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RESEARCH ARTICLE

Environmentally weathered polystyrene particles induce phenotypical and
functional maturation of human monocyte-derived dendritic cells

Annemijne E. T. van den Berga , Maud Plantingab , Dick Vethaaka,c , Kas J. Adriaansa ,
Marianne Bol-Schoenmakersa , Juliette Leglera , Joost J. Smita and Raymond H. H. Pietersa

aInstitute for Risk Assessment Sciences, Utrecht University, Utrecht, The Netherlands; bCenter for Translational Immunology, University Medical
Centre Utrecht, Utrecht, The Netherlands; cDepartment of Environment and Health, Vrije Universiteit, Amsterdam, The Netherlands

ABSTRACT
Micro- and nanoplastics (MNP) are ubiquitously present in the environment due to their high persistence
and bioaccumulative properties. Humans get exposed to MNP via various routes and consequently, they
will encounter dendritic cells (DC) which are antigen-presenting cells involved in regulating immune
responses. The consequences of DC exposure to MNP are an important, yet understudied, cause of con-
cern. Therefore, this study aimed to assess the uptake and effect of MNP in vitro by exposing human
monocyte-derived dendritic cells (MoDC) to virgin and environmentally weathered polystyrene (PS) par-
ticles of different sizes (0.2, 1, and 10mm), at different concentrations ranging from 1 to 100mg/ml. The
effects of these particles were examined by measuring co-stimulatory surface marker (i.e. CD83 and
CD86) expression. In addition, T-cell proliferation was measured via a mixed-leukocyte reaction (MLR)
assay. The results showed that MoDC were capable of absorbing PS particles, and this was facilitated by
pre-incubation in heat-inactivated (HI) plasma. Furthermore, depending on their size, weathered PS par-
ticles in particular caused increased expression of CD83 and CD86 on MoDC. Lastly, weathered 0.2mm PS
particles were able to functionally activate MoDC, leading to an increase in T-cell activation. These in vitro
data suggest that, depending on their size, weathered PS particles might act as an immunostimulating
adjuvant, possibly leading to T-cell sensitization.
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Introduction

Micro- and nanoplastics (MNP) have increasingly polluted the
environment and are amassing in virtually all ecosystems due to
their high persistence and bioaccumulative properties (Barboza
et al. 2018; SAPEA 2019). MNP are generally defined as plastic
particles smaller than 5mm (microplastics [MP]) and smaller
than 1 mm (nanoplastics [NP]) (WHO 2022). They can be div-
ided into primary MNP, which are intentionally produced for
industrial applications or products, such as cosmetics, and sec-
ondary MNP, which result from environmental degradation of
large plastic objects via processes, such as UV light exposure and
physical abrasion (EFSA 2016). Most secondary MNP originate
from plastic packages, drinking bottles, synthetic textiles, fishing
gear, and car tires (Barboza et al. 2018). Major synthetic poly-
mers that make up MNP include polystyrene (PS), polyethylene
(PE), polypropylene (PP), and polyamide (PA). MNP are highly
heterogeneous in size, shape, and chemical composition. These
divergent characteristics can influence their aging, fate, and tox-
icity (Hidalgo-Ruz et al. 2012; Andrady 2017; Vethaak and
Legler 2021).

Due to their small size, MNP are easily spread throughout the
environment and undoubtedly, humans get exposed to MNP via
various exposure routes, in particular via inhalation and inges-
tion (Carbery et al. 2018). Several studies have tried to estimate
the average amount of MNP ingested by humans through vari-
ous pathways (Cox et al. 2019; Senathirajah et al. 2021).

However, exposure data is often based on non-standardized, pre-
liminary results, and even misperceptions and thus specific
knowledge on human exposure to MNP is still limited
(Koelmans et al. 2017; Vethaak and Legler 2021). Multiple
in vitro and in vivo studies show that MNP accumulate in the
intestines of various species and can cross the intestinal barrier
and consequently reach systemic circulation (Hirt and Body-
Malapel 2020; Prata et al. 2020). Recently, a Dutch study found a
mean sum concentration of 1.6 mg/ml of total polymers in blood
samples of healthy donors, supporting the hypothesis of absorp-
tion of MNP into the bloodstream (Leslie et al. 2022). This find-
ing illustrates that MNP cross epithelial linings and enters the
systemic blood circulation. Though the extent of MNP crossing
over epithelial linings is not yet well established, it is imperative
to understand their potential systemic immunotoxicological
effects (Vethaak and Legler 2021).

