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Environmental Significance

Plastic nanoparticles (PNP) or nanoplastics are ubiquitous and cause significant 

environmental and health risks. Understanding how PNP interacts with lipid membranes 

is crucial for insights into membrane-related processes. Due to the lack of reliable PNP 

model systems, researchers often use commercial polymer beads. Here, we present a 

simple method to prepare fluorescent PNPs tailored for single particle tracking and 

nanoscale diffusion analysis on lipid membranes. We show that electrostatic interactions, 

polarity of PNP particles, and membrane composition critically influence PNP diffusion 

behavior on membrane surfaces. Our approach provides a robust method for fabricating 

PNPs optimized for single-particle fluorescence studies, advancing research on the 

environmental impact of nanoplastics.
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Abstract

Single-particle measurements are essential for understanding the complex and often 

subtle interactions of engineered nanoparticles with biological systems. However, the 

preparation of plastic nanoparticles (PNP) for single-particle experiments has been 

hindered by challenges in reproducibility and fluorescence functionality. Here, we use a 

robust and simple method for preparing fluorescently labeled PNPs using confined 

impingement jets with dilution (CIJ-D) mixer. We prepared PNPs from individual 

polystyrene (PS), polypropylene (PP), polyvinyl chloride (PVC), and polylactic acid (PLA) 

powders with a narrow particle size distribution (between 50-100 nm) and incorporated 

Nile Red (NR) dye into these particles. These PNPs exhibit colloidal stability, uniform 

fluorescence intensity, and compatibility with single particle tracking measurements. To 

demonstrate the applicability of our approach, we tracked the interactions of individual 

PNPs with lipid bilayer surfaces composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and cholesterol. Using super-resolution diffusion analysis 

(fluorescence correlation spectroscopy super-resolution optical fluctuation; fcsSOFI), we 

characterized the nanoscale diffusion and interaction dynamics of PNPs on the lipid 

bilayer surface. While electrostatic interactions play a major role in PNP transport 

dynamics on the bilayer, cholesterol induces slower surface diffusion. Our method 

provides an easy solution to prepare model PNP systems and study the PNP-membrane 

interactions using single-particle fluorescence microscopy.
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Introduction

Plastic pollution is a critical environmental issue of the 21st century, with plastics 

accumulating in various ecosystems and impacting both wildlife and human health.(1-3) 

As plastics degrade, they fragment into nanoscale plastic nanoparticles (PNPs) typically 

less than 1 μm in size,(4) which pose unique threats to biological systems due to their 

small size, large surface area, and stable chemical properties.(5) While much research 

has been focused on microplastics (particles with sizes between 1 μm and 5 mm), the 

behavior, interactions, and toxicity of PNPs remain underexplored.(5) One of the primary 

reasons for the lack of PNP research is the lack of effective single-particle models. Bulk 

studies provide limited insight into the dynamics of PNPs, as they fail to account for the 

heterogeneity inherent in particle interactions at the single-particle level.(6) Furthermore, 

the non-fluorescent nature of PNPs makes it difficult to track and characterize their 

interactions in complex biological systems using optical microscopy.

Fluorescence imaging is a powerful tool for visualizing and tracking nanoparticles in 

situ.(7) Fluorescent PNPs allow the tracking of individual particles,(8) enabling the 

investigations of their interactions with biological surfaces. Single-particle tracking (SPT) 

techniques(9-12) offer unique insights into the diffusion, aggregation, and interaction of 

PNPs in complex systems, such as lipid bilayers, cell membranes, and other biological 

structures. By providing high temporal and spatial resolution, single particle methods 

allow for a detailed understanding of the dynamics of PNPs that can be complementary 

to traditional bulk measurements.(13) 

One of the main obstacles in using fluorescent PNPs for single-particle experiments is 

the fabrication of well-characterized, reproducible, and environmentally relevant 
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PNPs.(14-17) Commercial polymer beads tagged with fluorescent dyes are often used as 

model systems in particle tracking studies.(18, 19) However, the problem with 

commercially available fluorescent polymer beads is that their properties are often not 

fully disclosed. Specifically, the type, quantity, and stability of the dye attached to each 

bead are commonly unknown. This lack of transparency makes it difficult to quantify and 

interpret results from single-particle experiments. Moreover, commercial particles may 

not accurately mimic the size, surface characteristics, or chemical composition of 

environmental PNPs, limiting their utility. Also, the available PNP type is limited mainly to 

polystyrene (PS) plastics, limiting most studies to PS particles only.

Accurate characterization of fluorescent PNPs is critical for reliable single-particle 

experiments. The size of PNPs plays a key role in biological interactions, with smaller 

particles more likely to penetrate membranes and larger ones prone to aggregation.(20-

22) It is also important to quantify the number of fluorescent dye molecules per particle, 

as dye loading affects fluorescence intensity, stability, and data interpretation.(23) 

Addressing these challenges with well-defined size distributions and consistent dye 

quantification is essential for advancing PNP interaction studies.

Here, we present a novel approach to preparing fluorescent PNPs that address these 

challenges. We used a confined impingement jet with dilution (CIJ-D) mixer method to 

prepare fluorescent PNPs with narrow size distribution and fluorescent dye loading. We 

customized the CIJ-D technique to incorporate Nile Red (NR), a commonly used 

hydrophobic dye.  NR is widely employed in fluorescence studies due to its stability and 

strong emission, making it an ideal choice for labeling hydrophobic nanoparticles.(23, 24) 

To quantify the dye loading in the synthesized nanoparticles, we employed a combination 
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of absorption calibration and Mie scattering analysis.(25) We also used dynamic light 

scattering (DLS) and particle tracking to assess the size of the particles. SPT 

measurements allowed us to directly observe the behavior of individual PNP in real-time, 

providing valuable insights into their interactions with lipid bilayer surfaces. 

