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Environmental significance

PM2.5 poses significant risks to human health, yet mechanistic studies are often limited by the 

complexity, variability, and scarcity of real ambient PM2.5 samples. Existing PM2.5 surrogates 

typically contain only a few components and fail to adequately represent the complexity of 

atmospheric particles. To address this challenge, we developed an easy and scalable spray-

drying method for producing engineered PM2.5 with controllable chemical compositions. The 

synthetic particles were designed to simulate key characteristics of real ambient PM2.5, 

including particle size distribution, morphology, and elemental composition. Their 

environmental relevance was further evaluated through comparison with real PM2.5 samples in 

terms of physicochemical properties and cytotoxicity. This innovation will empower 

researchers to conduct systematic investigations into component interactions, synergistic 

effects, and source-specific toxicity, thereby urgently advancing environmental health research 

and risk evaluation.

Page 1 of 24 Environmental Science: Atmospheres

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

tm
os

ph
er

es
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
 2

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
0/

20
26

 2
:5

7:
10

 A
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EA00052E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ea00052e


1

A one-step, scalable thermospray method for synthesis of multi-

component particles mimicking atmospheric particulate matter

Xi-En Zhang1,2, Zigu Chen1, Peijie Zou1,4, Qian Liu1,3*, Guibin Jiang1,2,3

1 State Key Laboratory of Environmental Chemistry and Toxicology, Research Center for Eco-

Environmental Sciences, Beijing 100085, China

2 School of Environment, Hangzhou Institute for Advanced Study, University of Chinese Academy 

of Sciences, Hangzhou 310024, China

3 University of Chinese Academy of Sciences, Beijing 100190, China

4 Institute of NBC Defense, PLA, Beijing 102205, China

Email: qianliu@rcees.ac.cn

Abstract
The extremely high complexity in composition of PM2.5 poses a major challenge in assessment of 

its environmental health risks. Laboratory-based toxicological studies are often limited by the 

scarcity of real environmental PM2.5 samples, which are essential for various analyses. Most 

conventional sampling procedures yield insufficient amounts of PM2.5 to meet the demands for 

physicochemical characterization, toxicological evaluation, and replication of findings. Current 

synthetic models typically consist of single or limited components, lacking the multi-component 

realism essential for accurate toxicity assessment. Here, we present a novel, facile, and scalable 

spray-drying method to fabricate multi-component model PM2.5 particles with tunable chemical 

compositions, closely mimicking real ambient PM2.5 in morphology, size distribution, and 

elemental profile. At the optimized temperature of 130 °C, over 70% of the synthesized particles 

were below 2.5 μm, with recovery rates of representative inorganic ions exceeding 97%. We also 

tested the biological toxicity response of these synthetic particles in vitro. This work provides a 

robust, reproducible, and accessible tool for particulate toxicology and broader airborne particle 

research to overcome critical supply and standardization barriers, thus enabling systematic 

investigation of component interactions, synergistic effects, and source-specific toxicity for 

advancing environmental health research and risk assessment of PM2.5.
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Introduction
Air pollution is one of the leading global environmental risks to human health, contributing to 

more than six million premature deaths per year. As a major lethal part1, ambient particulate matter 

(PM) accounted for 4.14 million deaths in 2019, and the populations exposed to PM pollution has 

steadily increased over the past 20 years2, 3. Specifically, fine particulate matter (PM2.5) has been 

recognized as a major driver of adverse health effects, especially in the cardiovascular and 

respiratory systems4, 5. Although PM2.5 poses a severe threat to public health, the key components 

responsible for its toxicity remain unclear due to the complexity and heterogeneity of its sources 

and compositions. Previous studies have variably attributed PM-induced cytotoxicity to heavy 

metals, inorganic components, or polycyclic aromatic hydrocarbons (PAHs), suggesting that the 

dominant toxic constituents may differ depending on PM sources and environmental conditions6-

8. 

