Chemicals and reagents

Three plastic standards (Polyethylene, PE; Polypropylene, PP; and
Polystyrene, PS) were purchased from Sigma-Aldrich Inc. (St. Louis, MO.
UAS). The standard samples of PE, PP, and PS used in this study had
particle sizes of less than 70 pm. This size range was selected because
recent studies have reported MNPs within a similar size distribution in
infusion products [10,14,16]. Ten phthalate standards, including Bis
(4-Methylpentyl) phthalate (BMPP), Diamyl phthalate (DAmP), Dibu-
tyl phthalate (DBP), Dibenzyl phthalate (DBzP), Bis(2-ethylhexyl)
phthalate (DEHP), Diethyl Phthalate (DEP), Dihexyl phthalate (DHP),
Diisobutyl phthalate (DIBP), Dimethyl phthalate (DMP), and Diphenyl
phthalate (DPhP) were obtained from Dr. Ehrenstorfer GmbH (Augs-
burg, Freistaat Bayern, Germany), and all purities were > 98 %. Two
isotope-labelled including Phthalic acid, bis-hexyl ester-d4 (DHP-d4)
and Phthalic acid, bis-2-ethylhexyl ester-d4 (DEHP-d4) were from Dr.
Ehrenstorfer GmbH (Augsburg, Freistaat Bayern, Germany), and all
purities were > 96.78 %. Triton X-45 (TX-45) was purchased from
Sigma-Aldrich Inc. (St. Louis, MO. UAS). The extraction solvents were all
of high-performance liquid chromatography grade, sourced from Fisher
Chemical (USA). Solid phase extraction columns (Poly-Sery HLB,
500 mg/6 mL) were obtained from CNW Technologies GmbH (CNW
ANPEL, Shanghai, China). Ultrapure water (> 18 MQ) produced with a
Milli- Q gradient system (Millipore, Billerica, MA) was used throughout
the experiments.

2.2. Sample collection

To ensure the relevance of this study to real-world human exposure
scenarios, saline (0.9 % sodium chloride solution) and glucose (5 %)
infusion solutions, two of the most widely used medical solutions
globally, were chosen as the focus. Six brands of saline and three brands
of glucose solutions from two different batches were collected, all
sourced directly from hospitals across three cities in China, to better
reflect the consistency of MNP levels in these solutions. Detailed
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information on sampling is provided in Table S1 of the supplementary
materials. Additionally, to further assess the potential plastic aging and
MNP release during the storage of infusion solutions, we also recorded
the storage conditions and durations at each hospital (Table S2), and a
batch of samples was stored under real-world conditions and durations
(dark storage at 24 °C for 28 days) for subsequent analysis. Raman
spectroscopy (XploRA PLUS, HORIBA, France) was employed to char-
acterize the polymer composition of the plastic packaging for all infu-
sion packages. The aging of plastic packaging was evaluated using Two-
dimensional correlation spectroscopy (2D-COS) analysis, with detailed
methods provided in the supplementary materials.

2.3. MPs and NPs extraction

To minimize contamination from external plastic particles, the outer
surfaces of the packaging bags were thoroughly cleaned with ultrapure
water prior to opening. The packaging bags were carefully opened using
sterilized metal scissors, and the solutions were transferred and then
extracted under controlled conditions to isolate MPs, NPs, and potential
additives, respectively. For MP collection, 100 mL of glucose or saline
infusion was filtered through a pre-cleaned 1 pm glass fiber membrane
(Whatman, United States). The membranes were subsequently dried and
stored for further MP analysis (Fig. 1).

To isolate NPs, a modified CPE method was employed [21,22].
Specifically, 40 mL of the solution was mixed with 400 pL of 1 M MgSOa
solution and 120 pL of 10 % (w/v) TX-45 solution. The mixture was
vortexed thoroughly (1000 rpm, 15 min) and incubated in a water bath
at 45°C for 15 min. Following incubation, the sample was centrifuged at
4000 rpm at —4°C for 20 min to obtain the surfactant-rich phase. The
TX-45 phase, containing the enriched NPs, was carefully transferred into
a quartz sample boat. The TX-45 was evaporated at 170°C for 4 h,
leaving the NPs ready for subsequent quantitative analysis (Fig. 1).

2.4. Plastic additive extraction

Saline and glucose solution samples were initially filtered through a
pre-cleaned 0.45 pm fiber membrane (Whatman, United States). A 100-
mL aliquot of the filtered solution was then spiked with 100 ng of two
internal standards before extraction. For solid-phase extraction, Poly-
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Fig. 1. Schematic of the separation and detection process for microplastics (MPs), nanoplastics (NPs), and phthalates (PAEs).
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Sery HLB cartridges were preconditioned sequentially with 5 mL of
methanol followed by 5 mL of ultrapure water. The spiked solution
samples were passed through the preconditioned cartridges at a
controlled flow rate of 5 mL-min~' . Subsequently, the cartridges were
rinsed with 5 mL of ultrapure water and then dried under vacuum for
30 min to eliminate any remaining moisture. The target analytes were
eluted with 10 mL of methanol, and the resulting extracts were evapo-
rated to dryness under a gentle nitrogen stream at 30°C. Finally, the
dried extracts were reconstituted in 1 mL of hexane for subsequent
analysis using GC/MS (Fig. 1).

2.5. MPs and NPs detection

We employed an integrated Py-TD-GC/MS for MP and NP detection.
The analytical workflow comprised three key processes: pyrolysis of MP-
or NP-enriched samples, thermal desorption of MP or NP pyrolysis
products, and MP or NP quantification via GC/MS (Fig. 1).

2.5.1. Pyrolysis

MP and NP-enriched samples were subjected to pyrolysis using a
standalone tube furnace (Siyang Precision Equipment Co., Ltd.,
Shanghai, China). The furnace was programmed to heat from 100 °C to
550 °C at a rate of 50 °C-min~' , maintained at 550 °C for 15 min, and
then cooled back to 100 °C. During pyrolysis, a continuous nitrogen flow
(100 mL-min™") was used to carry the pyrolysis products from the sample
to a Tenax-TA sorbent tube (Kaver Scientific Instruments Ltd., Nanjing,
China) for subsequent analysis.

