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Abstract  18 

Background 19 

Microplastics, plastics that have gradually and randomly decomposed into small fragments 20 

after exposure to physical and biological external stress, are emerging as a significant 21 

environmental threat. They are normally categorized into the following three types: particles, 22 

fibers, and random-shape fragments broken down from bulk plastics. Here, we have 23 

demonstrated the in vitro toxicity of microplastics of two different shapes. To minimize the 24 

chemical effect, polyethylene (PE), which has a basic chemical polymer structure, was used. 25 

PE microplastics with two different shapes were prepared, high-density PE (HDPE) 26 

microbeads and randomly ground low-density PE (LDPE) from bulk pellets. 27 

Results 28 

To quantify the randomness of the microplastic shape, the edge patterns of the generated PE 29 

microplastics were converted into numerical values and analyzed using a statistical method. A 30 

10-fold difference in curvature value was observed between PE particles and ground PE 31 

microfragments. We found that the higher concentration and rough structure were associated 32 

with the toxicity of plastics toward immune- or non-immune cells, pro-inflammatory cytokine 33 

release, and hemolysis, even though PE is buoyant onto medium. The smooth PE particles 34 

did not exhibit severe cytotoxicity at any of the tested concentrations, but induced immune 35 

and hemolysis responses at high concentrations.  36 

Conclusion 37 

When comparing the toxicity of two different shapes of PE microplastics, we confirmed by 38 

statistical analysis that random-shape plastics with sharp edges and higher curvature 39 
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differences may adversely affect human cells. 40 

Keywords: Polyethylene; Primary microplastics; Secondary microplastics; Morphology; 41 

Statistics; Toxicology  42 

  43 
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1. Background 44 

The global use of plastics has dramatically increased every year since their development in 45 

the mid-1900s; in 2015 alone, 381 million tons of plastic was produced [1]. Over the past 46 

several decades, the amount of plastic waste has increased significantly (in the range of 47 

millions of tons), and there has been a continuous accumulation of various kinds of plastic 48 

waste in oceans, rivers, and landfills [2]. When plastic waste enters an ocean, it gradually 49 

breaks down into smaller fragments [1]. Plastics that are less than 5 mm in size are called 50 

microplastics [3]. They can be categorized into the following two types: manufactured small-51 

size plastics such as microbeads used as exfoliants in cosmetics, or fibers from clothing 52 

(primary microplastics); and the breakdown products of bulk plastics (secondary 53 

microplastics) [1]. Secondary microplastics can be degraded by exposure to ultraviolet light, 54 

wave action, wind, and abrasion [4]. 55 

Polyethylene (PE), polypropylene (PP), and polystyrene (PS) are abundant in spherical 56 

microplastics, and are mostly found in beach sediments or in the deep sea [5, 6, 7]. Because 57 

of their size in the micron-range—different from that of bulk plastic products—these 58 

microplastics may exert different effects on the marine biota [8]. Marine organisms, such as 59 

mussels or fish, can ingest microplastics, which might then be transferred to humans via the 60 

consumption of seafood or sea salts [8, 9]. Typically, plastic microdebris readily adsorb 61 

various harmful components, including bacteria, viruses, and toxic chemicals (persistent 62 

organic pollutants), which might cause unknown diseases upon accumulation in the human 63 

body [8]. In addition, microplastics that are broken down into different shapes could have 64 

different effects on cells (i.e., toxicity) depending on their sharpness or unevenness. With 65 

respect to the physical cytotoxicity of materials, previous investigations on shape- and 66 

concentration-dependent toxicity have mainly studied inorganic nanoparticles, such as gold, 67 
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silica oxide, and titanium oxide nanoparticles [10, 11, 12, 13]. These studies demonstrated 68 

that the cytotoxicity of inorganic nanoparticles can be affected by size, shape, concentration, 69 

and surface charge [12]. Additionally, the sharpness of nanomaterials may be another factor 70 

affecting cytotoxicity; for example, membranes can be physically punctured by aggregates of 71 

single-walled carbon nanotubes [13]. From a material point of view, only the effects of 72 

concentration and size (in case of spherical particles) on physical toxicity have been 73 

investigated until now [14, 15, 16, 17], however, the effects of different structures, especially 74 

the random shape of microplastics, have not been investigated. The shapes of microplastics in 75 

real environments are diverse and include spheres, fibers, or random fragments [18]. More 76 

information is needed regarding the following: cell damage caused by randomly broken 77 

microplastics and the chemical properties of microplastics.  78 

In this study, we demonstrated the cytotoxicity of PE microplastics based on their physical 79 

properties (concentration and particle shape) and compared statistical microplastic shape 80 

(curvature) data and in vitro toxicological results. To quantify the randomness of the shape of 81 

microplastics, curvature differences were defined based on the local curvature, which is 82 

defined by the slope differences of the tangent lines (a differential function) in each section of 83 

the edge (change rate of the curvature). The statistical analysis of curvature shows the shape 84 

differences among microplastics. We also examined the toxicity of PE microplastics using 85 

various kinds of cells; these included immune (peripheral blood mononuclear cells [PBMCs], 86 