In most cases, PM2.5 is a heterogeneous mixture consisting of inorganic components (e.g., 

transition metals, nitrate, sulfate, and carbon/silicon-based materials), organic components (e.g., 

volatile organic compounds and polycyclic aromatic hydrocarbons (PAHs)), and biogenic 

substances (e.g., bacteria, fungi, and viruses). Different origins of PM consist of various chemical 

species9. For example, volcanic ash contains plenty of inorganic salts, especially sulfate and metal 

oxides10, while particles from biomass burning may contain high concentrations of PAHs and 

heavy metals8, 11. It should be noted that the composition of particulate matter can vary widely 

depending on the source, combustion conditions, and atmospheric processing, and the components 

mentioned here represent only a subset of the possible chemical species. Besides the differences 

caused by diverse emission sources, meteorological factors are also able to alter the contents of 

PM2.5. In addition to variations caused by diverse emission sources, meteorological factors can 

influence PM2.5 concentrations and composition. Consequently, the chemical composition of PM2.5 

exhibits significant spatial and temporal variability, not only across different regions and seasons, 

but also within individual cities and between day and night. These variations are driven by 

differences in local sources, atmospheric transport, chemical transformations, and diurnal 

meteorological patterns12.

Page 3 of 24 Environmental Science: Atmospheres

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

tm
os

ph
er

es
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
 2

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
0/

20
26

 2
:5

7:
10

 A
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EA00052E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ea00052e


3

To elucidate the underlying toxicity mechanisms and associated health risks of PM2.5, it is 

ideal to use real ambient PM2.5 samples in experimental exposure studies. However, based on the 

literature and our experimental experience, obtaining sufficient quantities of authentic PM2.5 

samples for physicochemical analysis and in vitro or in vivo exposure experiments remains 

challenging13. Moreover, due to inherent variability arising from uncontrollable environmental 

parameters, real-world PM2.5 samples collected via field sampling exhibit high inter-batch 

heterogeneity and irreproducibility, hindering the establishment of clear, consensus-based 

conclusions regarding key risk factors in disease pathogenesis. Thus, there is an imperative need 

to develop synthetic model PM2.5 that enable a more precise and comprehensive understanding of 

PM2.5-related toxicological responses and their possible triggers14. 

Recently, a reductionism approach has been proposed to elucidate key toxic factors, and 

carbon/silicon-based PM2.5 libraries have been constructed to compare the relative toxicities of Pb, 

Cr, As, and benzo[a]pyrene (BaP)15. The chemical composition of model PM2.5 can be adjusted 

according to scientific objectives. However, these models fail to fully represent real PM2.5, because 

the number of components was limited, and common water-soluble ions and metal oxides were 

neglected16. Furthermore, the aqueous-phase synthetic conditions employed in these models 

deviate significantly from the physicochemical processes governing PM2.5 formation in the 

atmosphere. Regarding synthesis of micro/nano-sized materials, a variety of methods are available, 

such as chemical precipitation17-19, sol-gel20, 21, freeze drying22, and hydrothermal methods23, 24. 

However, the preparation conditions are usually restricted to liquid systems, which may not be 

suitable for PM2.5 that contains water-insoluble components. Therefore, it is still challenging to 

develop strategies for mimicking PM particles. 

Here we report a novel, rapid, easy thermospray-drying method for scalable synthesis of multi-

component particles that mimic PM2.5. The spray-drying methods have been successfully used in 

producing microsphere capsules, dehydrated food, metal-organic frameworks beads, and electrode 

materials25-31. While previous study employed a nebulizer–spray chamber system to generate 

aerosol particles for direct deposition onto cell cultures16, the present spray-drying approach 

focuses on the scalable production and collection of PM2.5 model particles. The method provides 

efficient particle recovery and enables optimization of both particle size distribution and chemical 

composition, thereby facilitating the preparation of reproducible PM2.5 surrogate materials for 

laboratory-based exposure and toxicological investigations. In this method, raw ingredients 
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dissolved in solvent are sprayed in the nozzle and these processes the nuclei undergo are similar 

to the formation of PM2.5 in the atmosphere32. The proposed spray-drying approach provides 

greater flexibility in incorporating multiple chemical components under relatively mild processing 

conditions. To evaluate the environmental relevance of the engineered particles, the synthesized 

PM2.5 was systematically compared with real ambient PM2.5 in terms of particle size distribution, 

elemental composition, and cytotoxicity. 