2.5.2. Thermal desorption

The Tenax-TA sorbent tubes were subjected to thermal desorption
using a thermal desorption system (Taitong Technology Co., Ltd.,
Guangzhou, China). Complete desorption was achieved at 300 °C for
10 min with a continuous nitrogen flow of 50 mL-min' . The desorbed
products were initially trapped in a cold trap unit maintained at 30 °C
for 1 min, followed by rapid heating to 300 °C, which was sustained for
4 min under the nitrogen flow conditions (50 mL-min™").

2.5.3. GC/MS

The desorbed products from the cold trap were analyzed using a GC/
MS system consisting of a 7890B GC coupled with a 5977B MS (Agilent
Technologies, CA, USA). Compound separation was achieved with a DB-
624 column (250 pm x 1.4 pm x 30 m) using high-purity helium as the
carrier gas at a flow rate of 1.5 mL-min' . The column oven temperature
was programmed to increase from 35 °C (held for 5 min) to 260 °C at a
rate of 10 °C-min' and maintained at 260 °C for 10 min. Mass spec-
trometric detection was performed in full-scan mode (m/z 35-350) with
electron impact ionization at 70 eV, an ion source temperature of 230
°C, and a quadrupole temperature of 150 °C. PE, PP and PS were iden-
tified based on their characteristic pyrolysis decomposition products and
corresponding retention times (Table S3). Quantification of target
polymers was achieved through external calibration curves established
using standard materials.

2.5.4. Nanoparticle tracking analysis (NTA)

To further cross-validate the nanoparticle content in infusion solu-
tions, particularly focusing on particle count concentration, we
continued using NTA to investigate the non-dissolved nanoparticles in
two types of infusion solutions, both in their original state and after
storage under real-world conditions. The specific NTA detection
methods are detailed in the supplementary materials.

2.6. PAE detection
The detection and quantification of ten phthalate esters (PAEs) were

performed using a GC/MS system comprising an 8890 GC coupled with a
7250 MS (Agilent Technologies, CA, USA). Separation was achieved
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using an Agilent 19091S-431UI column (250 pm x 0.25 pm x 50 m)
with high-purity helium as the carrier gas at a flow rate of 1.5 mL-min™" .
The column oven temperature was programmed as follows: an initial
hold at 30 °C for 0.5 min, followed by a ramp to 160 °C at 30 °C-min™",
then to 315°Cat 15 °C-min! , with a final hold at 315 °C for 5 min. Mass
spectrometric detection conditions, including ionization voltage, source
temperature, and full-scan mode (m/z range), were identical to those
described for the plastic particle detection method [25].

2.7. Quality assurance and quality control

To prevent background contamination for obtaining reliable data,
the experimental procedures, including sampling, treatment, and re-
covery efficiency assessments, were conducted under a “plastic-free”
protocol [17,26]. Glassware used during the simulation and filtration
processes was pre-cleaned and baked at 500 °C for 3 h, then immediately
covered with aluminum foil. The reagents used in this study were
filtered using pre-calcined glass fiber filters with a pore size of 0.3 pm.
Researchers wore cotton clothing and powder-free nitrile gloves to avoid
contamination. Procedural blank samples were included in each batch to
monitor and eliminate background contamination.

Spike recovery experiments were conducted to evaluate the accuracy
of polymer and PAE quantification from digestion to detection. In
addition, the matrix effect of the infusion solutions was also assessed
through spiking experiments. Calibration curves were constructed by
plotting the chromatographic peak areas of specific marker compounds.
The mass of the target compound in the samples was calculated using
these calibration curves. To assess analytical reproducibility, represen-
tative samples were analyzed in technical triplicates and re-evaluated on
three non-consecutive days. Relative standard deviations were consis-
tently below 5% across both intra- and inter-day measurements,
demonstrating high precision and methodological stability. All results
are presented after subtracting the background values in this study.

2.8. Evaluation of cellular toxicity induced by Co-exposure NPs and PAEs

2.8.1. Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs) were purchased
from the National Collection of Authenticated Cell Cultures (Shanghai,
China), and maintained in Dulbecco’s modified Eagle’s medium (Gibco,
CA, USA) supplemented with 10 % fetal bovine serum (Gibco, CA, USA),
and 1 % penicillin and streptomycin (Gibco, CA, USA) at 37 °Cina 5 %
CO, atmosphere. HUVECs cells (7 %103 cells/well) were seeded in 96-
well culture plates for 24 h, followed by treatment with 50 nm PS-NPs
(Biotyscience, China), DEHP (B&K, China), or their combination. The
PS-NPs were characterized in terms of their morphology, particle size
distribution, and material composition (Figure S1). For PS-NPs treat-
ment, the concentration gradients of PS-NPs were as follow: 0, 6.25,
12.5, 25, 50, 100, 200, 400, 800, 1600 pg/mL. For DEHP treatment, the
concentration gradients of PS-NPs were as follow: 0, 35, 70, 140, 280,
350, 560, 1120, 2240 ng/mL. For their combined toxicity, the exposure
groups including PS-NPs groups (50 and 100 pg/mL), DEHP groups (35
and 70 ng/mL), and their combination (The low exposure: 50 pg/mL PS-
NPs + 35 ng/mL DEHP; The high exposure: 100 pg/mL PS-NPs + 70 ng/
mL DEHP). The selection of PS-NPs, DEHP, and their combined exposure
concentrations was based on established cytotoxicity data for NPs and
phthalates from previous studies [27,28], as well as their relative con-
centrations measured in infusion solutions.

