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Abstract 

Despite our growing awareness of micro-and nanoplastics presence in food 

and beverages, the fate of nanoplastics (NPs) in the human gastrointestinal 

tract (GIT) remains poorly investigated. Changes of nanoplastics size upon 

digestive conditions influence the potential of absorption through the 

intestine. In this study, polymer nanoparticles with different 

physicochemical properties (size, surface and chemistry) were submitted to 

gastrointestinal digestion (GID) simulated in vitro. Their agglomeration 

behaviour was measured with a unique set of analytical approaches, allowing 

to study NPs’ interactions with the digestive enzymes. Smaller NPs 

agglomerated more,  narrowing the overall particle size distribution of 

smaller and larger NPs. NPs of different polymers exhibited 

heteroagglomeration. Digestive enzymes interact with the NPs, forming 

large but fragile agglomerates. In presence of the enzymes, even acid-

functionalized NPs, typically stable in harsh conditions, agglomerated 

similarly to the non-functionalized PS NPs. These results highlight the role 

of the GID in increasing the effective size of ingested NPs, potentially 

reducing their ability to pass through the cell membranes. Our findings 

address a critical knowledge gap in nanoplastics oral uptake potential, 

providing a solid technical foundation for their characterization.  

https://doi.org/10.1016/j.chemosphere.2024.143277
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7.1. Introduction 

With the ever-growing plastic production and lack of efficient waste 

management, plastic pollution became a major environmental issue 

[1,2]. Microplastics (MPs, <5 mm) and nanoplastics (NPs, here 

<1 μm), are considered a serious environmental concern [2–4].  

The detrimental impact of micro- and nanoplastics (MNPs) on living 

organisms has been shown to be an issue. NPs seem particularly 

worrisome as their size allows them to cross the cell membranes [2]. 

Humans are in contact with these particles through inhalation, oral 

ingestion and dermal contact [1,5]. MNPs have been detected in human 

blood, stool and urine, indicating systemic exposure [6–8]. 

The oral ingestion route is of particular concern due to widespread 

presence of MNPs in various foods, such as fruit and vegetables [9], 

seafood, honey, salt, beer, bottled water and other products [10]. While 

some estimates suggest grams of plastic ingested every week, more 

recent studies predict lower intake of around 0.6 μg of plastic per day 

[11].  

After ingestion, food passes through the gastrointestinal tract (GIT) to 

be digested. The environment of the human GIT is characterized by 

high salinity, physiological temperature, presence of digestive juices 

and changes in acidity between the compartments. Nanoparticles 

stability can be affected by those conditions, causing agglomeration, 

surface changes and, depending on the material, fragmentation 

[3,12,13]. These could influence the propensity of NPs to be 

transported to the intestinal epithelium cells and further to various 

organs of the human body. 

Research on NPs fate in the human GIT is still scarce. Only a few 

studies published so far included the GIT conditions in their design 

[14–17]. However, mostly micrometer-sized particles were examined, 

while in the environment the number of plastic particles increases with 

decreasing size [18], making NPs largely prevalent over MPs in terms 

of number concentrations [11]. Most studies used microscopy, which, 

while informative for morphology of the NPs, does not provide 

comprehensive quantitative data nor polymer identification. 

Gastrointestinal digestion (GID) samples are liquids containing 

suspended solid particles, and when filtered before microscopical 

observation the mesh size will exclude the smallest particles. 

Additionally, sample preparation can alter the particles. Therefore in in 

vitro digestion experiments microscopy should be complemented by 

other quantitative analytical methods, able to process liquid samples, 

distinguish nanoparticles from the enzymes and accurately track 
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changes in NPs size. Asymmetric flow filed-flow fractionation (AF4) 

is a mild, non-destructive, size-based separation technique, working at 

a range of 1 nm to 1 μm. It has been used in studies involving 

engineered nanoparticles, biological particles, polymer nanoparticles, 

as well as various proteins [19,20]. It is often coupled with multi-angle 

light scattering (MALS), which allows the measurement of the radii of 

gyration (rG) of the previously separated analytes [21]. AF4-MALS has 

so far hardly been used for following plastic particle size distributions 

at GIT conditions and only a few experiments on the simulated GID of 

polymeric and non-polymeric nanoparticles have been reported 

[17,22,23].  