HMC-1 human mast cells, and red blood cells [RBCs], and RBL-2H3 rat basophilic leukemia 87 

cells)) as well as non-immune cells (human dermal fibroblasts [HDFs] and HeLa cervical 88 

cancer cells). As PE consists of only carbon and hydrogen, with no functional side groups, 89 

thereby minimizing chemical toxicity to cells, it was selected as the best candidate 90 

microplastic to demonstrate physical cytotoxicity. PE is one of the most commonly used 91 
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plastics, and is mainly used as a packaging material in the form of plastic bags, plastic films, 92 

and containers (bulk plastics), and as scrubs in cosmetics (microplastics). PE plastics can be 93 

categorized into various types depending on the density and polymeric structure, e.g., high-94 

density PE (HDPE), low-density PE (LDPE), and linear LDPE (LLDPE).  95 

We used the following two types of PE microplastics: manufactured HDPE microparticles 96 

and milled LDPE microfragments, which are regarded as primary and secondary sources of 97 

microplastics, respectively (Fig. 1). The random shapes of the PE particles were 98 

systematically analyzed to statistically quantify the ruggedness of the fragments using an 99 

uncertainty metric, and to correlate these values with cytotoxicity. The objectives of the study 100 

were to determine the following: (1) cytotoxicity of the accumulated microplastics 101 

(concentrations) and (2) physical damage induced by randomly broken microplastics (particle 102 

shapes) via statistical analysis of the unevenness of PE microparticles. To achieve this, we 103 

used the following types of cells and assays (Fig. 1. Bottom). (i) Surface roughness of the 104 

microplastics was quantified by statistical analysis. The quantified roughness of the 105 

microplastics was compared with the results of physical toxicity experiments. (ii) Immune 106 

cells (PBMCs and mast cells) are among the most sensitive to external stress and materials, 107 

and initiate an immune response in response to infection. Cytokine release by immune cells 108 

was used to assess the toxicity of microplastics. (iii) Cancer cells (HeLa and RBL-2H3) and 109 

fibroblasts, which are non-immune cells, were used to determine the effect of microplastics 110 

on the cell survival rate. (iv) RBCs are present in the blood, but are not immune cells. They 111 

can release hemoglobin when exposed to external physical and chemical stressors, which can 112 

be easily detected by assessing cell membrane damage. To the best of our knowledge, this is 113 

the first study describing the cytotoxic effect exerted by virtue of the physical aspects of two 114 

different types of microplastics.  115 
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2. Methods 116 

2.1.Materials and particle characterization 117 

Clear PE microspheres (density 0.96 g/cc) were purchased from Cospheric LLC (Santa 118 

Barbara, CA, USA). We used three different sizes of PE microbeads for analysis, 1–10 m, 119 

45–53 m (50 m), and 90–106 m (100 m). The following media were used for culturing 120 

specific cells: high-glucose Dulbecco’s modified Eagle’s medium (DMEM; HDFs and HeLa 121 

cells); Iscove’s modified Dulbecco’s medium (IMDM; HMC-1 cells); RPMI-1640 122 

supplemented with L-glutamine (PBMCs). All supplement media were obtained from Gibco 123 

(Waltham, MA, USA). Fetal bovine serum (FBS) was purchased from Welgene (Gyeongsan-124 

si, Gyeongsangbuk-do, Korea). Mg
+
 and Ca

2+
-free 10× phosphate buffered saline (PBS) and 125 

penicillin-streptomycin (PS) were procured from Gibco. RBC lysis buffer was purchased 126 

from Merck (Darmstadt, Germany). Lipopolysaccharide (LPS) from Escherichia coli and 10% 127 

Triton X-100 were procured from Sigma-Aldrich (St. Louis, MO, USA). The sizes of HDPE 128 

and LDPE particles were measured by field-emission scanning electron microscopy (SEM) 129 

on IT-500HR (JEOL, Tokyo, Japan). 130 

2.2.Preparation of LDPE microfragments  131 

LDPE pellets were crushed using a hammer. The crushed pellets were then chopped into 132 

small pieces (0.2–0.3 cm) using scissors. Pieces of LDPE and zirconia balls were immersed 133 

in liquid nitrogen for 10 min to allow for an increase in the hardness of LDPE. After 10 min, 134 

the frozen LDPE pieces and zirconia balls were put into a mini ball mill (Fritsch, Idar-135 

Oberstein, Germany) and milled for 5 min at 45 rpm. The milling process was repeated 10 136 

times. To sort LDPE fragments into different sizes, the ground LDPE fragments were 137 

sequentially sifted using 25-m, 75-m, and 200-m mesh size sieves. The filtered particles 138 
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were treated with methanol to disperse individual particles, followed by drying overnight. 139 

2.3.PBMC culture 140 

Uncharacterized human PBMCs were purchased from C. T. L. (Shaker Heights, OH, USA). 141 

PBMCs were obtained from randomly selected Hispanic or Asian donors (30–50 years of 142 

age). The PBMC culture medium contained 90% RPMI-1640 supplemented with L-143 

glutamine, 10% heat-inactivated FBS (inactivated at 56°C for 30 min), and 1% PS. PBMCs 144 

were cultured in an incubator containing an atmosphere of 5% CO2 for one day at a density of 145 

1 × 10
7 

cells per T25 flask (SPL Life Science, Pocheon-si, Gyeonggi-do, Korea). 146 

2.4.Live-dead staining and viability analysis 147 

PBMCs were incubated for one day, and the cells were pelleted at 330 × g for 7 min. The 148 

PBMCs were treated with RBC lysis buffer buffer (Roche, Mannheim, Germany) for 5 min 149 

before seeding. After RBC elimination, PBMCs were seeded (1 × 10
5
 cells/0.5 mL/well) in 150 