To explore the utility of fluorescent PNPs, we conducted proof-of-concept experiments 

tracking individual PNPs on lipid bilayers composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and cholesterol, which serve as widely used model systems for 

studying cellular membranes. Cholesterol,(26) a major component of cell membranes, 

introduces rigidity to the bilayer, which can affect the diffusion and interaction dynamics 

of nanoparticles. We performed diffusion analysis on the fluorescent PNP-membrane 

interactions using super-resolution fluorescence correlation spectroscopy super-

resolution optical fluctuation imaging (fcsSOFI). Our findings revealed differences in the 

diffusion properties of the PNPs on POPC versus POPC-cholesterol bilayers, providing 

insight into the impact of membrane rigidity on nanoparticle behavior. Specifically, we 

observed that the PNPs diffused more freely on the POPC bilayer, while their movement 

was restricted on the cholesterol-containing membrane. These results underscore the 

importance of membrane composition in modulating the behavior of PNPs and suggest 

that the rigidification of the membrane surface may influence nanoparticle uptake and 

interaction dynamics.

We used engineered PNPs to explore the heterogeneity of their behavior at the single-

particle level, which provided valuable insight into their interactions with lipid bilayers. Our 

results highlight the importance of using engineered PNPs over commercial beads, 

particularly in terms of their relevance to biological studies. The ability to control particle 
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characteristics, such as size, fluorescence, and surface properties, opens new 

opportunities for studying the transport, accumulation, and potential toxicity of PNPs in 

complex biological systems. Ultimately, this study contributes to the growing body of 

research aimed at developing accurate, 

reproducible, and environmentally relevant 

models for studying PNPs, providing a crucial 

tool for advancing our understanding of these 

ubiquitous particles. 

Materials and Methods

Designing the CIJ-D mixer

The custom-built CIJ-D mixer assembly is 

shown in Figure 1. The CIJ-D mixer was 

manufactured in the machine shop and is made 

of Teflon. The mixer works using a technique 

called ‘flash nanoprecipitation’,(27) where 

polymer dissolved in an organic solvent is 

rapidly mixed with an antisolvent (aqueous) of 

much lower solubility. This rapid mixing causes 

supersaturation of the polymer, leading to 

precipitation into nanoparticles.(28) The size of 

the nanoparticles is controlled by mixing speed 

and the solvent/antisolvent ratio.(29, 30) A large 

Figure 1: Flash nanoprecipitation for 
preparing fluorescent PNPs. (A) 
Schematic of the rapid mixing 
process, where a mixture of plastics 
(dissolved in an organic solvent) and 
NR dye (dissolved in chloroform) is 
introduced in the CIJ-D mixer along 
with an antisolvent, leading to the 
instantaneous precipitation of 
fluorescent PNPs. (B) CAD rendering 
of custom-built CIJ-D mixer.
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turbulent flow of the solvent and anti-solvent was achieved inside a small chamber, 

pumped into the mixer using two low-friction microliter glass syringes. Mixing takes place 

inside the small chamber from two inputs, one containing plastic polymers dissolved in 

organic solvent, and the other consisting of antisolvent (Millipore H₂O), as illustrated in 

Figure 1A. 

The computer-aided design of the assembly is illustrated in Figure 1B. The assembly 

was divided into two parts (Figure S1A and S1B) and was assembled using rubber O-

rings and screws. The critical dimensions associated with the mixer are outlined in Figure 

S1C. The ratio of the chamber height above the inlet nozzle to the diameter was kept at 

0.5  while the outlet length  to outlet diameter ratio was maintained at greater than 10. 

This factor is kept greater than 10 to ensure a drop in pressure so that the chamber 

remains filled during impingement. The microliter glass syringes were obtained from 

Hamilton and were connected to the assembly via threaded adapters. The side openings 

in the assembly were required due to machining constraints and were sealed using M6 

plugs during the nano-precipitation process.

Source of plastics for PNP preparation

We obtained plastics powders from a company (Keyeu Materials) that sells plastics in 

powder form for use in different industrial applications. These plastic powders are used 

in our everyday products; thus, PNPs made from these sources are representative of 

PNPs we might often encounter in our environment. We used polypropylene (PP), 

polystyrene (PS), polyvinyl chloride (PVC), and polylactic acid (PLA) for our current study 

and prepared PNPs using the CIJ-D mixture.

Preparation of PNPs using the CIJ-D mixer
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PNPs were synthesized using a custom-designed CIJ-D mixer developed in our lab, with 

modifications to maintain an outlet length-to-diameter ratio of 15.(27) The plastic powders 

were dissolved in an organic solvent, along with 750 μg of NR dye dissolved completely 

in chloroform.(23) The solution was then heated to 50 °C and stirred at 300 rpm for an 

hour. 0.5 mL of the plastic solution was injected into one side of the CIJ-D mixer, and 0.5 

mL of the antisolvent (Millipore H2O) was injected through the opposite side at the same 

injection rate. For PS, PVC, and PLA, the solvent and antisolvent were DMF and Millipore 

H2O, respectively, whereas for PP the solvent was toluene and the antisolvent was DMF.