Given the fragmentary and scarce knowledge of NPs fate in human 

GIT, in this study we investigate the influence of the key factors 

(polymer type, particle size, functionalization, acidity, salinity and 

digestive enzymes) on the fundamental processes that NPs may 

undergo after oral ingestion [24]. Using AF4-MALS, dynamic light 

scattering (DLS) and scanning electron microscopy (SEM), we provide 

a comprehensive analysis of NP behaviour under the simulated GIT 

conditions. To the best of our knowledge, this is the first study 

applying AF4-MALS to focus exclusively on the physicochemical 

conditions affecting size of NPs in the GIT, offering critical insights 

into their potential risks. 

7.2. Materials and Methods 

A schematic representation of the experiments is depicted in Fig. 7.1. During 

all experiments cotton lab coats were used, the work was performed in the 

fume hood and positive and negative controls were included. 

7.2.1 Chemicals 

Sodium chloride (NaCl), sodium dodecyl sulphate (SDS, ≥99%), 

hydrochloric acid (HCl, 37% w/w) and poly(D,L-lactide-co-glycolide)-

block-poly(ethylene glycol)-block-poly(D,L-lactide-co-glycolide) based 

poly(ether ester urethane) (PLGA-PEG-PLGA, lactide:glycolide 1:0.8, 

lactide:glycolide:PEG 65:16:19, Mn 8739 g/mol) were purchased from 

Merck (Darmstadt, Germany). Sodium bicarbonate (NaHCO3, ≥99.5%) was 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). Polystyrene 

latex (PSL) beads with diameters 50 and 200 nm (PSL50 and PSL200) and 

PSL beads functionalized with carboxyl groups with diameter 50 nm 

(PSL50-f) were purchased from Polysciences Inc. (Warrington, PA, USA). 

Acetone (technical grade) was purchased from VWR Chemicals (Fontenay-

sous-Bois, France). 
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Fig. 7.1. Scheme of the experimental design. Samples prepared according to 

three different in vitro GID protocols are measured with DLS, FI-AF4-MALS 

and SEM, respectively. 

 

Samples were prepared by diluting nanoparticle suspensions in 

ultrapure water to concentrations provided in the text. All solutions 

were prepared using ultrapure water (resistivity 18.2 MΩ; Sartorius 

Arium 611UV; Sartorius, Göttingen, Germany).  

7.2.2 Instrumentation 

AF4 measurements were performed using a frit-inlet asymmetrical 

flow-field flow fractionation (FI-AF4-UV-MALS) (AF2000 MultiFlow 

FFF system, Postnova Analytics, Landsberg am Lech, Germany) with 

an SPD-20A UV/Vis absorbance detector operated at 280 nm 

(PN3212; Shimadzu, Kyoto, Japan) and a MALS detector (PN3621). 

All components were made available by Postnova Analytics. The 

elements constituting the AF4 separation block are shown in Fig. S1. 
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Data acquisition was carried out by AF2000 control software version 

2.1.0.1 (Postnova Analytics). DLS measurements were performed at 

25°C using quartz cuvette of the volume 1 μL on a DynaPro NanoStar 

system (Wyatt Technology, Dernbach, Germany). DLS data 

acquisition was carried out by Dynamics software version 7.4.0.72 

(Wyatt Technology). To derive the mean values of the measured 

hydrodynamic radii regularization analysis with intensity-weighting 

was used. 

For SEM, samples were put on semiconductor wafers and sprayed with 

platinum in a Leica EM ACE600 coater. SEM images were obtained 

with a Sigma 300 SEM from Zeiss (Oberkochen, Germany). Sizing 

was performed manually using ImageJ software.  

7.2.3 Synthesis of PLGA-PEG-PLGA-based nanoparticles 

PLGA-PEG-PLGA-based nanoparticles (further referred to as PLGA 

NPs) were prepared according to the protocol developed by Verduin et 

al [25]. In brief, 200 μL of 6 mg/mL PLGA-PEG-PLGA based 

poly(ether ester urethane) solution in acetone was mixed with 4 mL 

ultrapure water. The solution was sonicated at room temperature for 15 

min and vacuum dried for 5 h in 37oC to evaporate acetone.  