Importantly, MNP are known to absorb all sorts of biomole-
cules and natural organic matter. The resulting outer layer alters
the surface properties of the MNP by affecting morphology,
charge, and chemistry (Witzmann et al. 2022). This phenomenon
may play a crucial role in the interaction of MNP with biological
systems and influence the distribution of MNP across cells and
retention in tissues (Saptarshi et al. 2013; Sch€ottler et al. 2016;
Ke et al. 2017; Gruber et al. 2020). For instance, once in the
blood, MNP may immediately bind plasma proteins, forming a
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complex protein biofilm (Tenzer et al. 2013). Conceivably, this
possibly impacts MNP toxicity.

To date, most studies regarding MNP have been conducted
with pristine particles. However, MNP in the environment are
subjected to some degree of weathering, leading to possible phys-
ical, chemical, and microbial alterations. These environmentally
weathered particles may for instance absorb microbial biomole-
cules. In the intestinal tissue (e.g. lamina propria and draining
lymph nodes) and upon systemic circulation, MNP can poten-
tially dysregulate immune responses (Hirt and Body-Malapel
2020; Weber et al. 2022). Research has shown that the addition
of for instance lipopolysaccharide (LPS) to innoxious gold nano-
particles leads to a synergistic increase in the release of pro-
inflammatory cytokines, such as interleukin (IL)-1b and tumor
necrosis factor (TNF)-a (Boyles et al. 2015; Li et al. 2017). For
the same reason, exposure to environmentally weathered MNP
might result in increased inflammatory responses (Noventa
et al. 2021).

Professional antigen-presenting dendritic cells (DC) are crit-
ical for initiating adaptive immune responses. They occur in rela-
tively high frequency in the intestines and are constantly
interacting with antigens from the lumen of the gut. DC are
involved in instructing whether a tolerance-inducing or sensitiz-
ing response occurs toward a particular antigen (Coombes and
Powrie 2008). Upon maturation, co-stimulatory molecules (like
CD83 and CD86) are up-regulated, so the DC can enhance
effector responses by releasing cytokines and activating naïve
T-cells (Seydoux et al. 2014; Stagg 2018). Given the critical role
of DC in managing adaptive immune responses, the effect of
MNP exposure on DC maturation is important to ascertain.

To date, a limited number of studies have demonstrated the
uptake of PS particles by DC (Foged et al. 2005; Rothen-
Rutishauser et al. 2007; Weber et al. 2022) and the maturation of
MNP-exposed DC is still largely understudied (Frick et al. 2012;
Mathaes et al. 2015). In addition, the majority of toxicity studies
have used virgin, manufactured particles that may not be repre-
sentative of real environmental exposure. Therefore, this study
aimed to assess the uptake and effects of MNP in vitro by expos-
ing human monocyte-derived DC (MoDC) to virgin and envir-
onmentally-weathered PS particles of different sizes (0.2, 1, and
10 mm). To investigate the effect of a plasma protein biofilm, the
particles were pre-incubated in heat-inactivated (HI) plasma. The
effect of virgin and weathered PS particles was examined with a
focus on the phenotypical and functional maturation of human
MoDC. This was accomplished by measuring co-stimulatory sur-
face markers (i.e. CD83 and CD86). Furthermore, T-cell activa-
tion by MoDC was measured via a mixed leukocyte reaction
(MLR) assay.

Materials and methods

Human MoDC isolation

EDTA-treated whole blood (WB) was collected from an in-house
healthy donor service at the University Medical Center Utrecht
(UMCU), the Netherlands. All blood donors provided written
consent before participating in the in-house donor service.
Participant information was kept confidential.

The isolation of peripheral blood mononuclear cells (PBMC)
was executed within 4 h by standard density centrifugation using
a Ficoll-Paque PLUS gradient (GE Healthcare Bio-Sciences AB,
Chicago, IL). During the isolation process, plasma was removed
from the gradient and was stored at �20 �C until later use for