The injection rate was estimated to be ~12 mL/min, as injection was done by hand 

with Hamilton Co. GasTight #1001 glass syringes. The injection rate affects the resulting 

particle size, where faster injection rates lead to smaller particles.(27) Injection rates are 

expressed as Reynold’s numbers (𝑅𝑒), which is calculated by Equation 1.

𝑅𝑒 =
4

𝜋𝑑

𝑛

𝑖=1

𝜌𝑖𝑄𝑖

𝜇𝑖
(1)

Where 𝑑 is the inlet diameter, n is the total number of inlet streams, 𝜌𝑖 is the density 

of the fluid of the 𝑖th stream, 𝑄𝑖 is the volumetric flow rate for the 𝑖th stream, and 𝜇𝑖 is the 

viscosity of the fluid for the 𝑖th stream. Our inlet diameters were 1 × 10―3 m, with 𝑛 =  2 

streams, the density of water and DMF at room temperature being 1.00 × 103 kg
m3 and 

9.48 × 102 kg
m3 respectively, the viscosity of water and DMF at room temperature being 

8.90 × 10―4 Pa ∗ s and 8.02 × 10―4 Pa ∗ s respectively, and the volumetric flow rate of each 

stream being 2.00 × 10―7m3

s , we calculated 𝑅𝑒 ≈ 590. For a more controlled synthesis of 

particles with smaller and larger size distribution (as shown in the Supporting Information), 

Page 9 of 33 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/1

8 
7:

21
:2

4.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EN00599J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5en00599j


we used a two-channel syringe pump (New Era Pump Systems, Inc.) that provided more 

control over the injection rate and the Reynold’s number.

The resulting suspension poured out of the outlet port of the CIJ-D mixer into a 

beaker containing 9 mL of antisolvent. 1 mL of the resulting suspension was then filtered 

through a 0.22 micron mixed cellulose esters (MCE) membrane filter, centrifuged, and 

had supernatant removed and replaced with an equal amount of antisolvent. This process 

was repeated three times to remove the organic solvent and the free dye from the 

solution. For PS, PVC, and PLA, the solvent and antisolvent were DMF and millipore H-

2O, respectively, whereas for PP solvent was toluene and antisolvent was DMF. Here, we 

have selected only these polymers to make model PNPs, however, it is possible to make 

any type of PNPs using this method if the plastic polymer can be dissolved in an organic 

solvent.

Scanning Electron Microscope (SEM) Measurement

PNP samples without fluorescent dyes were deposited on cleaned silicon wafers and 

mounted to standard aluminum stubs. The samples were then coated with an 

approximately 15 nm layer of gold by using a Denton Vacuum Desk II sputter coater 

(Moorestown, NJ). Imaging was performed using a TESCAN VEGA 3 scanning electron 

microscope (Brno, Czech Republic) equipped with a tungsten electron source. The 

samples were imaged at 10 kV accelerating voltage using a secondary electron detector.

Dynamic Light Scattering (DLS) measurements for particle hydrodynamic radii

A DynaPro Nanostar II Dynamic Light Scattering Instrument (2nd generation) from 

Wyatt Technology was used for measuring the size of PNPs.  An incident wavelength of 
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663.1 nm was used with 100.0% laser power at 25 °C (room temperature) to perform 

the DLS measurement. This instrument can measure particle size ranging from 0.2 nm 

to 1000 nm. The DLS detector angle was set to 90°, and the solvent used was Millipore 

H2O. The refractive index of the solvent was 1.333, and the solvent viscosity (𝑐𝑃) was 

0.89. The PNP suspensions were sonicated for 15 minutes, then filtered using a 0.22 

µm MCE pore size syringe filter to measure particle size via DLS.  Sonication and 

filtration were performed to remove any aggregates that formed after prolonged storage 

of the plastic solutions.A disposable microcuvette (Micro/cuvette Kit for the Nanostar™ 

II) from Wyatt Technology was used in the DLS cuvette holder, which can hold a 

minimum volume of 4 mL. 

Absorption and Emission Measurements

Absorption spectra of NR, NR-tagged, and untagged PNPs were collected in a 

PerkinElmer Lambda 35 spectrophotometer. Emission spectra were recorded in a 

PerkinElmer LS 55 spectrofluorometer. Both absorption and emission data were analyzed 

and plotted using MATLAB.

Quantifying the number of dye molecules in single PNPs

We quantified the number of PNPs in the suspension and the number of molecules of NR 

in each PNP particle with measurements in absorption spectroscopy. An absorbance and 

emission calibration curve based on decreasing concentrations of NR (Figure S2) was 

collected to locate the absorption and emission maxima (𝜆𝑚𝑎𝑥) of NR. The molar 

absorption coefficient (𝜖) of NR was calculated from the Beer-Lambert law, 𝐴 = 𝜖𝑙𝑐. The 

absorption spectra of NR-tagged PNPs were collected, and the 𝜆𝑚𝑎𝑥 of each spectrum 
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was defined. The absorption spectra of NR-tagged PNPs were used to calculate the 

number of NR molecules in each PNP, while the absorption spectra of untagged PNPs 

were collected to calculate the number of particles in the suspension of PNPs. In Equation 

2, absorbance (𝛼𝑒𝑥𝑡) is related to the extinction efficiency of the suspension 𝑄𝑒, the radius 

of the particles 𝑟, the path length of the cell 𝑙, and the particle density in the suspension 