7.2.4 In vitro simulation of gastrointestinal digestion 

For SEM observations, the full two-step in vitro gastrointestinal 

digestion protocol was adapted from Hayder et al., where the two steps 

simulate respectively the human stomach and the intestine [26]. In 

brief, 50 μL of the studied nanoparticles were vortexed and transferred 

to vials containing 1.7 mL synthetic gastric juice (6% w/v pepsin in 

0.15 M NaCl, acidified to pH 1.8 by HCl) to a final concentration of 

0.771 mg/mL. The samples were then shaken in a Thermomixer 5350 

thermal bath (Eppendorf AG, Hamburg, Germany) at 300 rpm at 37 °C 

for 2 h to simulate gastric digestion. Subsequently, 1.3 mL was taken 

for analysis to which 1.3 mL of the intestinal juice (1.5% w/v 

pancreatin in 0.15 mM NaCl) was added and the vial was shaken in the 

thermal bath for the next 4 h to simulate intestinal digestion. As a 

negative control, synthetic gastrointestinal juice without any particles 

was incubated as described above. The samples were prepared for the 

SEM analysis immediately (see Section 2.7). PLGA NPs in 

concentration as obtained and PSL particles in concentration 1.5 

µg/mL in ultrapure water were used. 

As the high ionic strength in digestive juices promotes nanoparticle 

agglomeration [12], and the affinity of the proteins to PSL increases at 

higher ionic strength - enhancing nanoparticle agglomeration during 
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AF4 analysis [27], a simplified two-step in vitro gastrointestinal 

digestion protocol with milder digestive conditions was used for the 

AF4 experiments. Here, 18 μL of the studied nanoparticles were 

vortexed and transferred to vials containing 1.555 mL synthetic gastric 

juice (0.6% w/v pepsin in ultrapure water, acidified to pH 3 by HCl) to 

a final concentration of 0.309 mg/mL. The samples were then shaken 

in a Thermomixer 5350 thermal bath (Eppendorf AG, Hamburg, 

Germany) at 300 rpm at 37 °C for 2 h to simulate gastric digestion. 

After this incubation, 1.2 mL of the sample was taken for analysis and 

1.2 mL intestinal juice was added. As the intestinal juice, 0.15% w/v 

pancreatin solution in ultrapure water was used. The vial was then 

shaken in the thermal bath for the next 4 h to simulate intestinal 

digestion. Ultrapure water and digestive juice samples without 

nanoparticles were incubated separately as a negative control. AF4 

analyses were performed immediately after each step of the simplified 

in vitro digestion. AF4 experiments were performed on triplicate 

samples. As positive control, PSL50, PSL50-f and PSL200 diluted in 

the AF4 carrier liquid to a final concentration 0.323 mg/mL were 

analysed.  

The stage of digestion mimicking saliva has been shown to have no 

significant effect on the nanoparticles elsewhere, it was therefore 

omitted in this study [17,22]. 

7.2.5 Analysis of polymer nanoparticles by FI-AF4-UV-MALS 

FI-AF4 measurements were carried out with 0.5 g/L solution of sodium 

dodecyl sulphate (SDS) as carrier liquid (see SI, Section S1). The flow 

program is described in Table S2. The radii of gyration (rG) were 

calculated using the AF2000 control software version 2.1.0.1 

(Postnova Analytics), in these calculations the Sphere model (SI) was 

used and the angles of 7°, 12°, and 158°, 164° were excluded due to 

high signal-to-noise ratio. Three values were traced in the FI-AF4 

measurement, i.e. the AF4 elution time of the main peak, 

corresponding to particles, the elution time of the first peak eluting 

(void or enzyme peak), and the calculated radius of gyration of the 

main peak (rG). The statistical significance was assessed based on the 

one-tailed unpaired t-test.  

7.2.6 Analysis of polymer nanoparticles by DLS 

Since DLS is not suitable for measuring polydisperse samples [28], 

DLS measurements were only carried out in the absence of enzymes. 