heat inactivation and pre-incubation with the PS particles. Next,
monocytes were isolated from the fresh PBMC using a Percoll
gradient (GE Healthcare Bio-Science, Piscataway, NJ). The
monocytes were then incubated in T25 culture flasks in a 37 �C
and 5% CO2 atmosphere (at density of 1.5–3.0� 106 cells/ml) in
6ml of RPMI 1640 medium supplemented with 10% heat-inacti-
vated fetal calf serum (HI-FCS) and 1% penicillin/streptomycin
(all products from Gibco, Waltham, MA). For differentiation
into MoDC, human GM-CSF (75 ng/ml), and human IL-4
(25 ng/ml) (Miltenyi Biotec, Bergisch Gladbach, Germany) were
added for 6 d. After differentiation, MoDC were collected and
plated into 96-well flat bottom plates at a density of 2.0� 105

cells/well in 100 ml supplemented RPMI (Greiner, Alphen aan
den Rijn, the Netherlands). Plates were then incubated for 1 h at
37 �C and 5% CO2 and directly used for the experiments. MoDC
and plasma from one donor were used for each independ-
ent experiment.

Particle preparation

Non-functionalized Fluoresbrite Yellow Green PS particles were
purchased in three different sizes; 0.2, 1, and 10 mm
(Polysciences, Inc., Warrington, PA). These PS particles are
internally-dyed with fluorescein and packaged as 2.5% aqueous
suspensions. In addition, virgin and weathered non-fluorescent
PS particles were used that were kindly gifted by Deltares
(Delft, the Netherlands). The particles were weathered in glass
bottles filled with river water (location¼Tolakkerlaan [approxi-
mate coordinates 52�04058.400N 5�11037.100E], Utrecht, the
Netherlands). Samples were collected in pre-sterilized 1 L glass
bottles, which were opened 1–20 cm below the water surface
and filled with water, then filtered through a standard paper fil-
ter. Next, the weathering was performed in a duplicate set-up,
in glass bottles for 4 weeks at room temperature with exposure
to sunlight and constant shaking (100 rpm), with a ratio of par-
ticles to water of 0.1% (w/v). After weathering, the particles
were washed with phosphate-buffered saline (PBS, pH 7.4), sep-
arated from the liquid by decanting, pooled, and re-suspended
in PBS (at 1% solids [w/v]).

For specific experiments, PS particles were pre-incubated in
HI plasma from the same donor as from whom the MoDC were
isolated. Here, 10ml of PS particle suspension (at 10mg/ml) was
incubated with 10 ml supplemented RPMI or HI plasma for 2 h
at 37 �C under constant shaking (at 100 rpm). The plasma was
HI by heating it for 30min in a waterbath at 56 �C to inactivate
serum complement. Stock solutions of the particles were then
diluted in cell-culture medium to obtain the desired concentra-
tions just prior to the experiments.

Exposure dosimetry

Human MoDC were exposed to a mass-based concentration (mg/
ml) of PS particles. The PS particle concentrations used in the
experiments ranged from 1 to 100 mg/ml. This range is chosen
as a proof-of-principle for hazard identification, since specific
data on human exposure is limited. The concentrations were also
translated to numerical dose (particles/ml) and surface area
(mm2/ml) to enable comparison with literature data (Table 1).
Estimations were based on the formula:

Number of particles per ml ¼ 6W � 1012

q � p � u3
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where W¼grams of particles per ml, q¼density of polymer [in
grams/ml; 1.05 for PS], and u¼particle diameter [in micron].

Analysis of particle uptake by flow cytometry

Cells were incubated with 200 ml of 0.2, 1, or 10 mm fluorescent
PS particles (with or without HI-plasma pre-treatment) at a con-
centration of 75 mg/ml for 1 h at 37 �C. After exposure, cells
were collected using 50 ml 2mM EDTA/PBS and washed three
times with 200 ml cold PBS to remove PS particles that were not
taken up. Next, the cells were incubated with 50 ml Fc Receptor
Binding Inhibitor (1:100, Invitrogen, Waltham, MA) for 20min
at 4 �C. After that, they were stained with 50 ml allophycocyanin
(APC)-conjugated mouse anti-human CD11c (1:100 dilution;
Clone 3.9, Invitrogen) for 30min at 4 �C. The cells were then re-
suspended in 100 ml FACS buffer (FB; PBS containing 1% bovine
serum albumin [BSA] and 0.1% NaN3). The amount of particle
uptake was then analyzed using a BD AccuriTM C6 flow cytome-
ter (FCM) and BD sampler software (BD Biosciences, Franklin
Lakes, NJ). MoDC were gated using the forward and sideward
scatter. Within this cell population, an additional step was con-
ducted to distinguish MoDC from normal monocytes by select-
ing CD11cþ cells. Next, the percentage of positive cells, i.e. the
percentage of cells that took up one or more PS particles, was
determined by measuring the fluorescence per cell. Mean
Fluorescent Intensity could not be used as a parameter since the
data distribution was bi- and multimodal. Furthermore, non-
fluorescent virgin and weathered 10 mm particles were added to
DC with and without (HI) plasma pre-incubation in the same
manner as previously described. Due to the lack of fluorescence,
the percentage of positive cells was determined based on differ-
ences in the forward and sideward scatter. In each case, a total
of at least 200.000 events were acquired per sample.