𝑁. (31) 

𝑁(𝑟,𝑐) =  
𝛼𝑒𝑥𝑡(𝜆𝑚𝑎𝑥)

𝑄𝑒𝑥𝑡(𝑟, 𝜆𝑚𝑎𝑥,𝑚)𝐴(𝑟)𝑙  (2)

𝑄𝑒 =
2

𝑥2

∞

𝑛=1
(2𝑛 + 1)𝑅𝑒(𝑎𝑛 + 𝑏𝑛) (3)

In Equation 3, 𝑥 is the diffraction diameter, equal to 𝑘𝑎, 𝑘 is the wave number, equal to 

2𝜋𝑛𝑚

𝜆0
, 𝜆0 is the vacuum wavelength of the light, set to 𝜆𝑚𝑎𝑥, 𝑎𝑛 and 𝑏𝑛 are the real 

components of the Mie coefficients for a scattered wave, which depend on 𝑥 and the 

complex refractive index 𝑚, equal to (𝑛𝑝+𝑖𝑘𝑝)
(𝑛𝑚+𝑖𝑘𝑚), and (𝑛𝑝 +𝑖𝑘𝑝) and (𝑛𝑚 +𝑖𝑘𝑚) are the 

complex refractive indices of the particles and the medium of the suspension, 

respectively. Rearranging Equation 2, the number density of the PNP suspensions was 

calculated. The complex refractive indices varied per plastic, and the values used for our 

calculations are provided in Table S1, along with all calculation steps, are provided in the 

supporting information.

Fourier Transform Infrared (FTIR) spectroscopy measurements

ATR-FTIR spectra of powdered plastics were recorded using a PerkinElmer Spectrum 

100 FTIR spectrometer equipped with a Universal ATR Sampling accessory. 4 scans 
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were acquired within a spectral range of 650–4000 cm⁻¹. The spectra were processed 

and analyzed using Perkin Elmer’s Spectrum IR software. All FTIR spectra of the plastic 

powders are provided in Figure S3. The FTIR spectra of four plastic powders (Figure S3) 

confirms characteristic vibrational features consistent with literature reports. PLA shows 

a strong C=O stretch at 1750 cm⁻¹ and ester C–O stretching at 1181 cm⁻¹. PP exhibits 

CH₃ and CH₂ stretching and bending modes between 2952–2838 cm⁻¹ and 1452–1376 

cm⁻¹. PVC displays C–H stretching and bending bands, with an additional absorption at 

~1715 cm⁻¹ attributed to oxygenated additives. PS is identified by distinct aromatic C–H 

and C=C stretching bands, verifying its aromatic ring structure. Additional details are 

noted in the Supporting Information.

Total internal reflection fluorescence imaging

Single-particle fluorescence images of engineered PNPs on supported lipid bilayers were 

obtained using a wide-field TIRF microscope (Nikon) equipped for video-rate imaging. A 

561 nm laser was used for excitation, and the light was directed onto the sample using a 

100X oil-immersion objective with a numerical aperture of 1.49. Fluorescence emission 

was collected over a 512×512-pixel area on the sample, and at least 10 videos were 

recorded for each PNP using an EMCCD camera (Andor, iXon 897). The camera was 

operated by Andor Solis software in frame transfer mode.

Single particle tracking (SPT) analysis

We used a localization-based single-particle tracking algorithm (Troika(32)) to identify, 

localize, and track individual PNPs particles across multiple frames. SPT involves three 

sequential steps: enhancing the signal-to-noise ratio using a pixel-averaging matrix, 
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identifying particles via local intensity maxima and radial symmetry fitting, and linking 

particle positions frame-to-frame with a nearest-neighbor algorithm to generate 

trajectories under varying conditions. Troika employs a dynamic nearest-neighbor search 

radius and global optimization to ensure continuous particle tracking and to minimize 

misidentification of repeated adsorption events. For trajectory linking, we allowed a single 

frame gap to be skipped without generating a new trajectory. In cases where one frame 

was missing, the x and y coordinates were interpolated by taking the midpoint between 

the preceding and following frames, minimizing trajectory fragmentation caused by 

transient signal loss. If a particle disappears for more than one frame, a new trajectory is 

initiated. This approach reduces errors from photoblinking, out-of-focus motion, or particle 

density fluctuations and ensures trajectories represent continuous motion of individual 

particles rather than repeated adsorption events. We used a 0.03 second exposure time 

and 512×512-pixel area for SPT analysis. To minimize redundancy and bias, a custom 

MATLAB script was applied to filter out stuck particles identified in the first frame, a step, 

particularly necessary under certain conditions (such as in the presence of salt) where 

immobilized particles were observed from the first frame. We also filtered out trajectories 

that lasted for 3 frames or less, to reduce non-specific detections. Statistical analysis was 

performed on the single particle trajectories to evaluate particle behavior across 

experimental conditions.

Mean square displacement (MSD) and particle size determination

Assuming that all particles are spherical and particles undergo Brownian diffusion in 

solution, the radius of the particles can be related to their diffusion, using the Stokes-

Einstein-Sutherland relation. The details of the process of calculating the hydrodynamic 
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radius for PS are described in Figure S4. The PNPs were flowed into a microfluidic 

chamber containing a plasma-cleaned glass coverslip without any lipid bilayer. 