Experimental section
Reagents

Sodium nitrate (NaNO3), potassium nitrate (KNO3), ammonium chloride (NH4Cl), ammonium 

sulfate ((NH4)2SO4), calcium nitrate (Ca(NO3)2), magnesium sulfate (MgSO4), aluminum nitrate 

(Al(NO3)3), lead nitrate (Pb(NO3)2), zinc sulfate (ZnSO4), lauric acid, terephthalic acid were 

purchased from Sinopharm Chemical Reagent (Beijing, China). Black carbon (BC), silicon 

dioxide (SiO2), magnetite (Fe3O4), and Copper oxide (CuO) were nano-scale and bought from 

Sigma-Aldrich (Steinheim, Germany). Specific information, including product codes, 

specifications, and purity, is listed in Table S2. All reagents meet the purity requirements of 

analytical purity. MTT solution (0.5%) and ELISA assay for IL-6 were bought from Solarbio Life 

Science and Abbkine Scientific respectively.

Synthesis of model PM2.5 samples

To establish a representative PM2.5 formulation, research articles reporting PM2.5 chemical 

composition in the Beijing region were collected from the Web of Science database using “Beijing” 

and “PM2.5” as keywords. A total of 15 typical studies meeting the selection criteria were analyzed. 

The average mass fractions of the major components frequently reported in the literature were 

calculated and used as target composition values. Corresponding chemical standards were then 

selected and weighed according to these proportions to prepare the precursor suspension for 

subsequent spray-drying synthesis of engineered PM2.5. All kinds of raw materials were weighted 

according to the determined prescription using an analytical balance (0.1 mg precision, Sartorius, 

Germany). Commercial Spray dryer device (B-290, BUCHI, Switzerland) was applied in this 

research to synthesize model particles and the main structures of the equipment included spray 

nozzle, cyclone separation system, and temperature-controlled drying system. The spray dryer 

equipped with a 0.7 mm two-fluid nozzle was used to synthesize engineered PM2.5 particles. The 

Page 5 of 24 Environmental Science: Atmospheres

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

tm
os

ph
er

es
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
 2

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
0/

20
26

 2
:5

7:
10

 A
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6EA00052E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ea00052e


5

suspension, with 1% solid content, was delivered at a flow rate of 5 mL/min using a peristaltic 

pump. The inlet temperature of the drying gas was set to 130 ℃, while all other operating 

parameters were kept constant. Particles were separated from the drying gas stream using the 

instrument’s proprietary high-efficiency collection vessel with a specialized coated surface and 

collected for further characterization. The temperature was set directly with the spray dryer on the 

instrument operation panel.

Collection of real PM2.5 samples

The sample filters were cut into small pieces (1 cm2) and extracted in 50 mL of ultra-pure water 

by sonication for 30 min. This step was repeated 4 times. After removal of the filters, the 

suspension was put in a vacuum desiccator to obtain PM2.5 powders which were kept at -20 °C.

Characterization of morphology and elemental distribution

Approximately 0.1 g of the powder was weighed and evenly spread on weighing paper. Conductive 

tapes were attached to the carrier plate in advance, and the plate was positioned approximately 10 

cm from the weighing paper. Nitrogen gas at a constant pressure of 0.1 MPa was used to disperse 

the powder, allowing PM2.5 particles to fall freely onto the surface of the conductive tapes. Sizes, 

morphology, and elemental distributions of particles were measured with scanning electron 

microscopy (Quattro-ESEM, Thermo, USA) with a secondary electron detector and energy 

dispersive spectrometer (Element E1868, Ametek, USA). An accelerating voltage of 15 kV was 

used and signal acquisition mode was secondary electron. The results were counted and analyzed 

by ImageJ software automatically. 