To characterize pristine polymer nanoparticles, commercial PSL50, 

PSL200 and PSL50-f beads were diluted in ultrapure water to a final 
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concentration of 0.323 mg/mL, and to 3.6 μg/mL for PLGA NPs (as 

those were obtained in lower concentration than the PSL). To study 

acidity-dependent agglomeration, PSL50, PSL50-f, PSL200 and PLGA 

NPs were diluted in HCl solution of pH 2 to final concentrations as 

indicated above. To study acidity and salinity-dependent 

agglomeration, suspensions were made in NaCl solution of 0.15 M, 

acidified with HCl to pH 2. Since in GID models the acidity is 

specifically defined, assessing the zeta potential of the particles over a 

broad pH range was out of the scope of this study. To study 

heteroagglomeration of nanoparticles of different chemical nature, 

PSL50 were separately diluted in ultrapure water to 0.3 mg/mL to 

reach the same concentration as PLGA NPs. A 1:1 mixture of those 

two nanoparticle suspensions was diluted in the HCl solution to a final 

concentration of 3.6 μg/mL each. After measurements, all suspensions 

were neutralized with NaHCO3 solution, and the sizes of the particles 

were measured again. Two batches of experiments were performed: in 

the first batch the measurements were performed immediately after 

inducing changes in pH, while for the second batch the samples were 

incubated in the thermal bath for 2 and 4 h, as described in Section 2.4. 

Each measurement was repeated in between 11 and 21 replicates per 

sample. 

7.2.7 SEM observations 

Samples digested according to the full in vitro protocol as well as 

positive and negative controls were used for SEM observations. The 

samples for SEM were collected on Anodisc inorganic filters 

(Whatman Int. Ltd, Maistone, England), with a pore size of 0.02 μm 

for PLGA NPs particles and on type VC filters (Milipore S.A., 67120 

Molsheim, France) with pore size 0.1 μm for PSL200. All samples 

were vortexed for 10 seconds before transferring a few drops of sample 

to the filter with a pipette. Subsequently, vacuum filtration was 

performed and the filters were dried at around 37°C for 24 hours. Since 

in this study SEM is not used as the main analytical tool, only one filter 

was prepared for each sample. Between 1 and 3 filer regions were 

analysed, depending on the visual clarity of the picture. Particle sizing 

was performed manually by the ImageJ software. Where possible, over 

70 particles were analysed to ensure good statistics. In the pictures 

where there were fewer particles detected, all of them were sized. 

Average sizes and standard deviations were further calculated 

manually. 
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7.3. Results and Discussion 

7.3.1 Homo- and heteroagglomeration of polymer nanoparticles as 

measured by DLS 

Results for homoagglomeration and heteroagglomeration experiments 

are shown in Table 7.1.  

Acidification results in formation of agglomerates of two sizes 

(287 nm and 78 nm, the latter only found in less than a half of the 

replicates). The standard deviation is much higher than for the pristine 

particles. Neutralization causes partial redispersion: from 287 nm to 

210 nm and from 369 nm to 289 nm, in the absence and presence of 

NaCl, respectively. The variance between the measured values is also 

higher in presence of NaCl, suggesting more randomness in the 

number of particles forming agglomerates. The PSL50-f particles 

proved to be less prone to agglomeration, as in nearly all tested 

conditions the measured rH of those particles did not change and the 

standard deviation values indicate monodispersity of the samples. The 

stabilization of PSL nanoparticles by the carboxyl groups coating 

agrees with literature, where the same effect was shown in different 

salts, different salt concentrations and different pH values in the 

context of NP fate in natural waters [13,29,30]. NPs in the environment 

are also expected to have a modified surface and surface charge 

because of biological processes [31,32]. The resulting prevention from 

agglomeration to larger sizes therefore increases the probability for 

crossing the cell membrane and NPs uptake via the oral route.  

 
Table 7.1. Results of DLS measurements.  