Microscopy measurements were performed in widefield epi-illumination, where the 

incident laser illuminates the bulk of the solution (33) such that we can measure the free 

diffusion of the particles without any interaction from the glass surface (Figure S4A).(34) 

An EM gain of 300 was used while recording the data. SPT was performed to approximate 

the single-molecule trajectories of the PNPs. By using the time-dependent trajectories, 

MSD (〈𝑟2(𝜏)〉) was determined as a function of the time lag (𝜏) (Figure S4B), and the 

average diffusion coefficient 𝐷, as seen in Equation 4 (Figure S4C).

〈𝑟2(𝜏)〉 = 4𝐷𝜏 (4)

The hydrodynamic radii (𝑅ℎ) of individual PS-PNPs were calculated using the Stokes-

Einstein-Sutherland relation, given as Equation 5 (Figure S4D).

𝐷 =
𝑘𝑏𝑇

6𝜋𝜂𝑅ℎ
(5)

where 𝑘𝑏 is the Boltzmann constant, 𝑇 is the absolute temperature of the suspension, and 

𝜂 is the dynamic viscosity of the suspension (water media).

Chemicals for lipid bilayer preparation.

POPC and cholesterol from Avanti Polar Lipids, HEPES buffer (pH 7.3) from Quality 

Biological, chloroform (HPLC grade, stabilized) from VWR Chemicals, and sodium 

chloride (NaCl, 99% purity) from Beantown Chemical were purchased and used as 

Page 15 of 33 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/1

8 
7:

21
:2

4.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EN00599J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5en00599j


received. The HEPES buffer, initially at 1M concentration, was diluted to 20 mM using 

Millipore water (Avidity Science). To prepare small unilamellar vesicles (SUVs), POPC 

lipids were first dissolved in chloroform to create a stock solution of 25 mg/ml, which was 

subsequently diluted to a working concentration of 5 mg/ml using the 20 mM HEPES 

buffer. A cholesterol stock solution of 20mg/ml in chloroform was used for the 

experiments.

Supported lipid bilayer (SLB) preparation

The supported lipid bilayer (SLB) was prepared using the vesicle fusion process.(19, 35) 

POPC lipid, dissolved in HEPES buffer at a concentration of 5 mg/ml, was extruded 

through a polycarbonate membrane with 100 nm pores to prepare small unilamellar 

vesicles (SUVs). Approximately 40 μL of the SUV solution was introduced into a 

microfluidic chamber, allowing it to interact with the hydrophilic surface of a plasma-

cleaned coverslip. After an incubation period of 90 minutes, the chamber was thoroughly 

rinsed 4 times with HEPES buffer (at least 10 μL each time) to remove excess vesicles. 

The resulting supported lipid bilayer was then ready for single-particle imaging 

experiments. For the Cholesterol/POPC system, a 3:2 ratio of cholesterol to POPC was 

used during the extrusion process.

Single frame displacement (SFD) analysis

The displacement of PNPs over the membrane surface is quantified using single frame 

displacement (SFD), a measurement that represents the movement of PNPs from one 

frame to the next. The displacement values are plotted as histograms. 

van Hove distribution of displacements
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PNP displacement distribution was quantified using van Hove correlation function (Equation 

6).(36) 

𝐺𝑠(Δ𝑥, Δ𝑡) =
1
𝑁 〈 𝑁

𝑖=1
𝛿(𝑥 + 𝑥𝑖(𝑡) ― 𝑥𝑖(𝑡 + Δ𝑡))〉 (6)

In Equation 6, 𝛿 is the Dirac delta function, x is the current position of the particle along 
its trajectory, while Δx is the distance the particle travels during time Δt and the angle 
brackets denote an ensemble average.

fcsSOFI analysis

Super-resolution diffusion maps of lipid bilayer surfaces were generated using the 

correlation-based fcsSOFI technique to study PNP interactions with cholesterol-rich and 

cholesterol-free surfaces. fcsSOFI analyzes the stochastic optical fluctuations of 

independently diffusing emitters on the surface to enhance spatial resolution beyond the 

diffraction limit, though the enhancement is constrained by the speed of emitter 

 diffusion.(37, 38)  Diffusion coefficient at 

each pixel were determined by fitting 

autocorrelation curves for each pixel 

using a an anomalous diffusion model as 

we see non-Gaussian type behavior in 

the van-Hove distributions.(38) Diffusion 

values were disregarded if the fit quality 

was poor (R2<90%). For the fcsSOFI 

analysis, 1000-frame movies and 

128×128-pixel region cropped from 

512×512-pixel area were used to 

Figure 2: SEM micrographs of A) PS, B) PP, 
C) PVC, D) PLA
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calculate pixel-wise autocorrelations, resulting in an effective temporal resolution of 

approximately 30 seconds.(37) The data collected for both conditions included spatial and 

diffusion information, combined into a single super-resolution map. The maps used a 

color scheme where diffusion rates were represented by hue, spatial resolution by 

saturation, and brightness was kept constant. This approach allowed visualization of PNP 

interactions on lipid bilayers, highlighting differences between cholesterol-rich and 

cholesterol-free surfaces. 

3. Results and Discussion

We prepared PNPs from plastic polymer 

powders of PS, PP, PVC, and PLA. Figure 

2 represents the SEM images of our PNPs. 

We determined the sizes of the PNPs by 

using the DLS and hydrodynamic radius 

calculations of freely diffusing particles as 

discussed previously. Blue circles in 

Figure 3 show the size distribution 

obtained from DLS, with Figure S5 

showcasing the fitting for the 

autocorrelation versus decay time graphs 

for calculating the sizes of our particles. 