Ion Chromatography

The analysis of water-soluble anions followed the Chinese National Environmental Standard HJ 

799-2016 (“Determination of Water-Soluble Anions in Ambient Air Particulate Matter-Ion 

Chromatography Method”). An ion chromatograph (ICS-2000, Dionex Integration) was used to 

analyze the concentrations of water-soluble anions, including Cl−, SO4
2-, and NO3

-, using an AS15 

separation column (44 × 250 mm, Dionex IonPac™), KOH eluent, injection volume 25 μL, column 

temperature = 30.0 °C, cell temperature = 35.0 °C, flow rate = 1.00 mL/min, runtime = 20 min.

Cell culture and PM2.5 exposure

The human lung adenocarcinoma cell line A549 purchased from Cyagen Co. was maintained in 

DMEM medium in a 37 °C incubator in a mixed atmosphere containing 5% CO2. The medium 

was changed every day, and trypsinized cells were passaged once in four days. PM2.5 was dispersed 
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in a complete medium (DMEM culture medium, 5% FBS, 1% Penicillin, and Streptomycin) at a 

concentration of 1000 μg/mL as a stock solution. Before each pipetting step, the mixture is 

vortexed for 10 seconds to ensure that the dispersion remains uniform and stable. Then it was 

diluted to 10, 20, 40, 50, 80, 100, 160, and 200 μg/mL. A549 cells were implanted in 96-well 

microplates at a density of 1000 cells per well and incubated overnight. Afterward, the medium 

was replaced by the prepared solutions in sextuplicate. The operations of the control group were 

the same as the test group with the substitution of culture medium for PM2.5. After 24 and 48 h of 

exposure, MTT and ELISA experiments were performed and the absorbance was quantified by 

using a VICTOR Nivo plate reader (Perkin Elmer, USA). 

MTT experiments

PM2.5 suspension at concentrations of 10, 20, 40, 50, 80, 100, 160, and 200 μg/mL were added into 

96-well microplates, and cells were incubated after exposures for 24 and 48 h. Cell viability of 

A549 cells was tested with the MTT assay ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide]), for living cells were able to reduce exogenous MTT to water-insoluble blue-violet 

crystalline formazan and deposit it in the cell, whereas dead cells did not have such function. 

Specifically, 10 μL of MTT solution was added to each well, and incubated for 4 h at 37 °C after 

PM exposure, then 150 μL of dimethyl sulfoxide (DMSO) solution was added to each well, and 

the plate was plated on an oscillator and shaken for 10 min to dissolve all the formazan. The 

absorbances at 570 nm was measured with a microplate reader.

ELISA assays

PM2.5 solutions at concentrations of 10, 50, and 200 μg/mL were added into 96-well microplates, 

and cells were incubated after exposures for 24 and 48 h. Then culture media were collected and 

centrifuged at 112×g to remove cell debris and suspended particles. All ELISA operations were 

conducted according to manufacturer instructions. The absorbance was measured at 450 nm within 

30 minutes after the addition of the termination solution using an enzyme meter and 570 nm was 

set as the calibration wavelength. A standard curve was established based on absorbance and 

concentration of standards, and the concentration of each well was calculated.

Statistical analysis

All data were analyzed and presented as mean values ± standard deviation and all bar charts were 

exported by Graph-Pad Prism version 8.0.1 (GraphPad Software Inc., CA, USA). One-way 

ANOVA followed by LSD or Dunnett T3 post hoc tests were used to examine differences between 
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the average values of different groups. Statistical significance was defined as *p < 0.05.

Results and discussion
Determination of the ingredient lists

The inter-batch proportions of natural PM2.5 components are highly variable, and thus there is no 

fixed formulation for synthesizing model PM2.5. To establish a reliable concentration range of 

PM2.5 components for subsequent experiments, relevant literature from the Beijing region over the 

past two decades was collected via Web of Science, and typical studies meeting the criteria were 

analyzed, with the data summarized in Table S1. It should be noted that PM2.5 composition can 

vary across different regions worldwide due to differences in emission sources and environmental 

conditions. In this study, Beijing PM2.5 was selected as the reference material because the primary 

objective was to validate the spray-drying method rather than to compare PM compositions 

globally. Nevertheless, the approach is flexible and can be adapted by researchers in other regions, 

who can adjust the precursor formulation according to the local PM2.5 composition to generate 

region-specific engineered particles.