E
x

p
er

im
en

t Particles rH in 

ultrapure 

water (nm) 

rH after gastric stage 

(nm) 

rH after 

gastrointestinal 

stage (nm) 

p
H

 

PSL50 30.1±0.7 287±29a 

78.0±7.9 (n=8/21)b   

210±21a 

PSL50-f 29.9±0.8 27.2±3.0 27.5±3.5 

PSL200 120±3 Not measured Not measured 

PLGA 34.6±9.4 257±27a 451±80a 
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aa small signal around 2-11 nm 
bsignal detected in n replicates out of the total number of measurements 
ca second large but unstable peak was observed 
done outlier was excluded 

 

PSL200 particles exhibit higher stability as they only show size 

changes in the presence of NaCl. Then, after the gastrointestinal stage, 

a bimodal size distribution was observed with the larger population 

reaching 646 nm on average. This is a 6-fold size increase, compared 

to nearly 10-fold increase in case of PSL50. The other size population 

was comparable to pristine PSL200, indicating only partial 

agglomeration. The higher stability of larger nanoparticles may be 

explained by their lower propensity to diffuse. The smaller and larger 

non-functionalized PSL particles reach comparable agglomerate sizes 

after the GID. Thus, the importance of initial NP size in the ingested 

food may be lower than currently suggested. On the other hand, this 

does not hold for the functionalized ones, which are the predominant 

condition of the NPs in the real-world scenarios. PLGA NPs also 

exhibit agglomeration upon digestion simulated via pH changes. 

Surprisingly, the presence of NaCl suppressed agglomeration, with 

particles reaching 257 nm and 451 nm in its absence vs. 186 nm and 

278 nm in its presence, after gastric and intestinal stages, respectively. 

As a result, in absence of NaCl PLGA NPs reach sizes smaller than 

PSL after both digestion stages, while after gastrointestinal digestion 

without NaCl they form larger agglomerates than PSL.  

To study heteroagglomeration, size changes of in-house made PLGA 

NPs were measured in a mixture with PSL50. The heteroagglomerates 

PLGA+ 

PSL50 

39.3±9.1 183±31 

33.2±4.2 (n=14/20)b   

274±51a 
p
H

+
N

aC
l 

PSL50  369±90a 289±85d 

PSL50-f 30.2±5.5 33.9±5.6a 

PSL200 133±10a 646±120a 

102±28 (n=14/21)b   

PLGA 186±46a 278±47a 

PLGA+ 

PSL50 

275±55a,c 433±218a 
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become larger than any of their constituents and extremely 

polydisperse in the conditions most closely resembling human 

intestine. The observation of two different size fractions formed in 

some cases, indicating partial agglomeration of the particles, is in 

accordance with the findings of DeLoid et al [14]. 

7.3.2 Effect of size and surface charge in simplified in vitro digestion of 

polymer nanoparticles 

FI-AF4-MALS analysis of the gastric and gastrointestinal digesta for 

PSL50, PSL50-f and PSL200 (Fig. 7.2), in accordance with the DLS 

results shows that PSL50 exhibit a significant size increase after 

digestion (t-test probability value p=0.0026 pristine vs. gastric, 

p=0,0006 pristine vs. gastrointestinal) as reflected in increased elution 

times. The difference in the elution times between the gastric and 

gastrointestinal digesta is not statistically significant (p=0.0972), 

however, after the intestinal stage of digestion, the Sphere model no 

longer correlates with the datapoints. For this measurement, the Berry 

(degree=1) model was used (Eq. S2). However, the calculated value 

should be treated with caution as the measured signals were lower                           

than in other samples. PSL200 shows a smaller increase in the rG after 

the gastric stage of digestion. After gastrointestinal digestion PSL50 

and PSL200 reach comparable rG and tr values. This observation is in 

accordance with our DLS results. 

The results are in accordance with literature data where in a similar in 

vitro digestion procedure the smallest (3.8 μm) PS particles 

agglomerated while for larger particles (>60 μm) no alterations in size 

were found [15]. In the nanometer range the more abundant Brownian 

motions cause higher interactions between the smaller particles 

[12,17]. The presence of digestive enzymes also plays a role, as protein 

affinity to nanoparticles depends on the particle surface area and 

curvature. For example, this was shown for hemoglobin-mediated 

binding of PS nanoparticles [33]. The increase in proneness to 

agglomeration with decrease in size might mean that the common 

statement that smaller nanoplastics are more hazardous might not be 

valid in the context of oral uptake.  
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Fig. 7.2. Results of FI-AF4-MALS measurements of gastric and 
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gastrointestinal digesta of PSL 