Our controlled nanoparticle preparation method allowed us to get particles with a narrow 

distribution. We note here that the average size of the particles mainly depends on the 

solvent/anti-solvent ratio and on the applied flow rate.(27) We obtained an average 

Figure 3: PNP size estimation using DLS 
(left axis, blue circles) and SPT (right axis, 
orange circles). DLS measured sizes 
represent the average, and the error bars 
show the standard deviation of at least 
three independent measurements. SPT 
sizes are estimated from single particle 
measurements from approximately 1000 
different trajectories, where error bars 
represent standard deviation across three 
measurements.
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particle size of ~35 nm for PP and ~50-80 nm for PS, PVC, and PLA particles. We 

demonstrated that particle size can be systematically tuned by adjusting the flow rate and 

the solvent-to-antisolvent ratio. At a fixed Reynolds number of 2800, reducing the 

solvent/antisolvent ratio from 0.35 to 0.05 decreased the particle size from 300 nm to 90 

nm. Likewise, at a constant dilution factor of 0.05, varying the Reynolds number from 

2800 to 150 yielded particles of 90 nm and 200 nm, respectively as shown in Figure S6. 

The hydrodynamic radius of freely diffusing particles are plotted on the right axis (orange 

circles) of Figure 3. All particle sizes measured using SPT measurements showed a 

narrow distribution (~100-120 nm). Although sample preparation was kept constant 

across all PNPs, it should be noted that accuracy of the calculated radii of the PNPs vary 

with each method; SEM represents the actual physical size of the PNPs, while SPT and 

DLS calculate their hydrodynamic radii. SPT analysis on free diffusing commercial beads 

provided an average hydrodynamic radius of approximately 57 nm (manufacturer 

reported average radius is 50 nm), corresponding to a diffusion coefficient of 4.3 x 106 

nm2/s.  Radii calculated using SPT are more reliable than those obtained from DLS in this 

case, as the latter suffers from a high polydispersity index (PDI) and poor fitting of the 

scattering plots for our measurements. Additional details are included in the Supporting 

Information. 

The fluorescence intensity of the engineered PNPs is lower than the fluorescence 

intensity of commercially available fluorescent PS beads, as seen in Figure S7, this is 

mostly due to different dye used in our experiments and variations in dye loading. We 

quantified the number of NR dyes in each PNP by measuring the absorption spectra of a 

solution of NR-tagged PNPs with a known number density of particles (Figure S8A & 
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S8B). Here we assume that the number density of PNP in the NR untagged solution and 

the NR-tagged solution are the same, as we use the same protocol for particle preparation 

Figure 4: Single-frame displacement and van Hove distribution demonstrating the 
diffusion behavior of engineered PNPs on a POPC lipid bilayer surface under buffer 
and salt conditions. (A) In buffer-only conditions, all PNPs exhibit primarily long 
displacement distributions, indicative of Brownian-type diffusion, as shown in the 
population distribution in (C). For comparison, displacement data for commercial 
carboxy-functionalized polystyrene (PS-) nanoparticles are also shown, which display 
a bimodal displacement distribution and non-Gaussian behavior. (C) In the presence of 
750 μM NaCl, a shoulder appears on the short displacement side of the distribution, 
suggesting the presence of a second population with shorter displacements. PS (-) 
particles predominantly show a shorter displacement population. (D) Population 
distribution reflects a narrow distribution at the center, which shows signs of non-
Gaussian confined diffusion. PS(-) in high salt conditions shows the confined diffusion 
distribution due to surface charge screening and local interaction on the lipid 
headgroups.
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and spectra measurement. We estimated the number density of PNPs in each solution 

using the absorption spectra as detailed in the materials and methods section (and in the 

supporting information). We estimate that there are around 0.2 to 8 x  106 NR dyes (Figure 

S8C) in each PNPs made with our CIJ-D mixer method. We note here that it is possible 

to control the number of dyes by changing the initial concentration of the NR dye during 

the mixing process. Additionally, from the spectral shifts of the emission spectra of NR-

tagged PNPs, we found that PVC is the most polar, followed by PLA, PS, and PP, for the 

commercial plastic samples we used (Figure S9).

Our measurements reveal two types of particle behavior on the bilayer surface, where 

some particles undergo free Brownian diffusion while others exhibit confined motion, as 

shown in the Supporting Information (Figure S10). To further illustrate these behaviors, 

we have included two representative videos in the SI. We do not observe hopping 

dynamics, i.e., repeated association and dissociation from the bilayer surface.  

Engineered PNP diffusion on the POPC bilayer surface is distinct compared to the 

commercial PNPs. Figure 4A shows that all particles show longer displacement with a 

tailed distribution towards the shorter displacement side. In the presence of 750 μM NaCl, 

a hump at the shorter displacement side is more prominent showing that higher salt 

concentrations induce particles to move to shorter distances (Figure 4B). We calculated 

that approximately 42% of the engineered PS-PNPs exhibited Brownian diffusion, while 

58% displayed confined diffusion under salt conditions. We defined Brownian diffusion as 

trajectories with anomalous diffusion exponent (α) values between 0.9 and 1.1, 

accounting for the accuracy of our single-particle tracking approach. Confined diffusion 

was defined as trajectories with α values below 0.9. Commercial PNPs displacements are 
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plotted for comparison in both conditions 