24-well plates (SPL) and cultured for one day. Doubly concentrated suspension of 151 

microparticles (2 mg/0.5 mL, 200 g/0.5mL and 20 g/0.5mL) was added to the PBMC 152 

without media elimination. As a positive control, cells were treated with 1% Triton X-100. 153 

After one day, the 24-well plate was centrifuged at 330 × g for 7 min to pellet the cells, and 154 

the supernatant was carefully aspirated. The Live/Dead cell viability assay kit for mammalian 155 

cells (Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze cell viability. Cells 156 

were diluted in 1× PBS according to the manufacturer’s protocol and were treated for 30 min 157 

in the dark. Live (green)/dead (red) images were observed by fluorescence microscopy (Leica, 158 

Wetzlar, Germany). PBMC viability was deduced by calculating the ratio of live:dead cells. 159 

Cell viability (%) was calculated and normalized as follows (n = 3): 160 
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Cell viability (%) = Live cells
Total cells

×100       (1) 161 

2.5.Cytokine release  162 

PBMCs were seeded (5 × 10
5
 cells/0.5 mL/well) in a 24-well plate. The cells were treated 163 

with microplastics as mentioned above and incubated at 37°C in an incubator containing a 5% 164 

CO2 atmosphere for 4 days. To measure the cytokine release—including that of interleukin 165 

(IL)-2, IL-6, and tumor necrosis factor-alpha (TNF-)—from the PBMCs, the culture 166 

supernatant was collected by centrifugation, followed by detection using enzyme-linked 167 

immunosorbent assay (ELISA; BioLegend, San Diego, CA, USA). Maximum immune 168 

response upon treatment with 5 g/mL LPS was used as a positive control.  169 

2.6.HMC-1 culture 170 

The HMC-1 cell line was obtained from Merck. The complete HMC-1 growth medium 171 

consisted of 90% IMDM, 10% heat-inactivated FBS, and 1% PS. HMC-1 cells were cultured 172 

at a density of 2 × 10
5
 cells/mL in 100 mm culture dish at an atmosphere containing 5% CO2, 173 

and were harvested at a density of 2 × 10
6
 cells/mL.  174 

2.7.Histamine release 175 

HMC-1 cells were seeded at a density of 1 × 10
5
 cells/wells of a 96-well plate. After one day 176 

of seeding, cells were treated with microbeads and incubated for 2 days. The supernatant was 177 

collected, and the amount of histamine released from cells was analyzed by histamine ELISA 178 

(MyBioSource, San Diego, CA, USA) (n = 3).  179 

2.8.Hemolysis test 180 

Sheep blood (MBcell) cells were washed with PBS and centrifuged at 2,000 rpm for 5 min to 181 
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remove hemolyzed RBCs. This process was repeated until a clear supernatant was obtained 182 

after centrifugation. The blood was further diluted using PBS, and cells were seeded in a 96-183 

well plate. The cells were treated with equal volumes of microparticles suspended in cell 184 

growth medium. The blood-microplastic mixture was incubated with mild agitation at 500 185 

rpm for 1 h. Hemolysis was analyzed in the supernatant at an absorbance of 450 nm after 186 

centrifuging (2,000 rpm, 7 min) the culture; cells treated with 1% Triton X-100 were used as 187 

a positive control.  188 

2.9.HeLa, HDF, and RBL-2H3 culture and CCK-8 assay 189 

HeLa, HDF, and RBL-2H3 cells were cultured in a 100 mm dish (SPL) in a 5% CO2 190 

incubator for 2–3 days until they reached 95% confluence. The cells were then detached from 191 

the culture dish by trypsinization and seeded in wells of a 96-well plate at a density of 3 × 10
3
 192 

cells/well. Twenty-four hours later, the growth medium was aspirated, and fresh medium 193 

containing the microplastic suspension was added. After 24 h of treatment, the microbeads 194 

were removed and 10% CCK-8 reagent (Dojindo, Kumamoto, Japan) was added to the cells. 195 

The absorbance was measured at 450 nm using a SpectraMax 340 PC plate reader (Molecular 196 

Devices, San Jose, CA, USA). Cells treated with 10% dimethylsulfoxide (DMSO) or 1% 197 

Triton X-100 were used as positive controls. 198 

2.10. ROS assay 199 

The ROS assay kit was purchased from Sigma-Aldrich. HDF cells were seeded in a 96-well 200 

plate at a density of 6 × 10
5
 cells/mL. After 24 h, 2′, 7′-dichlorodihydrofluorescein diacetate 201 

(DCFH-DA; 100 L) was added to each well and incubated for 2 h. DCFH-DA-treated HDF 202 

cells were washed twice with PBS and treated with different concentrations of ground LDPE 203 
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particles for 6 h to induce ROS release. ROS-producing cells emitted a fluorescent signal that 204 

was detected using a fluorescence reader at excitation and emission wavelengths of 480 nm 205 

and 530 nm, respectively. Cells treated with 1 mM hydrogen peroxide were used as a positive 206 

control for ROS generation.  207 

2.11. Statistical analysis 208 

The numerical data shown in the graphs represent the mean value with standard deviation 209 