2.8.2. Cell viability analysis

After a 24-hour exposure, the culture medium was removed from the
sample wells. Subsequently, 100 pL of a 10 % CCK-8 solution (Abbkine,
China) was added to each well. The plates were then incubated at 37°C
for 30 min. Absorbance was measured at 450 nm using a microplate
reader (Biotek, USA). Cell viability was calculated as a percentage
relative to the untreated control cells.
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2.8.3. Quantitative real-time polymerase chain reaction (qPCR)

To explore the synergistic toxicity of combined exposure to NPs and
PAEs, this study focused on the quantitative analysis of three genes,
including Caspase-3 (Cysteine-aspartic protease 3), PPARy (Peroxisome
Proliferator-Activated Receptor Gamma), and ITGA4 (Integrin Alpha 4),
which play pivotal roles in inflammation, lipid metabolism, and
apoptosis [29-31]. The primers used for the amplification of these genes
(Table S4), along with the specific qPCR protocol, are detailed in the
Supplementary Materials.

2.9. Statistical analysis

Statistical analyses were conducted using R version 4.3. Data
normality was assessed via the Shapiro-Wilk test. Based on the results of
the normality test, differences in MP, NP, and PAE levels among the two
groups were evaluated using either the Student’s t-test (for normally
distributed data) or the Mann-Whitney U test (for non-normal distri-
butions). Results were reported as mean + standard deviation (SD).
Associations between MPs, NPs, and PAEs were explored using
Spearman correlation analysis and the Mantel test in R with the linkET
package. Statistical significance was defined as p < 0.05.

3. Results and discussion

In contrast to traditional glass infusion bottles, plastic infusion bags
offer numerous advantages, including lightness, flexibility, and cost-
efficiency, making them widely adopted for infusion containers. Com-
mon plastics used in these bags, such as polyethylene (PE), Polyvinyl
chloride (PVC), and PP, are chemically stable and resistant to reactions
with the active ingredients in the infusions, ensuring the preservation of
the drug’s integrity and stability throughout the infusion process. Here,
the Raman spectroscopy analysis conducted in this study revealed
highly consistent spectra across infusion packaging from 6 brands of
saline solution and 3 brands of glucose solution (Fig. 2). Key charac-
teristic peaks were observed at 808, 841, 1152, 1326, and 1457 em™?
(Fig. 2), which were directly correlated with known spectral features of
PP plastics [32,33]. Specifically, these peaks were attributed to C-C
stretching, CH3 rocking, C-C stretching, CH2 twisting, and CH2 bending
vibrational modes. Consequently, it can be confidently concluded that
the plastic infusion bags selected for this study were made from PP, a
finding consistent with a recent report [16].

This study subsequently primarily focuses on MNPs derived from PE,
PP and PS, three plastics commonly found in medical infusion solutions.
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Fig. 2. Qualitative analysis of packaging materials for nine brands of saline and
glucose infusion solutions using Raman spectroscopy.
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Firstly, PP is the predominant material used in the packaging of the
infusion solutions analyzed in this study, making it the most relevant
plastic for detection. PE and PS, though not a major component of
infusion packaging, was chosen as a representative of external
contamination due to its widespread detection in various environmental
media and biological samples, including human liver and blood [34].
More importantly, PS has been shown to be efficiently concentrated
using the CPE method [21], significantly enhances the reliability and
consistency of the results. This methodological advantage made PS a
suitable target for investigation in this study. Furthermore, PE and PS,
particularly in their NP form, have been extensively studied in toxico-
logical research, with numerous studies highlighting their significant
toxicity [34].

3.1. Method validation: procedure blanks and spiking recovery

To ensure the accuracy and sensitivity of the analytical methods,
comprehensive procedural blanks were established throughout the
workflow. The procedural blank results for MNPs revealed a 100 %
detection rate for both PE, PP and PS particles, with concentrations of
PE-MPs, PP-MPs and PS-MPs recorded at 0.17 + 0.15, 1.02 + 0.79 and
0.09 + 0.07 pg, respectively. Additionally, we also provide for the first
time detailed data on the baseline contamination levels of PE-NPs, PP-
NPs and PS-NPs during laboratory-based NP separation procedures, with
detected concentrations of 1.90 4+ 0.82, 2.99 +0.21 and 0.28
=+ 0.01 pg. These findings reveal the ubiquitous contamination of labo-
ratory environments by MNPs, with background levels of NPs markedly
surpassing those of MPs.

These results agree with those from contemporaneous studies,
highlighting the difficulty of completely avoiding plastic contamination
in laboratory settings [35]. Despite efforts to minimize the use of plastic
products in MNP detection, the presence of various plastic equipment
and materials in the laboratory inevitably leads to contamination. For
example, Zhu et al. [36] reported average procedural blank concentra-
tions of 0.235 pg and 0.803 pg for PP-MPs and PS-MPs when analyzing
MPs in human feces and urine using TD-GC/MS. These findings
demonstrate that the background control of MPs in this study is com-
parable to that reported in contemporaneous high-quality research.
Importantly, the background concentrations of NPs were higher than
those of MPs, suggesting that, beyond conventional sources, routine
laboratory solvents may represent a significant additional pathway for
NP introduction. For example, Liu et al. [37] similarly found MPs and
NPs in digestion reagents such as hydrogen peroxide and potassium
hydroxide solutions, with NPs being present in higher concentrations
than MPs, and PP-NP levels (i.e., 3.33-43.01 mg/kg) being particularly
abundant. Nonetheless, sustained efforts to reduce background
contamination will be essential, including the establishment of
purpose-built, plastic-free laboratories dedicated to the accurate anal-
ysis of MNPs.

The recovery rates for MNPs (PE, PP, and PS) in this study were from
96.74 + 3.15% to 108.25 + 6.83 % (Table S3), significantly out-
performing the recovery rates for PP-MNPs (15.6 %-31.6 %) reported in
a similar study [14]. This improvement can be attributed to the appli-
cation of CPE, which excels in efficiently concentrating MNPs from
large-volume solutions, significantly reducing particle loss and thereby
maximizing recovery efficiency [21,22]. Specially, MNPs typically
exhibit pronounced hydrophobic surface characteristics, which enable
strong hydrophobic interactions with the micellar cores formed by
nonionic surfactants near the cloud point temperature. This selective
partitioning into the surfactant-rich phase substantially enhances the
extraction efficiency. Second, CEP induces a pronounced phase separa-
tion upon reaching the cloud point, concentrating MNPs into a
reduced-volume surfactant phase while effectively excluding the ma-
jority of matrix components into the aqueous phase. This is consistent
with the relatively low matrix effect observed in this study (Table S3).
Third, the tunable properties of the surfactant system allow the method
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to efficiently capture a wide range of MNPs differing in size, surface
chemistry, and polymer composition through the modulation of factors
such as temperature, pH, and ionic strength. Together, these attributes
confer a robust and highly adaptable extraction performance, posi-
tioning CEP as a powerful preconcentration strategy for MNP quantifi-
cation in complex matrices.