(blue curves). We also quantified that 36% of 

the commercial PS beads showed Brownian 

diffusion, while 64% experienced confined 

diffusion. We attribute this larger confined 

population for the commercial beads to the 

surface charge of these particles. Similar 

effects were described previously for PS(-) 

diffusion on supported POPC bilayers, where 

increasing NaCl concentration leads to 

accumulation of Na⁺ ions near the negatively 

charged phosphate groups of POPC. This 

reduces the shielding of the positively 

charged amine groups, making them more 

accessible to PS(-) and thereby enhancing 

electrostatic interactions that confine particle 

diffusion.(19)  We also observe that the 

overall width of the distribution for the 

engineered PNPs is narrower compared to 

the commercial PS beads. A secondary 

population with shorter displacements 

emerged at higher salt concentrations, albeit with lower abundance, suggesting partial 

Figure 5: Single-frame displacement 
and van Hove distribution of 
engineered PNPs on POPC lipid 
bilayer surface and POPC/cholesterol 
bilayer surface. (A) PLA and PP show 
one population corresponding to long 
displacement value for both types of 
surfaces. (B) PP shows a gaussian 
distribution indicating Brownian motion 
whereas PLA exhibits a central peak at 
the center of the distribution suggesting 
confined diffusion on the bilayer 
surface.
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confinement and stronger interactions due to ionic screening effects. Notably, PS (-) 

particles displayed predominantly confined diffusion, likely due to charge screening and 

Figure 6: Representative fcsSOFI images showing spatially resolved diffusion 
interaction of PP on (A) POPC and (B) POPC/Chl bilayer surface. The color bar 
indicates the logarithmic diffusion coefficient values in nm²/s, with yellow regions 
representing higher diffusion rates and blue regions indicating slower diffusion. 
Differences in spatial diffusion patterns suggest that cholesterol significantly alters the 
membrane surface's interaction with nanoparticles, promoting heterogeneity in diffusion 
dynamics. Cumulative distribution of diffusion coefficients obtained from fcsSOFI 
analysis for (C) PLA and (D) PP interaction on POPC in buffer, POPC in salt, and 2:3 
POPC/Cholesterol bilayer surface. CDFs were calculated from 6 different ROIs in each 
condition, and an anomalous diffusion model fitting was performed to extract the 
diffusion coefficient values. The shaded regions show the standard deviation in our 
analysis. The mean diffusion coefficients (μ) and the slope (σ) of the CDF are shown in 
the inset. Slower diffusion is observed in PP and PLA surface interactions when 
cholesterol is on the surface.
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specific interactions with lipid headgroups, as shown in our previous study.(19) 

Figures 4C and 4D show the van Hove distribution for the population in buffer and 

with high salt conditions, respectively. The van Hove correlation function describes the 

probability distribution of particle displacements over time. For particles undergoing 

Brownian motion, the distribution is Gaussian, reflecting random motion with most 

displacements clustered near zero and fewer large displacements. In contrast, when 

particles are confined by strong interactions with the bilayer surface, the distribution 

deviates from Gaussian behavior and develops a sharp central peak with heavier tails, 

which we describe as non-Gaussian. This deviation indicates restricted diffusion and 

intermittent trapping, consistent with stronger binding or hindrance at the bilayer. By 

contrast, particles that interact weakly with the surface exhibit Gaussian displacement 

statistics characteristic of free diffusion. While we find a Gaussian distribution for all 

PNPs, the PS(-) shows a non-Gaussian distribution, where short displacements are due 

to confinement and long displacements are Gaussian type. The population distributions 

in high-salt conditions (Figure 4D) further highlighted a transition to non-Gaussian 

behavior for PS(-) particles, reflecting localized interactions. Notably, non-Gaussian 

transport can still exhibit a linear mean-squared displacement versus time lag (Figure 

S11), even though the underlying displacement distribution deviates from a Gaussian 

form. Particles that interact strongly with the bilayer surface exhibit such non-Gaussian 

distributions, whereas weakly interacting particles retain the Gaussian profile of free 

diffusion. For all engineered PNPs, distributions are mixed with confined character at 

short displacements along with long displacements. While slower Brownian motion within 

the membrane plane produces a Gaussian displacement distribution, the non-Gaussian 
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behavior observed here arises from intermittent confinement or trapping at the bilayer 

surface. The resulting displacement distribution can be viewed as a superposition of two 

components: a narrow Gaussian corresponding to confined or hindered motion and a 

broader Gaussian or exponential-like tail representing free or Brownian diffusion events. 

This combination leads to deviations from a single Gaussian profile, which we refer to as 

non-Gaussian behavior. These results underline the influence of ionic environments on 

nanoparticle-lipid interactions and the unique diffusive behaviors of engineered PNPs 

compared to commercial PS beads demonstrating the versatility of these PNPs for lipid 

bilayer interaction studies.