PSL50-f gastric digest yields a clearly different fractogram than 

PSL50, with a well-visible peak eluting ca. 1 min later than the pristine 

PSL50-f. This indicates statistically significant (p=0.0116) but minor 

agglomeration. After the gastrointestinal digestion, in 2 out of 4 

replicates, the observed tr was comparable to corresponding values for 

PSL50, indicating that similar sizes were achieved by the 

functionalized and non-functionalized nanoparticles after GID. In the 

other 2 replicates, the tr could not be estimated as no clearly defined 

peak was observed in the expected elution window. This might be due 

to even larger agglomerates. Our results suggest that it is due to the 

presence of digestive enzymes that charged NPs, resembling 

environmental NPs more closely, can agglomerate after the 

gastrointestinal digestion to a similar extent as the non-charged ones 

despite their much higher stability in conditions of higher acidity and 

salinity. 

Fig. 7.2C shows changes in elution times of the first peak in each 

fractogram. The tr of those peaks is higher when there is PSL present in 

the sample  

(p=10-7). While the gastrointestinal digestive juice yields two separate 

peaks at the tr values of 3.8 and 4.9 mins, presumed to be pancreatin 

and pepsin, respectively, these peaks were not observed in the presence 

of PSL gastrointestinal digesta samples. One possible explanation is 

that the enzymes bind to the particles, forming large conglomerates 

that co-elute in the steric mode (see SI, Section S2), which has also 

been suggested recently [17]. The formation time and durability of the 

PSL-enzymes conglomerates was further studied (see SI, Section S2, 

Figs. S2 and S3).  

 

7.3.3. Visualization of digested polymer nanoparticles 

SEM pictures for the larger particles (PSL200 and PLGA NPs, 

Fig. 7.3AC) show that both are spherical and smooth when pristine. 

SEM pictures could not show the 50 nm particles clearly. The sizes of 

the PSL200 derived from the SEM are in good agreement with the 

sizes obtained by DLS and AF4 (Fig. 7.4). After digestion, the filters 

are covered with a thick layer of dried digestive juice, which forms 

non-uniform clusters (Fig. 7.4BD). Based on the AF4 analysis and 

corresponding size calculations (section 7.3.2), we hypothesize that at 

least part of the digestive juices had been attached to the particles 

already during the digestion. This would be in accordance with 
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literature data, where extremely abundant formation of protein corona 

was postulated [15].  
Fig. 7.3. SEM pictures of the polymeric nano- and microparticles. A) Pristine PLGA 

NPs B) PLGA NPs after the full GID procedure C) Pristine PSL200 D) PS200 after 

the full GID procedure 

 

As a control, the gastrointestinal digestive juice sample was visualized 

(Fig. S4), in which sometimes also some spheres are visible with 

diameters close to those of pure PSL200 (219±14 nm, n=30 

versus 212±7 nm, n=82, p>0.3). Those spheres are not entangled in the 

digestive juices and look different from the samples as depicted in 

Fig 7.3. However, these spheres present in the control samples might 

be indicative of a contamination with PSL200. 

PLGA NPs used for DLS and SEM experiments were prepared in two 

different batches, therefore their initial sizes differ substantially and 

only the size change after digestion can be compared. After digestion, 

no spherical particles could be found on the filter (Fig. 7.3B). Only in 

one of the observed filter regions small pieces of smooth but irregular 

shapes were found with sizes smaller than of pristine PLGA NPs 

(52±11 nm vs. 78.6±6.6 nm), which seems linked to the enzymatic 

activity of the digestive juices. Landry et al. and Tobío et al. both 
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describe PLA NPs resistance to any degradation during the gastric 

stage of digestion, which was carried out at lower pH than in the 

current study (pH 1.2 vs. 1.8) [34,35]. Depolymerization was observed 

during the intestinal stage of digestion, and by 4 h of incubation around 

35% of the polymer had been transformed into lactate.  Higher content 

of glycolic acid in PLGA, whose structure closely resembles PLA, has 

been shown to render it more biodegradable by microorganisms [36]. 

PLGA might also be more vulnerable to degradation by intestinal 

enzymes, especially with such a low molecular weight as in the starting 

material used in this study. It is worth noting that although increased 

temperature may increase hydrolysis, it is not the case here, as shown 

with the DLS results. PLGA NPs in an environment without enzymes 

agglomerate and increased temperature causes even higher size 

increase rather than decrease, as can be seen in Table 7.1 and Table S3. 