For PAEs, procedural blank concentrations ranged from non-
detectable (ND) levels to 24.83 ng/L, while the recovery rates for
DEHP-d4 and DHP-d4 were 97.78 &+ 13.72 % and 94.04 + 13.81 %,
respectively. These results align well with established methodologies for
PAE analysis in various aquatic matrices, such as surface water and
drinking water [25]. Collectively, the background levels for both MNPs
and PAEs in this study are consistent with values reported in the pre-
vious reports, and the high recovery rates further validate the reliability
and precision of our analytical methods for detecting and quantifying
MNPs and PAEs.

3.2. Prevalence of MPs and NPs in medical infusion

MPs and NPs were detected across all analyzed infusion bag samples
(Table 1). PP-MPs were found in all infusions, showing a 100 % detec-
tion frequency (DF), with concentrations ranging from 0.22 to 66.57 pg/
L (median: 12.70 pg/L; mean + SD: 20.05 + 19.05 pg/L). Additionally,
PE-MPs appeared in 88.89 % of all infusions, with concentrations from
ND to 181.76 pg/L (median: 8.53 pg/L; mean =+ SD: 29.89 £ 51.04 pg/
L). PS-MPs were less prevalent, detected in 72.22 % of all infusions, with
a lower median concentration (0.66 pg/L) and a narrower range
(ND-15.68 pg/L). In the glucose infusions, all PE-MPs, PP-MPs and PS-
MPs showed 100 % detection, with exhibiting a median concentration
of 32.27, 13.43, and 5.45 pg/L, respectively. For NPs, PP-NPs exhibited
a 100 % in both glucose and saline infusions, ranging from 7.56 to
242.39 pg/L in the glucose infusions (median: 55.00 pg/L, mean + SD:
84.82 + 94.71 pg/L) and 4.25-224.26 pg/L in saline infusions (median:
43.55 pg/L, mean + SD: 89.56 + 84.69 pg/L). PS-NPs were also ubiq-
uitous, detected in 94.44 % of all infusions, with a notably higher me-
dian concentration in glucose infusions (53.85 pg/L) compared to saline
infusions (16.98 pg/L).

When considering total MNPs, all infusion bag samples contained
detectable MNPs, with concentrations ranging from 48.97 to 628.99 pg/
L. The median MNP concentration in glucose infusions (430.68 pg/L)
was slightly higher than in saline infusions (338.69 pg/L), with overall
means of 381.00 + 201.26 pg/L and 335.65 + 118.91 pg/L, respec-
tively. Notably, NPs comprised the majority of the total plastic burden
regarding median concentration, with PE-NPs, PP-NPs and PS-NPs
significantly contributing to the observed contamination levels. More-
over, the MNP content within different batches of infusion solutions
remained stable, with no significant differences observed (Figure S2).
The results of the mass concentration were further cross-validated by
particle count measurements. NTA results indicated the presence of
nanoparticles in the infusion solutions within the concentration range of
4.3 x 10 —1.2 x 108 (Figure $3 and $4), which indirectly supports the
presence of a substantial amount of nanoparticles in the solutions.
Nevertheless, after storage under simulated real-world conditions, the
degree of plastic packaging aging was minimal by 2D-COS analysis
(Figure S5, S6, and S7). Furthermore, neither the mass concentration nor
the particle number concentration showed significant changes before
and after storage (Figure S3 and S8).

Notably, the NTA results revealed distinct differences in NP distri-
bution patterns among various infusion bag samples, underscoring the
complexity of NP contamination in clinical fluids. Three typical sce-
narios were observed. (1) In certain samples, strong NP signals in the
0-50 nm range were consistently detected in both the original and
simulated storage batches (e.g., saline 3 and simulated saline 3; glucose
3 and simulated glucose 3), suggesting the presence of ultrafine, non-
dissolvable particles. These are likely introduced during the
manufacturing process or released from the plastic infusion bags
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Table 1
Prevalence of MNPs in infusion (ug/L; n = 6-12). ND: No detection.