(error bar). Statistical analysis was performed by one-way analysis of variance (ANOVA) 210 

followed by post-hoc statistical analysis (Tukey’s test). p-value >0.05 was considered non-211 

significant (ns). *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively. All the 212 

experiments were conducted at least three times.  213 

2.12. Statistical analysis of microplastic images 214 

2.12.1. Local curvature 215 

In a two-dimensional space, the local curvature (c) is defined as 216 

𝑐 = |𝑥′𝑦′′−𝑥′′𝑦′|
√|(𝑥′)2+(𝑦′)2|3         (2) 217 

where 𝑥′and 𝑥′′are the first and second derivatives in the horizontal direction, respectively, 218 

and 𝑦 ′and 𝑦 ′′are similarly defined. For shape analysis, the coordinates were rotated so that 219 

the downward direction in Euclidean space is toward the center of the debris when 220 

calculating the local curvature at every pixel. Local curvature values were obtained at each 221 

pixel around the boundary. A negative curvature value at a boundary pixel indicated that the 222 

boundary is bent outward (e.g., a complete circle has a constant negative value reciprocal of 223 
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the radius) at the pixel, whereas a positive value meant that it is bent inward (i.e., dent). 224 

Hence, frequent changes in curvature over the boundary were interpreted as being more 225 

rugged. 226 

2.12.2. Hypotheses test 227 

It is difficult to make a typical assumption in statistical hypotheses, such as normality or 228 

independence sampling in our setting, because of the spatial dependence inherent in 229 

microscopic images. Thus, we used a nonparametric test that requires minimal assumptions 230 

and conditions. Our test relies on the resampling procedure. For simplicity, we assume that 231 

the same number of sample images are obtained for both the plastic types, although it can be 232 

flexibly chosen with minimal modification. The procedure is summarized below. 233 

1. For each sample (𝑖 = 1, … , 𝐼) and type of the plastic 𝑗 = 1(HDPE), 2(LDPE), randomly 234 

pick a partition of length 𝐾. Denote this partition 𝑦𝑖𝑗(𝑏) = (𝑦𝑖𝑗1(𝑏), 𝑦𝑖𝑗2(𝑏), … , 𝑦𝑖𝑗𝐾(𝑏)). 235 

2. Within this partition, obtain the length 𝐾 − 1 -vector containing the change at each point, 236 

denoted by �̅�𝑖1(𝑏)
 and �̅�𝑖2(𝑏)

, respectively. 237 

3. Obtain the average curvature change for 𝑗, denoted by �̅�𝑖(𝑏)
= 

1𝐼 1𝐾−1 ∑ ∑ |�̃�𝑖𝑗𝑘(𝑏)|𝐾−1𝑘=1𝐼𝑖=1 , and 238 

define �̅�(𝑏) = ( �̅�1(𝑏), �̅�2(𝑏)).  239 

After repeating 1‒3 B times, �̅�(1), … , �̅�(𝐵) were obtained. These statistics can be used for 240 

other inferences, such as hypothesis testing or constructing a confidence interval. In this study, 241 

we focused on comparing the average curvature for different plastic types. Specifically, we 242 

conducted a hypothesis test with the following hypotheses:  243 

H0: HDPE and LDPE have the same mean curvature change.  244 
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H1: HDPE and LDPE have a different mean curvature change.  245 

Apparently, this test is not available in the “over-the-shelf” statistical software. We created an 246 

R package termed ‘microplastics’ for analysis. This package can be installed and is publicly 247 

available at a webpage along with a detailed description 248 

(http://ydhwang.github.io/supplement/microplastic_hdpe_ldpe_suppl.html).
 
 249 

 250 

3. Results and discussion 251 

3.1. Characterization of PE microplastics 252 

In the in vitro assays performed using HDPE and LDPE microparticles (Fig. 1), we observed 253 

the behavior of various cell types including immune-related cells, RBCs, cancer cells, and 254 

fibroblasts. Fig. 2 and 3 show the SEM images and size distribution of the HDPE and LDPE 255 

particles. For the HDPE particles, we selected the following three diameter sizes: 1–10, 50, 256 

and 100 m. The 100 µm HDPE microbeads—which are the most abundant microplastics in 257 

the ocean [19]—were used as the primary source of microplastics in this study [1]. HDPE 258 

microparticles are mainly used as exfoliants in cosmetics (scrubs) and toothpastes. SEM and 259 

size distribution graphs revealed that these particles were highly spherical in shape and 260 

showed a narrow size distribution. HDPE particles >50 µm showed uneven surface profiles 261 

(Fig. S1).  262 

To obtain LDPE microparticles, LDPE pellets were broken by ball milling to mimic the 263 

secondary source of microplastics, which are usually derived from degradation of bulk 264 

plastics. The bulk PE waste is likely to physically yield random shape of microparticles. As 265 

shown in Fig. 3, LDPE particles ranging from 25–75 m and 75–200 m in size were 266 

http://ydhwang.github.io/supplement/microplastic_hdpe_ldpe_suppl.html
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prepared. Both particle sizes displayed a random morphology. However, the larger particles 267 

had a sheet-like shape with slightly smooth faces and a random edge plane. The area 268 

distribution of both particles was very broad and was calculated to be 6 times higher for the 269 

particles in the size range 75–200 m (10560 m
2
) than for those in the size range 25–75 m 270 

(1571 m
2
). LDPE is defined structurally as an irregular polymer with random branches and 271 

voids [20], and HDPE has a linear structure with fewer branches. These structural differences 272 

are attributed to the general physical properties of plastics, resulting in the low crystallinity, 273 

low melting temperature, and low hardness of LDPE [21, 22]. Therefore, the ground edge of 274 