Cellular imaging of MNP uptake

For the visualization of MNP internalization by the cells, human
MoDC were exposed for 1 h to 200 ml of 0.2, 1, or 10 mm fluor-
escent PS particles (75 mg/ml) that had been pre-incubated with
HI plasma (1 h, 37 �C). After exposure, 20 ml from each well was
combined with 100 ml FB and plated onto a coverslip using a
cytospin centrifuge. After 10min of air drying, the cells were
fixed in 50 ml 2% paraformaldehyde (30min), washed with PBS,
and treated for 30min with 70 ml permeabilization buffer (2%
BSA and 0.1% Triton X-100 in PBS) containing DAPI (1.4 mM)
and Alexa FluorTM 568 Phalloidin (1 mM) (both Invitrogen) to
stain nuclei and b-actin, respectively. After staining, the cells
were washed with PBS and mounted onto slides using Prolong
Diamond (Life Technologies, Bleiswijk, the Netherlands). Cells

were then imaged using a Stochastic Optical Reconstruction
Microscope (STORM: Nikon Instruments Inc., Amstelveen, the
Netherlands).

Analysis of particle effect on inflammatory surface markers

Non-fluorescent virgin and weathered PS particles were pre-incu-
bated in HI plasma and were added to human MoDC at concen-
trations from 1 to 100 mg/ml and the cells were cultured for
24 h. LPS (Type O111:B4 from Escherichia coli; 500 ng/ml,
Sigma-Aldrich, Zwijnendracht, the Netherlands) treatment of
cells was used as a positive control. After the incubation, the
cells were collected and incubated with LIVE/DEADTM-APC
stain (1:1000 in PBS, Life Technologies) for 20min at 4 �C. After
that, human Fc Receptor Binding Inhibitor was added and the
cells held for a further 20min at 4 �C. To stain the surface
markers, cells were incubated with anti-human fluorescein iso-
thiocyanate (FITC)-conjugated mouse anti-human CD83 (1:100
dilution; Clone HB15e, Invitrogen) and phycoerythrin (PE)-
conjugated mouse anti-human CD86- (1:100 dilution; Clone
T2.2, Invitrogen) for 30min at 4 �C. The cells were then resus-
pended in FACS buffer and CD83 and CD86 expressions were
measured on the surface of live-gated human MoDC by flow
cytometry (see above for analysis specifics). In addition, the per-
centage viable MoDC within the sample population was meas-
ured using the LIVE/DEADTM-APC stain.

Analysis of particle effects on T-cell activation using a
MLR assay

Functional maturation of DC is commonly measured via an
MLR assay, as it determines the ability of the DC to activate T-
cells (Tourkova et al. 2001). For the MLR assay here, allogeneic
T-cells (106 cells/ml) were labeled with cell trace violet (5 mM;
Invitrogen) and co-cultured with MoDC (2� 105 cells/ml) in
96-well round-bottom plates (Corning, Corning, NY) at a stimu-
lator:responder ratio of 1:5. Unstimulated cell trace violet-labeled
cells served as a negative control. After 4 d, the cells were stained
with PerCPCy5.5-conjugated anti-CD8 and PE-conjugated anti-
CD4 (at 1:1000 and 1:100 dilutions, respectively: both from BD
Bioscience) antibodies and analyzed in the FACS Canto II sys-
tem. The T-cell proliferation analysis was performed using a pro-
liferation tool in the Flowjo software (Becton Dickinson,
Franklin Lakes, NJ) providing the division index, which is the
average number of cell divisions that a cell in the original popu-
lation has undergone.

Table 1. Different dose metrics for the polystyrene particles used in this study.