Common inorganic components such as sulfates, nitrates, chloride salts, cations, and metal 

oxide components were included and simulated by various chemicals Due to the complexity and 

diversity of organic compounds in ambient PM2.5, it is impractical to represent all organic species 

in a single model formulation. Therefore, lauric acid and terephthalic acid were selected as 

representative organic compounds with distinct structural characteristics, namely long-chain 

aliphatic carbon backbones and aromatic benzene-ring structures, respectively. Lauric acid was 

chosen as a representative fatty acid because fatty acids are commonly detected in ambient 

particulate matter and are important constituents of cooking-related emissions33-35, which can 

contribute substantially to human PM exposure. Terephthalic acid was selected as a representative 

aromatic organic compound because related benzene-ring-containing species and aromatic species 

are ubiquitous components of atmospheric PM2.5 and are frequently associated with anthropogenic 

combustion sources36, 37. Together, these compounds provide a simplified representation of major 

structural classes of organic matter present in ambient PM2.5, fatty acid and benzoate were chosen. 

In addition, silicon dioxide (SiO2) as a non-metal component was added to the list because of its 

high abundance in PM2.5 and important role in causing lung cancer38. According to the reference 

values in the literature, commercial reagents were weighed and detailed data are given in Table 
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S2.

Optimization of preparation conditions for model PM2.5

In the spray-drying technology, parameters such as drying temperature, peristaltic pump flow rate, 

and percentage of solid content can affect the final sizes of products (Figure 1A). Notably, the 

particle size distribution of products was mainly determined by the temperature of drying gas. 

Other parameters were fixed based on preliminary experiments to ensure stable operation and 

reproducible particle production. During the preliminary trials, increasing the peristaltic pump feed 

rate resulted in the formation of dark sticky deposits around the nozzle, which was attributed to 

incomplete drying of the atomized droplets. In addition, increasing the solids content of the 

suspension led to severe deposition of nanoparticle powders in the beaker and the pipeline. These 

phenomena are consistent with previous reports indicating that excessive feed rates and high solids 

concentrations may promote incomplete drying, wall deposition, and nozzle fouling during spray 

drying39, 40. Therefore, peristaltic pump flow rate was set 5 mL/min and a solids content of 1% 

were selected for all subsequent experiments. These conditions minimized material deposition, 

ensured stable atomization, and improved the reproducibility of particle synthesis.

For aqueous solutions, the instrument’s operating temperature range is from 100 °C to 200 °C. 

Since 150 °C is the most commonly used temperature in engineering applications, we have set this 

as the median value, with a temperature range of 50 °C, 130 °C and 180 °C serving as the lower 

and upper limits, respectively. The morphology and sizes of the synthesized particles at different 

temperatures are shown in Figure 1B-D, where temperatures were set at 130 °C, 150 °C, and 

180 °C, respectively. The SEM images of the 130 ℃ synthesis products were analyzed by software; 

a total of 1822 particles meeting the requirements were highlighted in color and automatically 

counted (Figure 1B). Particle-size analysis of the thermos-sprayed products revealed that at 130 °C 

and 150 °C, approximately 70% and 68% of particles were below 2.5 μm, respectively, with over 

98% smaller than 10 μm. At 180 °C, 54% of particles were below 2.5 μm, and 5% exceeded 10 

μm. The mean particle diameters were ~2.23 μm, ~2.37 μm, and ~3.30 μm at 130 °C, 150 °C, and 

180 °C, respectively. These results indicate that the thermos-spraying method effectively generates 

predominantly micron-sized particles, and that the particle-size distribution can be tuned by 

adjusting the temperature, demonstrating the suitability of this approach for preparing PM2.5 model 

materials for subsequent toxicological studies.

The statistical results of particle size distribution are shown in Figure 1E and 1F. We found 
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that there was no significant difference between low (130 °C) and medium temperature (150 °C) 

groups. However, the high temperature (180 °C) group yielded distinctly different from the other 

two groups. At a higher temperature, more black paste-like material adhered around the nozzle, 

which appeared to be mixture of black carbon, iron oxide, or organic compounds. The possible 

reason may be that some substances such as organic chemicals are sensitive to high temperature 

and are easily agglomerated during the evaporation process, leading to an increase in the size of 

PM. In addition, high temperatures can accelerate solution evaporation, and substances (e.g., black 

carbon) with adsorption properties were more likely to merge and then aggregated into large 

particles.