LDPE appeared slightly blunt because of the softness of LDPE plastics. However, the 275 

production of ball-milled HDPE from the pellets proved more difficult. PE has a low brittle 276 

temperature, typically -76 ℃ [23]. A low ductile-brittle transition temperature is required for 277 

grinding in liquid nitrogen. HDPE has high crystallinity (approximately 70%) because of its 278 

linear polymer structure and shows brittleness and toughness. The higher crystallinity of 279 

HDPE with larger spherulites facilitates the formation of a microvoid around polymers and a 280 

precreak tip. Microvoids shield against cracking, particularly under dynamic strain [23]. 281 

Microvoid formation depends on several factors, such as the size of spherulites, loading rate, 282 

strength or deformability of the amorphous zone, and polymer entanglement loss [23]. The 283 

difficulties in the production of HDPE microparticles by ball milling with nitrogen liquid 284 

treatment can be attributed to a larger shielding effect. Therefore, we prepared ground LDPE 285 

microplastics to compare the toxic effects associated with the physical attributes. Though 286 

chemical differences exist between HDPE and LDPE, we assumed that the chemical effect of 287 

both particles is negligible because the basic chemical structure of HDPE and LDPE is 288 

derived from polyethylene. 289 
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3.2. Statistical shape and curvature differences analysis of PE microplastics 290 

SEM indicated that LDPE fragments were more rugged than HDPE particles. However, it 291 

was difficult to quantify and compare the physical aspects of both microplastics for cellular 292 

analysis. By statistically analyzing microplastic images, we assessed the ruggedness of both 293 

microplastics. From the original SEM image, we sampled some of the HDPE and LDPE 294 

particles (Fig. 4A). The image size was adjusted to be compared equally, and the image was 295 

converted into matrices in order to estimate the curvature along the boundaries (Fig. 4A). We 296 

have converted the scalable images into pixels for comparison, and every value is 297 

dimensionless. The local curvature, which is the rate change of the curvature, in both 298 

particles is presented as a series of local curvature estimates. Local curvatures are estimated 299 

for each plastic type (Fig. 4B), where the “Boundary pixel of the microplastic” in the x-axis 300 

indicates the converted boundary of the microplastics from Fig. 4A. Rougher LDPE 301 

microplastics showed large distribution of curvature around 0 (0 value means absolute 302 

spherical particle). LDPE displayed more abrupt change points, indicating more rugged 303 

boundaries. Further, LDPE fragments were approximately 10 times more rugged than 304 

synthetic HDPE particles (Fig. 4C). We then conducted a hypothesis test using �̅�(1), … , �̅�(𝐵), 305 

with 𝐾 = 100 and 𝐵 = 5000. The resulting p-value = 0 ≈ 0.0001 supported the conclusion 306 

that these two types of plastics have significantly different shapes in terms of the change of 307 

local curvature. Therefore, we may conclude that the higher curvature of LDPE fragments 308 

can be a factor for inducing an enhanced immune response and cytotoxicity.  309 

3.3. Cellular survival rate analysis under conditions of PE microplastic treatment 310 

Before measuring the effect of microplastics on cells, we optimized the microplastic 311 

concentration after considering the annual intake of microparticles by humans. Microparticle 312 
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in the range of 100 m in size are abundant in the marine environment. Thus, the weight of a 313 

single HDPE particle can be calculated by analyzing the density (~0.98 g/cc) and volume; a 314 

value of 0.5 g per particle was estimated. According to the WWF (World Wide Fund for 315 

Nature), humans ingest an average of approximately 2,000 microplastics per week from water, 316 

sea salts, seafood, and alcohols [24], which corresponds to 1000 g of PE microplastics. The 317 

ingested microplastics enter the gut, and smaller plastics accumulate in tissues, like the liver 318 

or bladder, and are absorbed across the gut [25]. Hence, considering accumulated and 319 

ingested microplastics (worth 1 week) in humans, we chose a PE particle concentration 320 

<1000 g/mL in the experiments. Even though the human body is composed of organs which 321 

are many times bigger in size than the cells we used for experiments, we aimed to use a high 322 

concentration (1 mg/mL) to model the damage to cells in the specific organs where 323 

microplastics continuously accumulate. Furthermore, both HDPE and LDPE particles are 324 

hydrophobic and are highly unstable in deionized water and PBS (data not shown). According 325 

to the manufacturer, the PE particles require surfactants, such as Tween-80, to enable 326 

dispersal in deionized water. To increase particle dispersion, FBS-supplemented DMEM (cell 327 

culture media)—that was slightly hydrophobic because of its amino acid, vitamin, and protein 328 

content—was used. Additionally, PE is lighter than water, and therefore floats on the medium. 329 

PE particles in culture media are initially well-distributed and then slowly begin to float over 330 

a period of time; however, a portion of the plastic is still suspended in the medium. Therefore, 331 

we believe that the first initial treatment with PE could result in direct contact with cells and 332 

induce physical toxicity. Chemical toxicity could have an impact on cells at all treatment 333 

times tested. 334 

Fig. 5, S2, and S3 indicate the viability of PBMCs treated with microplastics measured by 335 

live-dead staining. The live/dead staining ratio (viability) revealed that HDPE and a low 336 
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concentration of LDPE particles showed no- or low cytotoxicity. However, at high 337 

concentrations LDPE particles affected cell survival, and treatment with 25–75 m and 75–338 