Cholesterol-rich membrane surfaces are crucial to investigate in the context of PNPs’ 

interactions because cholesterol significantly alters membrane structure and 

dynamics.(39-41) Cholesterol induces a condensing effect on phospholipid membranes 

by increasing  packing density and reducing fluidity.(42-44) Such changes in membrane 

properties can affect the adsorption, diffusion, and potential penetration of 

nanoparticles.(45, 46) These changes in physical behavior may amplify or mitigate the 

disruptive effects of PNPs on cellular membranes, influencing processes such as 

signaling, permeability, and lipid organization. Cholesterol limits lipid movements and 

thereby reduces spontaneous uptake of small amphiphilic gold nanoparticles, where 

nanoparticles’ properties also play an important role.(47)Thus, understanding these 

interactions is essential for assessing the environmental and biological impact of PNPs 

on cholesterol-rich domains. We performed single-particle tracking experiments on a 

cholesterol-rich POPC bilayer surface with PLA and PP nanoparticles. The displacement 

profiles for PLA and PP nanoparticles on the cholesterol-rich POPC/Chol lipid bilayer are 
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similar (Figure 5A), but they exhibit longer displacements compared to those observed 

on the POPC bilayer in buffer-only conditions. This suggests that the presence of 

cholesterol impacts surface diffusion, likely due to its influence on bilayer packing and 

interaction dynamics. The surface chemistry induced by cholesterol plays a critical role in 

modulating nanoparticle mobility and interaction with the lipid membrane. For the van 

Hove distribution (Figure 5B), PLA nanoparticles demonstrate the most non-Gaussian 

behavior, characterized by a prominent narrow distribution at the center. This indicates 

confined diffusion, potentially arising from stronger local interactions between PLA 

nanoparticles and specific lipid domains. These observations highlight the importance of 

both nanoparticle properties and lipid membrane composition in governing surface 

diffusion and interaction mechanisms. 

Spatially resolved fcsSOFI diffusion maps highlight the influence of cholesterol on the 

diffusion dynamics of PNPs on the lipid bilayer surface. Representative fcsSOFI maps of 

PP particle diffusion on POPC and POPC/Chl surfaces are shown in Figure 6A and 6B, 

respectively. We observe a more homogeneous distribution on POPC in buffer conditions. 

Whereas, in the presence of cholesterol, more heterogeneous interactions and lower 

diffusion coefficients prevail. The cumulative probability distributions of the diffusion 

coefficients for PLA (Figure 6C) and PP (Figure 6D) nanoparticles reveal differences 

under varying bilayer conditions. While the spatial heterogeneity in POPC versus 

POPC/Chol is very subtle (Figure 6A and 6B), the cumulative distributions (Figure 6C 

and 6D) clearly show slower diffusion for both PLA and PP particles in the presence of 

cholesterol. These results indicate that bilayer composition modulates nanoparticle 

mobility, with cholesterol reducing diffusion and potentially limiting transport across 
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biological interfaces. PLA nanoparticles exhibit a slight reduction in the mean diffusion 

coefficient (μ) in the cholesterol-rich POPC/Chol bilayer (μ = 4.98, in log scale) compared 

to the pure POPC (μ = 5.16) bilayer. The addition of 750 μM NaCl to the POPC bilayer 

also results in a decrease in the mean diffusion coefficient with respect to buffer (μ = 

5.09), indicating the role of salt in reducing mobility, potentially through charge screening 

effects and stronger particle-lipid interactions. In contrast, PP nanoparticles showed 

higher diffusion values across the three conditions, with only slight variations in μ and σ. 

This behavior indicates that nanoparticle chemistry and lipid composition interplay 

differently for PLA and PP, with PLA showing more pronounced sensitivity to the lipid 

environment. 

The comparison of diffusion constants obtained from SPT and fcsSOFI (Figure S12) 

reveals consistent but systematically lower values from fcsSOFI. While single-particle 

trajectories can provide diffusion constants for the entire particle trajectory, fcsSOFI 

captures local fluctuations in fluorescence intensity at the pixel level, thereby being more 

sensitive to nanoscale interactions and confinement effects. The reduced diffusion values 

observed in fcsSOFI suggest that PP and PLA particles experience heterogeneous local 

environments and transient interactions. This comparison highlights the complementarity 

of SPT and fcsSOFI. While SPT offers superior localization precision and robust statistics 

from thousands of trajectories, fcsSOFI provides spatially resolved maps of diffusion 

behavior (at each pixel) that reveal heterogeneous interactions and local confinement 

effects in complex systems, particularly in regimes where SPT performance is limited by 

trajectory overlap or rapid motion.
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In summary, we provide a simple method to engineer fluorescent PNPs optimized for 

single-particle fluorescence measurements to investigate PNP-membrane interactions. 

Our results underscore the importance of both lipid bilayer composition and ionic strength 

in governing the mobility of PNPs on membrane surfaces. Engineered PNP diffusion on 

POPC bilayer surface follows Brownian type motion but captures more confined diffusion 

at higher ionic strength contrary to what we have observed before for carboxylated PS(-) 

bead. Cholesterol alters bilayer packing and fluidity, leading to distinct diffusion behaviors 

for more polar (PLA) and more non-polar (PP) particles, as revealed through 

superresolution diffusion analysis. Here we studied PP, PVC, PS, and PLA that represent 

significant fractions of global plastic production and are commonly found in the 

environment. PP (~19%), PVC (~13%), and PS (~8%) account for substantial portions of 

conventional plastics,(48, 49) while PLA is rapidly growing as a sustainable 

alternative.(50) By studying these four plastics, we capture both prevalent conventional 

plastics and emerging bioplastics, providing a representative understanding of 

environmental nanoplastic behavior. Moreover, although only these four polymers were 

investigated here, our methods are broadly applicable and can be extended to PNPs 

derived from any plastic type. Our study shows the necessity of single particle 

measurements of engineered particles on lipid bilayer interaction and represents an 

essential step towards understanding environmentally relevant plastic nanoparticle 

effects on biomimetic systems.
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