This possibility is important in predicting the fate of NPs after oral 

ingestion, as monomers potentially resulting from such degradation 

might also be toxic, as has been shown for two biodegradable polymers 

[37,38]. This experiment also underlines the importance of the chemical 

structure of the NPs besides their size and surface.  

7.3.4. Relevance and limitations of the study 

The analysis of digestive fluid samples containing polymeric 

nanoparticles, their agglomerates and enzymes has been the limiting 

factor concerning research on nanoplastics fate in the human GIT. In 

this study, the in vitro digestion protocol was adapted to adhere to 

current analytical possibilities. The choice of the three complementary 

techniques employed (DLS, AF4-MALS and SEM) was driven by the 

need to comprehensively analyse the complex nature of the NPs in the 

gastrointestinal digesta (see Table S4). The concentrations of 

nanoparticles used were several orders of magnitude higher than 

expected in any food or beverage. That was necessary to reach the 

detection limits of the currently available analytical instruments. 

Although high concentration may promote homoagglomeration, our 

findings demonstrate that interactions between NPs and digestive 

enzymes play a key role leading to formation of large conglomerates. 

Those, regardless of particle concentration, are less likely to be 

absorbed by the intestine epithelium. There is currently no literature 

addressing NPs fate in this context. Therefore, the tendencies observed 

in our study provide crucial insights into NPs behaviour in the GIT.    

Secondly, the standard virgin nanoparticles are far from a realistic 

proxy. Their smooth surface, spherical shape and size monodispersity 

limit our ability to observe physical phenomena that rough fragments 
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of different sizes might potentially undergo [2,3]. The lack of reliable 

and realistic NPs standards is a vivid and ongoing discussion, 

nonetheless currently such standards do not exist. Commercially 

available PSL and PSL-f particles are sold in the presence of 

antimicrobial salts and surfactants, added by the manufacturers to 

prevent agglomeration. NPs in the environment are not shielded by 

surfactants, therefore their proneness to agglomeration might be 

considerably different.  

Finally, the in vitro simulation of gastrointestinal digestion as applied 

here is a very simplified model as compared to the human GIT. In 

reality NPs are often ingested together with a matrix (food or 

beverages), which might further considerably change their fate [26]. 

For example, simultaneous gastrointestinal digestion of MPs and lipids 

showed intricate connections between lipid deposition on the MP 

surface and activity of lipid-digesting enzymes [16]. This work is thus 

mostly relevant to oral ingestion with drinking water, which has been 

shown to be one of the most abundant oral intake sources of MPs 

[11,39,40], while it gives a solid base for a technical approach to study 

the digestion together with food in the future.  

As summarized in Fig. 7.4, the three approaches (DLS, AF4-MALS 

and SEM) used in analysing NP fate and the influence of polymer, 

size, functionalization, pH and salt during the GID suggest 

agglomeration of ingested NPs and its dependence on the NPs 

properties (charge, size, polymer type). While all particle types 

included in this study exhibit agglomeration, the carboxyl 

functionalized PS NPs only do so in the presence of digestive enzymes. 

Then, the smaller particles eventually reach comparable sizes with the 

larger ones (around 145 nm). The influence of particle chemistry is 

clearly shown by the PLGA NPs, which undergo chemical digestion by 

digestive enzymes. According to Derjaguin–Landau–Verwey–

Overbeek (DLVO) theory, particle agglomeration is influenced by a 

balance of electrostatic repulsion and van der Waals forces. For 

example, negatively charged PSL-f repel each other strongly and do 

not aggregate, as shown in Table 7.1. Larger particles diffuse more 

slowly, reducing agglomeration unless enhanced by increased 

temperature (see Table 7.1 and Table S3). Differences between PSL 

and PLGA NPs may be due to variations in hydrophilicity and electron 

distribution. This reasoning is applicable under conditions without 

digestive enzymes, which create complex interactions that are harder to 

predict. Thus, while our study highlights key trends, further research is 

needed to better understand nanoplastic interactions with the digestive 
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enzymes. The minimum size nanoparticles would have to reach by 