Prevalence of MNPs in Medical Infusion

MNPs DF (%) Range Median Mean + SD
PE-MPs 88.89 ND-181.76 8.53 29.89 + 51.04
All PP-MPs 100 0.22 - 66.57 12.70 20.05 + 19.05
infusion =~ PS-MPs 72.22  ND-15.68 0.66 2.82 + 4.84
MPs 100 2.96 — 225.03 25.04 52.76 + 64.30
PE-NPs 100 13.24 - 568.77 87.54 143.87
+143.46
PP-NPs 100 4.25 - 242.39 43.55 87.98 + 85.36
PS-NPs 94.44  ND -234.24 29.09 62.16 + 72.36
NPs 100 46.01 - 617.52 314.45 298.00
+165.12
PE- 100 15.52-570.45 125.27 177.75
MNPs + 154.61
PP- 100 9.71 - 278.12 54.76 108.03
MNPs + 95.85
PS- 94.44  ND - 238.05 30.45 64.98 + 74.05
MNPs
MNPs 100 48.97 - 628.99 346.79 350.77
+ 183.23
PE-MPs 100 10.51 - 181.76 32.27 68.85 + 74.80
Glucose PP-MPs 100 0.22 - 66.57 13.43 21.94 + 26.01
PS-MPs 100 0.01 - 15.68 5.45 7.11 £6.63
MPs 100 14.87 - 225.03 53.98 97.90 + 95.39
PE-NPs 100 51.58 - 176.44 116.76 119.41
+ 52.02
PP-NPs 100 7.56 — 242.39 55.00 84.82 + 94.71
PS-NPs 100 9.70 - 170.10 53.85 78.88 + 69.09
NPs 100 113.16 - 316.99 283.10
453.03 +140.15
PE- 100 62.09 - 358.20 149.02 188.26
MNPs +122.41
PP- 100 9.71 - 278.12 88.77 106.76
MNPs +112.11
PS- 100 9.71 - 174.75 65.00 85.99 + 71.28
MNPs
MNPs 100 130.23 - 430.68 381.00
596.39 +201.26
PE-MPs 83.33 ND —40.42 2.04 10.40 £ 15.48
Saline PP-MPs 100 0.69 - 57.39 12.69 19.11 + 15.83
PS-MPs 58.33 ND-3.81 0.35 0.68 +1.10
MPs 100 2.96 - 77.11 19.50 30.20 £+ 24.25
PE-NPs 100 13.24 - 568.77 75.09 162.09
+172.96
PP-NPs 100 4.25 - 224.26 43.55 89.56 + 84.69
PS-NPs 91.67 ND - 234.24 16.98 53.80 £+ 75.46
NPs 100 46.01 - 617.52 314.32 305.45
+181.74
PE- 100 15.52 - 570.45 95.80 172.50
MNPs +173.32
PP- 100 17.00 - 236.20 54.76 108.67
MNPs +92.11
PS- 91.67 ND - 238.04 17.26 54.47 +76.18
MNPs
MNPs 100 48.97 - 628.99 338.69 335.65
+ 180.91

themselves. (2) In other cases, NP signals were observed in the original
batch but disappeared after simulated storage (e.g., glucose 2), which
may indicate the presence of soluble nano-sized colloidal particles that
were gradually dissolved over time during the storage simulation. (3)
Conversely, some samples showed an absence of NPs in the original
batch but exhibited strong signals post-simulation (e.g., saline 2). This
suggests a potential delayed release of NPs from the packaging mate-
rials. While no statistically significant increase in the total concentration
of MNPs was observed across all samples, these sporadic enhancements
in the nanoscale range highlight the necessity for more comprehensive
and condition-specific assessments of NP release. These findings call for
continued vigilance in the monitoring of infusion product safety,
particularly concerning their potential for NP contamination.

There is a limited amount of directly comparable data available.
Currently, Zhu et al. [16] have investigated MPs in PP, PE, and
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glass-bottled infusions. They found only a few larger-sized MPs (4-148
pm) in PP and PE packaging, which may be attributed to the Raman
spectroscopy method they used. Increasingly, evidence suggests that
both traditional Raman and infrared spectroscopy may struggle with
detecting smaller particles, particularly those at the nanoscale level [17,
18]. More recently, Huang et al. [10] identified MPs (1-62 pm) with
concentrations reaching as high as 7500 particles per liter, by combining
surface-enhanced Raman spectroscopy and scanning electron micro-
scopy. Wang et al. [14] employed Py-GC/MS to study MNPs (PP and PE)
in injectable solutions, finding NPs content ranging from 1 to 40 pg/L,
which is partially consistent with our findings. In addition to the
contamination by PE plastics in PP packaging infusion, we further
identified the presence of PS plastic pollution. Therefore, our study re-
inforces the widespread occurrence of MNPs with varying properties in
infusion solutions, including glucose and saline. With advances in sep-
aration and detection technologies, a broader range of MNPs is likely to
be discovered, raising concerns regarding their potential environmental
and health implications.

3.3. Distribution patterns of MPs and NPs in medical infusion

We further examined the distribution of MNPs in infusion solutions
from multiple angles, including infusion type, plastic material, and
particle size. PLS-DA analysis showed that MNPs, MPs, and NPs in
glucose and saline solutions cluster together without clear separation,
according to their respective statistical values, especially with a
maximum QZof just 0.39 (Figs. 3a to 3b). Moreover, statistical
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comparisons revealed no significant differences in the concentrations of
MNPs, MPs, and NPs between glucose and saline solutions (Figs. 3d to
3f), underscoring that both types of infusions contain similar levels of
MNPs, with no marked variation in their concentrations. This suggests
that the two commonly used infusion solutions in our study both contain
MNPs at comparable concentrations.

From a plastic material perspective, there were no notable differ-
ences in the concentrations of PP-MNPs and PS-MNPs (Fig. 4a). How-
ever, PE-MNPs and PE-NPs showed significantly higher levels than PS-
MNPs and PS-NPs (Figs. 4a and 4c). Additionally, both PE-MPs and
PP-MPs were markedly higher than PS-MPs (Fig. 4b). However, PP-MPs
exhibited substantially higher concentrations than PS-MPs (Fig. 4b),
indicating that larger exogenous particles are relatively scarce, while
smaller particles, which are more challenging to control, are more
abundant. These smaller particles are likely to be released from the
packaging material itself, contributing to the overall contamination. In
terms of particle size, regardless of the material (PE, PP, PS, or their
combination), NPs were present in significantly higher concentrations
than MPs in both infusion bag samples (Figs. 4d to 4g). This further
highlights the prevalence of NPs as the primary contaminants in
commonly used infusion solutions, raising serious concerns about the
potential health risks associated with their widespread presence. These
findings emphasize the need for greater attention to the sources, dis-
tribution, and potential health impacts of MNPs contamination in
medical and pharmaceutical applications.

MNPs, owing to their small particle size, have the capacity to infil-
trate the systemic circulation and exhibit a remarkable potential to cross
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biological barriers such as the blood-brain and blood-testis barriers,
which has garnered significant attention [7]. It is well-established that
the inner diameter of the smallest human capillaries is less than 20 pm
[38-40], meaning that MNPs with sizes smaller than this threshold can
migrate within the circulatory system. Upon reaching the liver, MNPs
can directly disrupt critical metabolic functions, including lipid, amino
acid, and energy metabolism [41,42]. Furthermore, studies indicate that
nonbiodegradable particles larger than 5.5 nm can accumulate in he-
patic Kupffer cells over extended periods [43], potentially triggering
immune responses and inflammation, which may serve as a crucial
mechanism for liver toxicity induced by MNPs [44]. Of particular
concern, smaller NPs are capable of directly penetrating biological
barriers, leading to other potential damage [45,46]. Therefore, these
findings suggest a heightened potential for more severe and widespread
health impacts, reinforcing the need for greater attention to the impli-
cations of MNPs contamination in medical treatments.