Particle size (lm) Mass-based (lg/ml) Numerical (particles/ml) Surface area (lm2/ml)

0.2 1 2.27� 108 3.46� 107

10 2.27� 109 3.46� 108

75 1.70� 1010 2.60� 109

100 2.27� 1010 3.46� 109

1 1 1.82� 106 5.71� 106

10 1.82� 107 5.71� 107

75 1.35� 108 4.28� 108

100 1.82� 108 5.71� 108

10 1 1.71� 103 5.60� 105

10 1.71� 104 5.60� 106

75 1.28� 105 4.20� 107

100 1.71� 105 5.60� 107
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Data analysis

CD4 and CD8 T-cell division data are shown as means ± SD,
with n¼ 9. The rest of the data are presented as individual val-
ues. Statistical significance was determined by one- or two-way
analysis of variance (ANOVA) with Dunnett’s post-hoc test. A
p value < 0.05 was taken as statistically significant. All data were
analyzed using Prism software version 8.3 (GraphPad, San
Diego, CA).

Results

PS particles are taken up by human MoDC

The cellular uptake of MNP by human MoDC was assessed by
flow cytometry after 1 h of incubation with fluorescent PS par-
ticles of various sizes pre-incubated with PBS or HI plasma.
Uptake was quantified by measuring the percentage of positive
cells. Figure 1(A) displays the gating strategy applied to deter-
mine the uptake.

Figure 1(B) shows histograms of the FITC fluorescence meas-
ured in cells exposed to the various exposure groups. The result-
ing percentage of positive cells is displayed in Figure 1(C). These
findings show that 0.2 and 1 mm PS particles caused a significant
increase in positive cells regardless of pre-incubation with HI
plasma. The mean fluorescence intensity could not be used due
to the abnormal cell distribution. However, the histograms in
Figure 1(B) show that some of the cells exposed to the HI
plasma pre-incubated 0.2 mm PS particles are more fluorescent
than those exposed to the regular 0.2 mm PS particles. Uptake of

1 mm PS particles was reduced when the particles were pre-incu-
bated in HI plasma. Concerning the 10 mm PS particles, only
those pre-incubated with HI plasma caused a significant increase
in positive cells.

A similar experiment was conducted with virgin and weath-
ered PS particles, with or without pre-incubation with HI plasma
(Figure 2). Since these particles are non-fluorescent, their pres-
ence inside the cell was measured by plotting the sideward scat-
ter against the forward scatter, as shown in the gating strategy
(Figure 2(A)). Due to visualization limitations of the smaller par-
ticles, only 10 mm PS particles were suitable for this assay as they
could visually change the sideward scatter of the cells. Results
show that for both virgin and weathered PS particles a significant
increase in positive cells was found for the 10 mm PS particles
pre-incubated in HI plasma compared to non-pre-incubated PS
particles (Figure 2(B,C)).

STORM was used to verify that the fluorescent PS particles
were taken up inside the cells and not adhering to the outside
of the cells (Figure 3). Intracellular particle uptake by MoDC
was detected for all three PS particle sizes. The MoDC were cap-
able of taking up multiple 0.2 and 1 mm PS particles per cell
and the particles seemed to cluster close to the nucleus. The
uptake of the 10 mm PS particles was limited to one particle
per cell.

Weathered PS particles increase expression of inflammatory
surface markers on MoDC

MoDC were incubated with virgin and weathered PS particles
(with and without pre-incubation in HI plasma). The percentage

Figure 1. PS particles are taken up by human (monocyte-derived) dendritic cells (MoDC). Cells were exposed for 1 h to YG fluorescent polystyrene (PS) particles
(75lg/ml) which were pre-incubated for 1 h at 37 �C with PBS or heat-inactivated plasma (HI plasma). (A) Gating strategy on flow cytometry plots is shown for con-
trol. Left panel shows the initially chosen gate, the middle panel indicates refinement of the gate by selecting cells positive for CD11c staining, and the right panel
shows the measured FITC levels in a negative control sample. (B) Histograms of the FITC fluorescence intensity for the different exposure groups. (C) Uptake is
expressed by the percentage of positive cells. ���p< 0.001, ��p< 0.01, and �p< 0.05 compared to control. ###p< 0.001, ##p< 0.01, and #p< 0.05 compared to PS
without HI plasma pre-incubation.
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of viable MoDC exposed to test concentrations of PS particles
was found 90% or higher. To investigate phenotypical DC mat-
uration, two specific co-stimulatory markers (i.e. CD83 and