200 m particles resulted in survival rates of 65% and 82%, respectively. Furthermore, the 339 

viability assays for normal adherent cells showed that HDPE particles were non-toxic to cells 340 

at high concentrations. However, slight cell-death was occurred for ground LDPE particle 341 

treated group, with a viability of approximately 78.8% (25-75 m) and 61.7% (75-200 m) 342 

for HDF cells and approximately 90% for RBL-2H3 at high concentration (1 mg/mL) (Fig. 6).  343 

The typical methods to assess cell damage caused by extrinsic toxic materials include 344 

examining the following: cellular membrane rupture by strong positive charge [26], 345 

interference with DNA synthesis, or organelle activities after uptake [27], which result in cell 346 

death due to necrosis or apoptosis. However, PE particles that are not charged cannot induce 347 

cell membrane rupture, and their size (in m) hampers their cellular uptake. Therefore, they 348 

are less likely to damage nuclei or organelles in the cytosol. Smaller PE particles (<30 m) 349 

reportedly inhibit osteoblast proliferation and induce the expression of osteocalcin [28], 350 

which in turn promotes the secretion of IL-6 or granulocyte-macrophage colony-stimulating 351 

factor (GM-CSF) [29]. Cell mortality due to PE particles was not evident in this study, which 352 

is in agreement with our result that smooth PE microparticles (HDPE microplastics) were not 353 

cytotoxic in any of the tested cell types at a wide range of concentrations. The main reason 354 

for cell toxicity of ground LDPE might be the sharpness of some of the ground edges (Fig. 3) 355 

that were apparent in SEM images, and were indicated as being important in the statistical 356 

analysis (Fig. 4). It is also possible that cell damage was caused by small broken particles 357 

originating from the weakened portions of LDPE microparticles.  358 

3.4. Immune response to PE microplastics  359 
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We further analyzed the immunological response of PBMCs to HDPE and LDPE particles, 360 

which was confirmed by the release of IL-6 and TNF-. IL-6 and TNF- are the main pro-361 

inflammatory cytokines that exert pleiotropic effects on inflammation, immune response, and 362 

hematopoiesis [30]. Both of these cytokines are secreted from infected lesions at an initial 363 

stage of inflammation and mediate the synthesis of acute-phase proteins, such as C-reactive 364 

protein, serum amyloid A, and fibrinogen in hepatocytes, [31] and activation of endothelial 365 

cells to increase vascular permeability in vivo [32, 33]. Furthermore, IL-6 stimulates the 366 

differentiation of CD4+ and CD8+ T-cells into mature T-cells, and facilitates the generation 367 

of an adaptive immune response during infections. High levels of TNF- are found in acute 368 

and chronic inflammatory diseases and activate and recruit the immune cells, particularly 369 

regulating the differentiation or proliferation of macrophages, depending on the presence or 370 

absence of certain cytokines, such as macrophage colony-stimulating factor-1 [34].  371 

Lipopolysaccharide (LPS) is an endotoxin consisting of lipid and polysaccharide moieties. 372 

LPS is a constituent of the outer membrane of gram-negative bacteria. It promotes an 373 

inflammatory response via inducing the secretion of IL-6 and TNF-. In this study, we used 374 

cells treated with 5 g/mL LPS as positive control. As shown in Fig. 6, LPS-treated cells 375 

showed significantly increased levels of released cytokines, which indicated the induction of 376 

an immune response in PBMCs. Cells treated with HDPE microparticles displayed cytokine 377 

release levels that were similar to the control, except at a high concentration of microplastics 378 

(Fig. 7A). In particular, compared to the control, IL-6 and TNF- release was increased upon 379 

microparticle treatment by up to 2.6 times (1–10 m, 1 mg/mL) and 1.4 times (100 m, 1 380 

mg/mL). We did not observe a size-dependent increase in the immune response, suggesting 381 

that all the HDPE microplastics used in this study were similar (for 1–10 m) or much larger 382 
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(>50 m) in size than PBMCs. Furthermore, we observed morphological changes in PBMCs 383 

five days after HDPE treatment (Fig. 8). Compared to the original morphology of PBMCs, as 384 

indicated in Fig. S2 and S3, microparticle-treated cells had a spindle-like or dendritic cell-like 385 

morphology, and were considered to be IL-6 or TNF- secreting differentiated monocytes 386 

[35]. A previous report described the induction of the sequential release of cytokines from 387 

PBMCs upon the activation of the immune response, with TNF- being the first cytokine to 388 

be released by PBMCs, followed by IL-6 [36], which in turn promoted the differentiation of 389 

monocytes. Presently, LDPE ground particles induced a greater release of cytokines than the 390 

control (Fig. 7C and D). We did not observe release of IL-2 in response to PE treatment (Fig. 391 

S4). 392 

PE is synthesized from ethylene gas in benzene using some catalysts, under conditions of 393 

high pressure and temperature. Therefore, PE is considered as one of the “safer plastics” 394 

compared to bisphenol A-containing plastics [37]. However, some additives, initiators, 395 

monomers, or impurities in PE might induce an inflammatory immune response. PE plastics 396 

can interact with macrophages (inflammatory response) [38], induce IL-6 production in 397 

osteoblasts [28, 29], and perpetuate chronic inflammation around PE implantation [39]. 398 