3.4. Quantification and analysis of PAEs in medical infusion

Among the ten PAEs analyzed, five PAEs, including DBP, DEP, DEHP,
DIBP, and DMP, were detected in all infusion bag samples with a 100 %
DF (Table 2), underscoring their widespread presence in the infusions.
The total concentrations of these PAEs exhibited a considerable range,
spanning from 65.71 to 2482.46 ng/L. Notably, DBP, DMP, and DIBP
emerged as the top three contributors to the overall PAE concentration,
accounting for the majority of the detected levels and emphasizing their
significant prevalence in the infusion solutions. No significant difference
in the distribution of PAEs was observed between glucose and saline
solutions (Fig. 5a). Saline infusions consistently exhibited higher median
concentrations of PAEs compared to glucose infusions (Fig. 5b), with the
sum of all PAEs ranging from 220.48 to 1042.70 ng/L in glucose

infusions and from 65.71 to 2482.46 ng/L in saline infusions, reflecting
a higher overall contamination burden in saline infusions.

For the individual PAEs (Fig. 5c), DBP is the most abundant, with
concentrations ranging from 104.69 to 435.52 ng/L in glucose infusions
(median: 247.43 ng/L) and from 36.54 to 771.69 ng/L in saline in-
fusions (median: 279.16 ng/L), making it the dominant PAE in both
solutions, particularly in saline infusions, where its levels are notably
elevated. DBzP and DHP exhibits relatively lower concentrations in all
infusions. Other PAEs, such as DEHP and DIBP, demonstrate fairly
consistent concentrations across both solutions, with DIBP showing
higher levels in saline infusions (median: 75.32 ng/L). DMP, which ex-
hibits considerable variability, especially in saline infusions, where its
range spans from 1.87 to 1394.34 ng/L (mean of 391.12 + 487.24 ng/
L), contributing significantly to the overall higher mean concentration
observed in saline infusions. This data highlights the complex distribu-
tion and varying prevalence of PAEs, with saline infusions consistently
displaying higher levels of contamination, which warrants further
investigation into the sources and environmental implications of these
compounds.

Our study provides evidence of the presence of various types and
concentrations of PAEs in PP packaging bags, marking a significant
divergence from previous research, which predominantly focused on
PVC-based infusion packaging and reported elevated levels of DEHP in
PVC products [47,48]. DEHP is widely recognized for its role in
enhancing the flexibility, durability, and processability of PVC mate-
rials. However, DEHP is also known to exhibit considerable reproductive
toxicity, leading to strict regulatory oversight on the use of toxic PAEs in
medical devices by numerous governmental agencies [49]. In contrast to
PVC, PP is inherently more flexible than many other polymers, and its
physical properties can be tailored through copolymerization or
blending with other materials, obviating the need for plasticizers such as
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Table 2
Prevalence of PAEs in infusions (ng/L, n = 6-12). ND: No detection.

Prevalence of PAEs in Medical Infusion

PAE DF (%) Range Median Mean + SD
All infusion BMPP 56 % ND - 52.94 1.79 14.86 + 18.94
DAmP 33.33% ND - 19.44 ND 2.82 +5.49
DBP 100 % 36.53 - 771.69 258.72 306.63 + 224.41
DBzP 27.78 % ND -17.40 ND 1.41 £ 4.12
DEP 100 % 4.64 — 457.43 38.20 91.91 + 125.88
DEHP 100 % 1.00 - 138.03 31.74 48.03 + 49.15
DHP 5.56 % ND -10.69 ND 0.59 + 2.52
DIBP 100 % 12.48 - 241.41 60.16 99.90 + 83.13
DMP 100 % 1.87 - 1394.34 105.99 282.78 + 423.85
DPhP 33.33 % ND-210.43 ND 25.40 + 53.57
SumPAEs 100 % 65.71 — 2482.46 757.56 874.34 + 704.66
Glucose BMPP 50 % ND - 52.94 18.80 22.51 + 25.13
DAmP 50 % ND - 19.44 0.67 5.46 + 8.30
DBP 100 % 104.69 - 435.52 247.43 263.94 + 145.44
DBzP 33.33% ND - 1.54 ND 0.35 + 0.62
DEP 100 % 11.69 - 193.63 37.60 62.71 + 69.48
DEHP 100 % 2.20 - 125.51 39.10 52.85 + 53.92
DHP ND ND ND ND
DIBP 100 % 21.32-133.38 60.07 69.98 + 47.68
DMP 100 % 6.92 - 150.28 50.44 66.10 + 63.25
DPhP 50 % ND - 210.43 36.16 62.64 + 83.23
SumPAEs 100 % 220.48 - 1042.70 505.26 606.53 + 326.19
Saline BMPP 58.00 % ND - 43.38 1.79 11.04 + 14.83
DAmP 25.00 % ND - 8.59 ND 1.51 + 3.09
DBP 100 % 36.54 — 771.69 279.16 327.98 + 258.31
DBzP 25% ND - 17.40 ND 1.94 +5.01
DEP 100 % 4.64 — 457.44 40.76 106.51 + 146.96
DEHP 100 % 1.00 - 138.03 28.85 45.61 + 48.92
DHP 8.33% ND - 10.69 ND 0.89 + 3.08
DIBP 100 % 12.48 - 241.41 75.23 114.86 + 96.41
DMP 100 % 1.87 - 1394.34 150.79 391.12 + 487.24
DPhP 25 % ND - 30.82 ND 6.78 £12.35
SumPAEs 100 % 65.71 — 2482.46 1043.63 1008.24 + 812.61
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PAEs [50]. Nevertheless, prior research has demonstrated that PP-based
medical packaging can also release PAEs [51]. Consequently, the PAEs
identified in the infusion solutions of this study may stem either from
endogenous release from the PP material itself or from exogenous
contamination introduced during the production process, as PAEs are
widely pervasive in various environmental media [52]. More trou-
blingly, similar to DEHP, the high concentrations of DBP, DMP, and
DIBP found in our study are of particular concern, as they are potent
endocrine disruptors associated with a broad range of health risks,
particularly during critical periods of development, such as fetal
development and sperm production [53]. In addition to their repro-
ductive toxicity, these chemicals have been linked to a range of neuro-
developmental and behavioral disorders and potential cancer risks [54,
55]. Although the levels of PAEs in the infusion solutions are below the
European Food Safety Authority’s established Tolerable Daily Intake
limit of 50 pg/kg body weight [56], continuous monitoring of the trends
and potential toxicity of these contaminants in infusion solutions is still
necessary.