CD86), typically up-regulated in mature DC, were measured by
flow cytometry. Figure 4(A) shows histograms of the fluores-
cence intensity of CD83 and CD86 staining on the membrane of

Figure 2. Non-fluorescent virgin and weathered 10lm PS microplastics are taken up by human DC when pre-incubated in heat-inactivated plasma. Human (monocy-
te-derived) dendritic cells (MoDC) were exposed to non-fluorescent virgin or weathered 10lm polystyrene (PS) particles (75lg/ml) for 2 h. PS particles were
pre-incubated with PBS or heat-inactivated plasma (HI plasma) for 1 h at 37 �C. (A) Gating strategy on flow cytometry plots is shown for control, cells exposed to vir-
gin particles and virgin particlesþHI plasma. The forward scatter (FSC) and sideward scatter (SSC) were used to gate the dendritic cells (upper panels) and within this
gate, the positive cells were selected (lower panels). (B) Histograms are shown of the SSC for the different exposure groups. (C) Uptake is expressed by the percentage
of positive cells. ���p< 0.001 and ��p< 0.01 compared to control; #p< 0.05 compared to PS without HI plasma pre-incubation.

Figure 3. PS micro- and nanoparticles are taken up by human DC as confirmed by microscopy. Human (monocyte-derived) dendritic cells were exposed to fluorescent
PS particles (75lg/ml) for 1 h. PS particles were pre-incubated with heat-inactivated plasma (HI plasma; 1 h, 37 �C). Uptake of 0.2, 1, and 10lm PS particles was
visualized in a Stochastic Optical Reconstruction Microscope (STORM). PS particles are in bright red, nuclei in dark red, and b-actin in green.
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the MoDC. A clear increase in fluorescence intensity was visible
for the 0.2 mm PS weathered particles, indicating up-regulation
of CD83 and CD86. Figure 4(B) shows that the CD83 and CD86
up-regulation caused by 0.2 mm PS weathered particles starts at a
concentration of 10 mg/ml, regardless of HI plasma pre-incuba-
tion. The magnitude of the effect at 100 mg/ml of 0.2 mm PS
weathered particles was comparable to that of the positive LPS
control. Virgin 0.2 mm PS particles only caused a very minor
increase of CD83 and CD86 at a concentration of 100 mg/ml.
Also, 1 mm PS and 10 mm PS virgin particles, caused a minor
increase in co-stimulatory markers, regardless of pre-incubation
with HI plasma.

Notably, the number and surface area of 0.2 mm particles at
the mass concentration of 10 mg/ml are much higher compared
to the 1 and 10 mm particles (see Table 1). The number of
0.2 mm particles was � 100- or 100.000-fold higher, and the sur-
face area was � 10- to 100-fold larger compared to the 1 and
10 mm particles, respectively.

Weathered PS particles increase dendritic cell-induced T-cell
proliferation in MLR assay

To test MoDC for their ability to stimulate T-cells, allogeneic
T-cells were added to a MLR assay. Figure 5(A) shows the
division of the CD8 T-cells that were stimulated with weath-
ered 0.2 and 1 and 10 mm PS particle-exposed MoDC. As
observed in these histograms, dilution of cell tracer violet in
CD8 T-cells was particularly visible for the weathered 0.2 and
1 mm PS particles. The division index was calculated, indicat-
ing the average number of cell divisions of one cell in the ori-
ginal population. The results show that MoDC significantly
induced CD8 T-cell division when exposed to weathered
0.2 mm PS particles compared to control and virgin 0.2 mm
PS particles (Figure 5(B)). These findings confirm that after
exposure to weathered 0.2 mm PS particles, MoDC expressed
the necessary signals to stimulate CD8 T-cells in a non-anti-
gen-driven manner. There was no significant increase in the
proliferation of CD4 cells.

Figure 4. Weathered 0.2lm PS particles activate human DC. Human (monocyte-derived) dendritic cells were exposed to LPS (500ng/ml) or non-fluorescent virgin or
weathered PS particles (1–100 mg/ml, pre-incubated for 1 h at 37 �C with PBS or heat-inactivated (HI) plasma) for 24 h. Expression of co-stimulatory markers CD83 and
CD86 was measured by flow cytometry on live-gated cells. (A) Histograms are shown of the fluorescence intensity for the different exposure groups at 100lg/ml. (B)
CD83 and CD86 expression is presented by the percentage of positive cells. ���p< 0.001, ��p< 0.01, �p< 0.05 compared to control.
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Discussion

This study aimed to provide detailed in vitro information regard-
ing the uptake and the potential immunotoxic effect of virgin
and weathered MNP in human MoDC. Overall, the findings
here suggest that DC take up PS particles up to 10 mm.
Depending on their size, weathered PS particles induced a more
profound phenotypical and functional maturation of DC than
virgin PS particles. The present data show that, in particular,
weathered small-sized (0.2 mm) MNP stimulate DC to express
co-stimulatory molecules (i.e. CD83 and CD86) and to elicit
(allogeneic) T-cell activation.