Additionally, in vivo implantation of PE can result in an accumulation of leukocytes, 399 

macrophages, and giant cells around the PE-implanted area, suggesting that PE plastics can 400 

cause an inflammatory reaction [39, 40]. Hence, we concluded that the cellular responses are 401 

dependent on the morphology and concentration of PE. In particular, smooth HDPE particles 402 

do not cause serious toxicity but induce secretion of immune-related cytokines, and sharp-403 

edged ground LDPE particles at high concentrations cause both inflammation and 404 

cytotoxicity. We also believe that LDPE can more easily release additive chemicals because 405 

of its low crystallinity, resulting in a slight detrimental effect on cells. 406 
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3.5. Hemolysis of RBCs  407 

We further examined the effect of PE microplastics on the hemolysis of RBCs (Fig. 9). When 408 

the RBC membrane is damaged and ruptured physically or chemically, the cytoplasmic 409 

contents including hemoglobin are released, which can be detected by analyzing the 410 

absorbance of released hemoglobin. Unlike other assays, in this experiment, the particles and 411 

RBCs were incubated with agitation at 500 rpm, allowing the cells to directly contact the 412 

particles. A higher concentration of plastics induced greater hemolysis. We believe that the 413 

sharp edges or fragments of LDPE and HDPE particles (Fig. S1) and the slightly curved 414 

shape of HDPE compared with spheres (value = 0, Fig. 4C) might physically rupture the 415 

RBC membrane, resulting in cell lysis.  416 

3.6. Histamine release and ROS production by PE microplastics treatment 417 

We also checked histamine release and ROS production induced by each particle. Histamine 418 

is one of the chemical mediators produced during an inflammatory response and is mainly 419 

secreted from basophils and mast cells [41]. Histamine release upon treatment with 420 

microparticles is shown in Fig. S5. The results indicated that smaller HDPE particles (1–10 421 

m) tended to induce marginal histamine release. The observation that LPS did not induce 422 

histamine release is consistent with the findings of a previous report [42]. Examination of 423 

ROS production from HDFs upon treatment with LDPE (Fig. S6) indicated that high 424 

concentrations of LDPE microparticles could induce an environmental stress in normal cells.  425 

We performed diverse in vitro assays to examine the effect of PE particles in human cells. It 426 

should be noted that although PE is non-lethal to human cells, it can exert chemical 427 

(remaining impurities in PE particles during synthesis) or physical (sharp edge of PE particles 428 

as a result of grinding and high concentration) effects on cells. Even though the PE 429 
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microplastics did not have a serious effect on cells, we are still concerned that high 430 

concentrations of microplastics could induce cell death and potentially harm human cells 431 

upon continuous accumulation. Moreover, in a marine environment, the PE microplastics can 432 

adsorb bacteria, viruses, or toxic chemicals (persistent organic pollutants) onto their surface, 433 

thereby increasing the probability of a serious infection or disease when these particles are 434 

ingested by animals, including humans [8]. 435 

 436 

4. Conclusion 437 

In this study, we have shown the effect of the physical aspects (morphology and 438 

concentration) of PE microplastics on human cells. PE is one of the most commonly used 439 

plastics and is mainly used in packaging in the form of plastic bags, containers, plastic films 440 

(bulk plastics), and scrubs in cosmetics (microplastics). To investigate the toxicity of PE 441 

microplastics in vitro, we examined the effect of microbeads and ground bulk plastics on 442 

cultured cells. The two types of microplastics used included 1–100 m-sized HDPE particles 443 

and milled microdebris from bulk LDPE pellets (size range, 25–75 m and 75–200 m). We 444 

statistically quantified the ruggedness of the microplastics from SEM images of both 445 

microplastics to correlate with the results of toxicological experiments. The analysis indicated 446 

a significant (10 times greater) curvature value of LDPE microparticles, which means more 447 

randomness with respect to their shape. In the toxicological experiments, HDPE particles did 448 

not cause significant cytotoxicity in cells because of their relatively smooth surface 449 

morphology, but induced an immune response in PBMCs and enhanced PBMC 450 

differentiation. In addition, high concentrations of HDPE particles resulted in hemolysis of 451 

RBCs when samples were agitated during incubation. Ground LDPE particles caused 452 
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increased cytotoxicity, inflammatory response, hemolysis, and ROS production at high 453 

concentrations, probably because of the sharp edges of the particles (higher curvature change) 454 

and smaller pieces derived from microdebris. PE is recognized as a biologically safe material. 455 

Our results indicated that the PE microplastics did not show significant cytotoxicity. However, 456 

we suggest that there are possibilities of side effects, such as cytotoxicity and induction of 457 

inflammatory response, after exposure to microplastics with specific concentrations or shapes. 458 

PE microdebris in marine environments can easily absorb bacteria, viruses, or toxic 459 

chemicals present in the ocean, and when accumulated, might cause damage to the marine 460 

biota and humans.  461 
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Figures 612 

 613 

Fig. 1. Schematic illustration of HDPE and LDPE particles and toxicity analysis in terms of 614 

the physical aspects of PE microplastics by correlating statistical data and in vitro toxicity 615 

results. PBMC: peripheral blood mononuclear cells; HMC-1: human mast cell-1; HDF: 616 

human dermal fibroblast; HeLa: cervical cancer cells; RBL-2H3: basophilic leukemia cells; 617 

RBC: red blood cell; CCK-8: cell counting kit-8; WST-8: water-soluble tetrazolium salt-8. 618 