3.5. Interrelationships among MPs, NPs, and PAEs

We also investigated the intrinsic relationships between plastic
particles (MPs, NPs, and MNPs) and PAEs in infusions using Mantel and
Spearman correlation tests (Fig. 6, and Table S5). Our results revealed
significant positive correlations between PP-NPs and PP-MNPs
(r =0.97, p < 0.001), PE-NPs and PE-MNPs (r = 0.98, p < 0.001), PS-
NPs and PS-MNPs (r = 1.00, p < 0.001), as well as between NPs and
MNPs (r = 0.92, p < 0.001) concentrations. These correlations under-
score the dominant role of NPs in the overall concentration of MNPs in
the infusion solutions. More importantly, a significant positive correla-
tion was observed between individual PAE and MNPs. Specifically,
DAmP exhibited notable positive correlations with PS-MPs (r = 0.56,
p < 0.05). Similarly, DEHP demonstrated significant positive correla-
tions with PP-NPs (r = 0.38, p < 0.01). These findings preliminarily
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highlight a strong synergistic relationship between the release of MNPs
and plastic additives in common infusion solutions. This suggests an
increased likelihood of concurrent exposure to both MNPs and toxic
PAEs, which may exacerbate potential health risks.

3.6. Evaluation of cardiovascular cytotoxicity induced by Co-exposure to
NPs and PAEs

To further investigate the health risks associated with the combined
exposure to MNPs and PAEs, we utilized HUVECs as an in vitro model.
PS-NPs and DEHP were chosen as representative compounds to examine
the effects of mixed exposure on cell viability and the expression of
genes linked to inflammation, lipid metabolism, and apoptosis.

In terms of cell viability, exposure to PS-NPs alone significantly
inhibited cell viability starting at a concentration of 25 pg/mL, with a
dose-dependent reduction observed as the exposure concentration
increased (Figure S9). Similarly, exposure to DEHP alone resulted in a
significant decrease in cell viability beginning at 70 ng/mL, with further
suppression observed at higher concentrations (Figure S9). Notably,
combined exposure to PS-NPs and DEHP caused a more pronounced
reduction in cell viability compared to individual exposures (Fig. 7a),
suggesting a potential synergistic enhancement of toxicity. At the gene
expression level, combined exposure to PS-NPs and DEHP further
significantly downregulated the expression of Caspase-3 and ITGA4,
while significantly upregulating PPARy expression (Fig. 7b). These
findings provide compelling evidence of the synergistic toxic effects of
PS-NPs and DEHP, which may be mediated through alterations in key
signaling pathways associated with apoptosis, inflammatory response,
and lipid metabolism [29-31].

The synergistic effects of plastic particles and other contaminants,
such as plasticizers, represent a critical yet often overlooked issue in
plastic pollution. Emerging evidence suggests that the co-exposure of
MNPs and PAEs could exacerbate toxicological outcomes compared to
individual exposures [23,57]. For example, MNPs can increase the
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Cytotoxicity of Co-exposure in HUVECs
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Fig. 7. Cytotoxicity of co-exposure to PS-NPs and DEHP in HUVECs (n = 5). (a) Cell viability; (b) Gene expression levels. *

uptake and retention of PAEs in biological tissues, potentially enhancing
the toxic effects of MNP exposure [58]. This interaction may lead to
amplified immune responses, increased inflammation, and potentially
more severe endocrine disruption [24,59]. In alignment with previous
studies, our findings show that co-exposure to PS-NPs and DEHP further
suppressed cell viability and significantly interfered with key cellular
processes, including apoptosis, inflammatory responses, and lipid
metabolism. While direct evidence linking MNPs and phthalate esters
PAEs in infusion solutions to human health risks is still scarce, the risk of
synergistic effects from co-exposure in infusion solutions may be even
more pronounced. Infusion-based exposure is more direct, as both MNPs
and PAEs are readily transported into the systemic circulation and
distributed throughout the body. The patients requiring infusions are
often immunocompromised or have underlying health conditions,
making them particularly vulnerable to the compounded toxicity of
MNPs and PAEs. The potential for amplified toxic effects, especially in
long-term infusion therapy, underscores the urgent need to reassess the
safety of medical products containing such contaminants. In addition,
future research should further investigate the mechanistic pathways
underlying the co-exposure toxicity of nanoparticles and PAEs in infu-
sion solutions, which will be critical for identifying potential detoxifi-
cation strategies. It is also essential to consider the role of particle
surface properties in modulating toxicity and to collect more

11

*, P < 0.05; **, P < 0.01; ***, P < 0.001.
human-relevant data to enable a comprehensive assessment of potential
health risks.

3.7. Limitation

Our study is the first to demonstrate that infusion therapy, as a
distinct exposure route, can simultaneously introduce PE, PP and PS-
MNPs along with toxic PAEs directly into the bloodstream, and induce
serious cytotoxicity. This intravascular exposure pathway bypasses
primary biological barriers, potentially amplifying health risks beyond
those associated with conventional environmental exposures.