In this study, flow cytometry and imaging show that pristine
0.2 and 1 mm PS particles are readily taken up by MoDC after
1 h of incubation time. Such uptake is in line with previous
research showing that MoDC take up PS particles with diameters
ranging from 0.078 to 4.5 mm (Foged et al. 2005; Rothen-
Rutishauser et al. 2007; Weber et al. 2022). Moreover, as con-
firmed here, previous studies have shown that the interaction of
MNP with immune cells is size-dependent (Foged et al. 2005;
Seydoux et al. 2014; Mathaes et al. 2015). This study confirmed
that with decreasing particle size, the percentage of DC interact-
ing with the PS particles increased. STORM images also showed
that smaller PS particles occupy less volume, which allows more
particles to be contained within one cell. An explanation for this
size-dependent interaction might be that different uptake mecha-
nisms are involved for the different sizes of PS particles. Notably,
Baranov et al. (2021) reviewed and modeled the uptake and
processing capacities of immune cells based on several types of
model particles with a wide diversity in shape, size, rigidity, and
surface roughness. They found that particles smaller than 0.5 mm
were taken up via endocytosis, whereas particles bigger than

0.5 mm were taken up via phagocytosis. Nevertheless, the extent
to which these mechanisms influence MNP uptake in DC is still
unknown, and further studies are needed to investigate the kinet-
ics of MNP.

PS particles injected intravenously are rapidly covered by
blood proteins and the resulting protein biofilm has been shown
to play an important role in particle–cell interaction, favoring
their uptake (Lesniak et al. 2010; Tenzer et al. 2013; Sch€ottler
et al. 2016). However, the influence of the blood-derived biofilm
on MNP uptake by DC is still not well-investigated. The study
here showed that pre-incubating the particles in HI human
plasma significantly enhanced 0.2 mm PS particle uptake by
MoDC. The uptake of 1 mm PS particles was reduced, whereas
the uptake of 10 mm PS particles was only observed when the
particles were pre-incubated in HI plasma. Heat-labile compo-
nents of human plasma such as serum complement are not likely
to be involved in the uptake observed in this study, as they were
inactivated by heat-inactivation of the plasma. However, blood
contains dozens of other proteins that can act as opsonins, facili-
tating uptake by phagocytes (Walkey et al. 2012). This highlights
that the protein biofilm cannot be neglected when researching
the uptake of MNP.

DC maturation – needed as a first step in the induction of
antigen-specific T-cell activation – is characterized by the up-
regulation of co-stimulatory cell surface markers such as CD83
and CD86 (Frick et al. 2012; Al-Ashmawy 2018). This study
showed that weathered 0.2 mm PS particles could increase the
expression of CD83 and CD86 on the surface of DC cells in a
dose-dependent manner, starting at 10 mg/ml. It has been sug-
gested that nano-sized particles, such as gold particles, can be
more reactive than micro-sized particles due to their larger

Figure 5. Weathered 0.2lm PS particles increase T-cell division without extra maturation. Human (monocyte-derived) dendritic cells were exposed to 0.2, 1, or 10lm
virgin and weathered PS particles (100lg/ml, pre-incubated for 1 h at 37 �C with heat-inactivated plasma [HI plasma]). A mixed leukocyte reaction (MLR) assay was
performed by adding T-cells from a different donor to the cell culture. (A) Histograms of dilution of Cell tracer violet (CTV) of CD8 and CD4 T-cells stimulated with
MoDC exposed to weathered PS particles. (B) The average of either CD8 or CD4 T-cells that went into division after stimulation with PS particle-loaded DC from
another donor. Data are presented as means ± SD. ���p< 0.001, ��p< 0.01, �p< 0.05 compared to control. ###p< 0.01, ##p< 0.01, #p< 0.05 compared to virgin PS.
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surface area (Shin et al. 2015). According to the present results,
one can conclude that this principle also seems to apply to PS
particles. As indicated, a fixed mass of smaller particles has a
higher amount and larger total surface area compared to the
same mass of larger particles (Table 1). This may add to
the findings that smaller particles induce higher expression of
the co-stimulatory markers.