619 
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 620 

Fig. 2. Representative images and overall size distribution of (A) 1–10 m, (B) 50 m, and 621 

(C) 100 m HDPE particles (n = 100) calculated from SEM images. Ave: average size. 622 

 623 

 624 

Fig. 3. Representative image and overall area distribution of (A) 25–75 m and (B) 75–200 625 

m LDPE microparticles (n = 50) calculated from SEM images. Ave: average area. 626 
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 627 

628 
 Fig. 4. Local curvature of LDPE and HDPE particles. (A) Background-removed SEM image 629 

of HDPE and LDPE particles and their local curvature and (B) change rate of the curvature as 630 

a function of boundary pixel of each microplastic (n = 4). (C) Average distribution of 631 

curvature variation. 632 

 633 
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 634 

Fig. 5. Live/dead ratio of PBMCs upon treatment with (A) HDPE microparticles and (B) 635 

LDPE ground particles for 24 h. Statistical analysis was performed by ANOVA followed by 636 

Tukey’s post hoc test (n = 3). NS and * indicate “non-significant” and “p < 0.05” compared 637 

to Ctrl (Control), respectively. 638 

 639 
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640 
 Fig. 6. Viability of (A) HDF and HeLa cells in response to HDPE particles, and that of (B) 641 

HDF and RBL-2H3 cells in response to LDPE particles. Statistical analysis was performed by 642 

ANOVA followed by Tukey’s post hoc test (n = 3). NS and * indicate “non-significant” and 643 

“p < 0.05” compared to Ctrl (Control), respectively. 644 

645 
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 646 

 647 

Fig. 7. Cytokine (IL-6 and TNF-a) release from PBMCs after four days of culture with HDPE 648 

and LDPE particles at different concentrations. LPS (5 g/mL) treated cells were used as a 649 

positive control. Statistical analysis was performed by ANOVA followed by Tukey’s post hoc 650 

test (n = 3). NS, *, **, and *** indicate “non-significant”, “p < 0.05,” “p < 0.01,” and “p < 651 

0.001,” respectively. 652 

 653 
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 654 

Fig. 8. Fluorescence images of PBMCs after five days of treatment with HDPE particles. 655 

Live cells were stained by Calcein AM. The scale bar represents 100 m. 656 

 657 

 658 

Fig. 9. Cytotoxicity of PE particles toward RBCs. Hemolysis ratio in RBCs upon exposure to 659 

(A) HDPE and (B) LDPE particles for 1 h. Statistical analysis was performed by ANOVA 660 

followed by Tukey’s post-hoc test (n = 3). *, **, and *** indicate “p < 0.05,” “p < 0.01,” and 661 
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“p < 0.001,” respectively. 662 



Figures

Figure 1

Schematic illustration of HDPE and LDPE particles and toxicity analysis in terms of the physical aspects
of PE microplastics by correlating statistical data and in vitro toxicity results. PBMC: peripheral blood
mononuclear cells; HMC-1: human mast cell-1; HDF: human dermal �broblast; HeLa: cervical cancer cells;
RBL-2H3: basophilic leukemia cells; RBC: red blood cell; CCK-8: cell counting kit-8; WST-8: water-soluble
tetrazolium salt-8.



Figure 2

Representative images and overall size distribution of (A) 1–10 m, (B) 50 m, and (C) 100 m HDPE
particles (n = 100) calculated from SEM images. Ave: average size.

Figure 3

Representative image and overall area distribution of (A) 25–75 m and (B) 75–200 m LDPE
microparticles (n = 50) calculated from SEM images. Ave: average area.



Figure 4

Local curvature of LDPE and HDPE particles. (A) Background-removed SEM image of HDPE and LDPE
particles and their local curvature and (B) change rate of the curvature as a function of boundary pixel of
each microplastic (n=4). (C) Average distribution of curvature variation.

Figure 5

Live/dead ratio of PBMCs upon treatment with (A) HDPE microparticles and (B) LDPE ground particles
for 24 h. Statistical analysis was performed by ANOVA followed by Tukey’s post hoc test (n=3). NS and *
indicate “non-signi�cant” and “p< 0.05” compared to Ctrl (Control), respectively.



Figure 6

Viability of (A) HDF and HeLa cells in response to HDPE particles, and that of (B) HDF and RBL-2H3 cells
in response to LDPE particles. Statistical analysis was performed by ANOVA followed by Tukey’s post hoc
test (n=3). NS and * indicate “non-signi�cant” and “p<0.05” compared to Ctrl (Control), respectively.



Figure 7

Cytokine (IL-6 and TNF-a) release from PBMCs after four days of culture with HDPE and LDPE particles at
different concentrations. LPS (5 g/mL) treated cells were used as a positive control. Statistical analysis
was performed by ANOVA followed by Tukey’s post hoc test (n=3). NS, *, **, and *** indicate “non-
signi�cant”, “p<0.05,” “p <0.01,” and “p<0.001,” respectively.



Figure 8

Fluorescence images of PBMCs after �ve days of treatment with HDPE particles. Live cells were stained
by Calcein AM. The scale bar represents 100 m.

Figure 9

Cytotoxicity of PE particles toward RBCs. Hemolysis ratio in RBCs upon exposure to (A) HDPE and (B)
LDPE particles for 1 h. Statistical analysis was performed by ANOVA followed by Tukey’s post-hoc test
(n=3). *, **, and *** indicate “p<0.05,” “p<0.01,” and “p<0.001,” respectively.
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