Nevertheless, our study also presented several limitations.In terms of
the research content: (1) We focused exclusively on PE, PP and PS, due
to their widespread occurrence and significant toxicity [4,60]. However,
to gain a more comprehensive understanding of MNPs in medical infu-
sion, future research should explore other common materials, such as
PVC and PET, which may also prevalent in infusion products. Further-
more, the release of other potential contaminants, such as
phosphorus-based flame retardants, antimicrobial agents, and antioxi-
dants, should be considered, in addition to the PAEs analyzed in this
study. (2) The study analyzed infusion bag samples from nine different
brands, which reflects a limited market sample due to the exclusion of
duplicates and the challenge of tracking different product batches. Given
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the wide array of brands in the market, future research should increase
the sample size to include more brands and assess whether similar trends
in MNPs and PAE concentrations are observed across a broader range of
products. (3) This study focused on hospitals in three major Chinese
cities, which may not fully represent global trends. While valuable data
on domestic markets was obtained, future studies should incorporate
samples from a variety of countries to assess regional and international
differences in the release patterns of MNPs and PAEs. Cross-national
studies will provide a more comprehensive understanding of the
global prevalence and potential health risks posed by these contami-
nants. (4) We predominantly explored MNP and PAEs release from
PP-based infusion bags. However, other materials, such as PE and PVC,
may be used in medical infusion systems and release MNPs and additives
at different rates. Future research should investigate whether similar
contamination trends occur across various plastic materials used in
infusion bags and other components of the infusion system. (5) We
primarily focused on glucose and saline infusion solutions, which
represent common clinical fluids. However, future research should
expand the scope to investigate a wider range of infusion types, such as
amino acid solutions, lipid emulsions, and other specialized infusions, to
evaluate whether they also contribute to plastic contamination and
whether their characteristics influence the release of MNPs and PAEs.
(6) In addition to infusion bags, other components of the infusion sys-
tem, including infusion tubes and syringes, may also contribute to the
introduction of MNPs. However, due to time and resource limitations, it
is not feasible to conduct a comprehensive analysis of all components
within the scope of a single study. Our investigation of MNPs in infusion
bags serves as the starting point for the system, providing a foundation
for future research on the release of MNPs from other parts of the
infusion system, along with the associated methodological and technical
support. (7) The infusions used in this study were from the hospitals with
strictly controlled storage conditions to minimize environmental vari-
ables. However, future research should consider how variations in
temperature, humidity, light exposure, and storage duration may in-
fluence the release of MNPs and additives [61,62]. Incorporating these
factors will provide a more realistic view of how MNP behave under
varying environmental conditions, and multivariate regression analysis
could be employed to identify key factors that influence these release
patterns.

The high recovery efficiencies observed in this study highlight the
robustness and effectiveness of the method. However, further optimi-
zation and enhancement of the technology are necessary in the
following areas. (1) The analytical methods should be validated for their
applicability to other types of particles, to ensure that the separation and
detection capabilities are universally effective across various materials.
(2) Although efforts were employed to reduce nonionic surfactant
interference in CPE, residual surfactants could still impact the quanti-
fication of MNPs. Future research should address this potential inter-
ference and refine the methodology to minimize such effects. (3) Future
work should focus on optimizing the CPE and Py-TD-GC/MS platforms
to improve the efficiency of MNP extraction and detection. Enhancing
the throughput and detection sensitivity of these techniques will be
crucial for high-volume applications in MNP analysis. (4) The study
utilized laboratory-grade standard plastics for quantifying MNPs in
infusion solutions, which may not fully reflect the characteristics of
plastics used in clinical settings, where degradation and aging may
occur. Although stringent storage regulations minimize plastic aging in
medical infusions, future research should investigate the potential
impact of storage deviations, such as increased temperatures or pro-
longed storage, which could accelerate plastic degradation and lead to
higher levels of MNP release.

3.8. Prospective approaches for mitigating risks

Given the unprecedented level of internal contamination, this issue
demands urgent attention, necessitating not only heightened awareness
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but also the implementation of stringent regulatory policies and the
development of safer material alternatives to mitigate potential health
risks and safeguard intravenous medical treatments. Regulatory frame-
works must be reinforced to restrict the use of hazardous PAEs in
medical products and packaging. While certain regions have imposed
bans or limitations on high-risk PAEs, such as DEHP in medical devices,
expanding these regulations to encompass other toxic plasticizers,
including DBP and DIBP, would further reduce exposure risks. Material
innovation is imperative to decrease reliance on conventional plasti-
cizers. Beyond prevention, enhancing monitoring capabilities is crucial.
Implementing real-time monitoring systems could provide continuous
quality control, ensuring contamination levels remain within safe limits.
Finally, patient safety protocols must be adapted to mitigate the risks of
MNP and PAE exposure. This includes transitioning to safer packaging
and infusion systems free from harmful plasticizers, minimizing the use
of plastic-based medical devices when alternatives are available, and
incorporating risk assessment strategies into medical guidelines. A
collaborative effort among policymakers, healthcare providers, and
material scientists will be essential to developing sustainable, low-
toxicity solutions that prioritize both medical efficacy and long-term
patient safety.

4. Conclusion

In summary, we present a highly efficient method for the separation
and quantification of MNPs utilizing CPE combined with Py-TD-GC/MS,
which reveals the presence of various MNPs, including PE-MPs, PE-NPs,
PP-MPs, PP-NPs, PS-MPs, and PS-NPs, in commonly used PP-based
glucose and saline infusions. Notably, NPs were found to be signifi-
cantly more prevalent than MPs. Additionally, we identified widespread
contamination by ten PAEs in these infusions, with DBP, DMP, and DIBP
being the most abundant. A concerning positive correlation was
observed between the concentrations of MNPs and PAEs, suggesting that
intravenous exposure through infusion therapy may result in concurrent
exposure to both MNPs and PAEs. Of particular significance, co-
exposure to PS-NPs and DEHP not only further suppressed cell
viability but also disrupted key cellular processes, including apoptosis,
inflammation, and lipid metabolism, highlighting the potential for
synergistic toxic effects. These findings underscore the critical need for
continued research into this novel exposure pathway and stress the
importance of developing effective mitigation strategies to minimize the
health risks associated with MNPs and hazardous additives in medical
applications.
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