The study here also showed that weathered PS particles were
significantly more effective in inducing CD83 and CD86 expres-
sion than virgin particles. This could suggest the involvement of
additional chemical or microbial components such as endotoxins
present in the biofilm of weathered particles. Notably, chemical
profiling of the pristine and weathered PS particles used in this
study revealed that the weathering process causes a change in
the chemical composition of the PS particle (Dusza et al. 2022).

In contrast to what has been seen with regard to PS particle
uptake, pre-incubation of particles in HI plasma had very little
effect on the activation of human MoDC. This finding might
suggest that uptake of and cellular activation by weathered par-
ticles might not be directly correlated. Another explanation could
be that, unlike as observed with the 10 mm PS particles, weather-
ing might influence the uptake of smaller PS particles.

Importantly, this study showed with a MLR assay that DC
exposed to weathered 0.2 mm PS particles could increase T-cell
division. It has already been known for more than a decade that
other particles (such as ultrafine carbon black) can induce
phenotypical and functional maturation of DC and act as adju-
vants (de Haar et al. 2008). The present results implicate that,
like carbon black-treated DC, weathered NP-treated DC can
exhibit an enhanced capacity to stimulate T-cell division. This
indicates that weathered PS particles have immunostimulating
adjuvant properties that might lead to an increased risk of
immune sensitization.

Data on the effects of PS particles on DC-mediated T-cell
activation are scarce. However, the available research agrees with
the results that were found here, particularly concerning size and
surface chemistry. For instance, Mathaes et al. (2015) showed
that, compared to 2 mm PS particles, 150 nm PS particles pre-
incubated with TLR ligands, are internalized more efficiently and
cause increased expression of CD83 and CD86 on the surface of
DC. Furthermore, Frick et al. (2012) investigated the immuno-
modulatory properties of PS NPs and, in line with the results
here, it was seen that virgin particles did not enhance T-cell acti-
vation. However, those investigators found that sulfonate- and
phosphonate-functionalized PS particles enhanced DC matur-
ation, resulting in the increased capacity to stimulate T-cells.
Other studies also showed that to enhance DC maturation, the
surface of the MNP needs modification, for instance by loading
the surface with specific antibodies or ligands (Kempf et al. 2003;
Mathaes et al. 2015). This, together with the current findings
that weathered PS particles were more reactive than virgin par-
ticles, confirms that the surface chemistry of PS particles is an
important factor influencing their immunotoxicity.

Despite best efforts, some common concerns and limitations
in the emerging field of MNP research could not be avoided.
The most important concern relates to dosimetry used during
exposure. As no consensus exists regarding dose metrics, we
chose to expose mass-based in this study as detection in human
matrices is also described in mass concentrations (Leslie et al.
2022). However, the actual concentration of PS particles in con-
tact with the DC is important but, unfortunately, still technically
challenging to control due to unknown buoyancy, sedimentation,
and aggregation rates over time. Optimized and standardized

exposure procedures are therefore required and essential for
proper risk assessment regarding MNP.

Furthermore, MNP research is limited by the particles that
are available and are still uniform in shape and composition.
This study conducted experiments using commercially-available
PS particles of uniform shape but different sizes. In addition, PS
particles were used that had undergone a laboratory-controlled
weathering process to simulate more environmentally relevant
particles. However, humans are exposed to a heterogeneous mix-
ture of MNP that vary in polymer type, size, shape, and biofilm.
Therefore, for proper hazard assessment, the characterization of
the effect of MNP with different physicochemical properties on
DCs is important.

In conclusion, this study aimed to investigate the effect of vir-
gin and weathered MNP on the functional maturation of human
monocyte-derived DC. The findings shown here suggest that
nano-sized weathered MNP modulate the immune system, acting
through the initiation of phenotypic and functional maturation
of DC. Furthermore, particle–cell interaction may be underesti-
mated in the absence of environmental aging. Therefore, MNP
cannot be studied as a homogeneous substance and it is, there-
fore, essential to consider particle size, surface, and biofilm char-
acteristics when assessing the immunotoxicity of MNP as
a whole.
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