agglomeration in order not to be absorbed by the epithelial cells in 

human intestine is estimated to be between around 1.5 and 4 μm, so the 

agglomerates found in this study could still be absorbed though with 

lower efficiency than for the NPs initially ingested [15,41]. For cellular 

uptake of various nanoparticles, a size optimum of around 50 nm has 

been reported [42], which is well below the sizes eventually reached 

after the GID of NPs in this study. Nanoparticle cellular uptake is a 

complex process driven by various mechanisms, and size boundaries 

are being discussed. For example, Rejman et al. reported uptake of 

polystyrene microspheres up to 500 nm by melanoma cells [43]. On 

the other hand, DeLoid et al. showed that only nanoparticles of 25 nm 

diameter (PSL25-f) were internalized by cells of the triculture small 

intestine model, while 100 nm and 1 μm particles remained on the cell 

surface [14]. That would suggest that even the smallest NPs included 

in this study would likely not be absorbed as in the experiments 

including enzymes they all reached sizes above 100 nm (see Fig. 7.4). 

Furthermore, the cellular uptake is in general enhanced by surface 

functionalization of the nanoparticles, with uptake increasing in the 

order non-charged groups > negatively charged groups > positively 

charged groups [42]. Considering the complexity of digestion and 

cellular transport processes, along with the vast and still unexplored 

variety of NPs in food matrices, it is currently not possible to 

definitively state whether and to what extent agglomeration prevents 

the uptake of NPs by human intestinal epithelial cells. However, the 

formation of agglomerates in our study suggests a decreased likelihood 

of massive NP absorption, though it does not entirely rule out the risk. 

The agglomeration shown here could be a good explanation of low 

translocation of polymer nanoparticles between organs found in some 

studies and of the abundant presence of MPs found in human stool 

[7,44]. Nonetheless, this does not mean that NPs ingested orally have 

no negative influence on human health. The highest danger of ingested 

NPs stems from them causing inflammations or promoting pathogenic 

infections of the intestine [1,24,32,45]. An important element of the 

GID is gut microbiota. Interactions of those microorganisms with NPs, 

and disturbance by the introduced plastisphere (a diverse community of 

microorganisms living on the surface of plastic particles, some of 

which might be pathogens) to the human microbiome, might have huge 

influence on human body but so far have hardly been studied [46,47]. 
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7.4. Conclusions 

This study reports the use of complementary techniques to gain insight 

into the physicochemical processes that occur when nanoplastics reach 

the human gastrointestinal tract, using in vitro simulation of the 

gastrointestinal digestion. By integrating DLS, AF4-MALS, and SEM, 

we captured the complex interactions and aggregation behaviour of 

nanoplastics under gastrointestinal conditions. Each technique 

contributed uniquely to a comprehensive understanding of how 

digestive processes influence nanoplastic size, with implications for 

their potential absorption. The influence of factors of the digestive 

environment (acidity, salinity, presence of enzymes) was assessed both 

separately and together. The results showed that inorganic (HCl and 

inorganic salts) and biological (digestive enzymes) factors all 

contribute to the agglomeration of certain nanoplastics when digested. 

PLGA NPs homoagglomeration depends mainly on acidity, while PSL 

homoagglomeration is supported by salinity. PSL and PLGA also form 

heteroagglomerates in the conditions of the GIT. Particles with a 

negatively charged functionalized surface are stable in inorganic 

environment, as opposed to plain nanoparticles. Digestive enzymes 

physically interact with the polymer nanoparticles, increasing their 

effective measured size. This occurs also with respect to surface-

functionalized PSL nanoparticles, and they consequently reach sizes 

comparable with the non-functionalized PSL in presence of the 

enzymes. After agglomeration in the stomach and intestine, 

nanoplastics remain in the higher nanometer size range, balancing on 

the size limit for uptake. While our findings indicate that digestive 

enzymes and gastrointestinal conditions promote the agglomeration of 

nanoplastics, increasing their size to a level that may hinder absorption, 

this does not conclusively eliminate the potential for smaller 

nanoparticles to be absorbed. Therefore, while agglomeration may be a 

mitigating factor, the potential health risks associated with nanoplastic 

ingestion remain and warrant further investigation.  
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Fig. 7.4. Summary of size changes upon digestion as observed in this study as 

observed in this study via different techniques. For better comparison, FI-

AF4-MALS as given as rH=f(rG), assuming spherical shape 
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