Although higher temperature of the drying chamber led to a more rapid rate of solvent 

evaporation and PM nucleation, it may also cause low recovery of raw materials, because some 

volatile components may follow with the drying air stream out of the system and heat-sensitive 

reagents were easily lost because of adhesion to the nozzle; The phenomena are consistent with 

previous reports41, 42. In complex spray-drying systems, the retention of representative compounds 

is frequently used to evaluate component preservation when complete compositional analysis is 

impractical. Previous studies have employed the retention of main compounds and bioactive 

compounds as indicators of spray-drying performance43, 44. These ions were chosen because they 

constitute a substantial fraction of ambient PM2.5, are chemically stable, and can be reliably 

quantified by ion chromatography, providing a practical proxy for evaluating material recovery. It 

should be noted that this approach reflects an approximate recovery of the total material and does 

not fully account for the organic fraction or other minor components. In this regard, the quantitative 

results of chloride, sulfate, and nitrate ions by ion chromatography were selected as indexes for 

evaluating the recovery rate of raw materials. The results are shown in Figure 2 and specific data 

of standard curves are given in Table S4. Results revealed that chloride ions were more sensitive 

to temperature than sulfate and nitrate ions (Figure 2A-C). For chloride ions, the maximum usage 

was 97.4% at 130 °C, which was almost three times higher than that at 150 °C (36.5%). The 

recovery rate rose slightly when the temperature increased to 180 °C. Nevertheless, it was still 

significantly lower than that at 130 °C (Figure 2A). A similar tendency in recovery was also 

observed in Figure 2B. Notably, nitrate ions showed the highest recovery efficiency at 130 °C, 

reaching 97.4%; the recovery rate decreased at 150 °C and subsequently increased slightly at 

180 °C, which was consistent with the trend observed for chloride ions. For sulfate ions, the 
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synthetic efficiency was the lowest at 150 °C. Unlike chloride and nitrate ions, for sulfate ions, the 

performance at 180 °C was better than at 130 °C (Figure 2C), as the recovery rate was 71.8% and 

86.8% at 130 °C and 180 °C, respectively. Accordingly, by modulating the parameters related to 

atomized droplet mass and the efficiency of heat transfer, an optimal balance was achieved was 

obtained to balance the diameters of PM and the recovery rate of reagents. Considering both the 

diameters and recovery rate, 130 °C was chosen as the optimal synthetic temperature. 

Morphology characterization of synthetic PM2.5

SEM and EDX were utilized to map elemental distribution at a 100 μm scale and conduct a semi-

quantitative analysis of element content on a single particle scale. Figure S1 compares the spatial 

distribution of elements from PM2.5 synthesized in the laboratory and samples collected in the real 

environment. Figure S1A shows spherical ferrous particles in the synthesized samples. According 

to the list of raw materials, it was likely that the spherical iron-containing particles were Fe3O4 

particles. Fe3O4 was a common species in the atmosphere, which can be originated from various 

sources such as thermal power plants and brake pad wear45. Notably, similar results were also 

obtained with real PM2.5 samples (Figure S1B). Besides metal oxides, SiO2 particles were also 

detected in both spray-drying and real PM2.5 (Figure S1C-D). These results implied that the 

elemental distribution was similar between the synthetic and real samples.

Figure 3A-D and Figure S2 indicate that chemical composition of synthetic PM2.5 was largely 

dominated by nitrogen, oxygen, sulfur, and alkali metals, and few particles may consist of metals 

such as Fe, Cu, Zn, and Pb. The first image in Figure 3A is the raw electron microscope image; 

the remaining images are energy-dispersive X-ray spectroscopy maps. In the raw image, the gray 

bright spots represent particles, while the black background indicates the conductive adhesive. 

From a qualitative, visual perspective, it is evident that light elements largely coincide with the 

bright spots, whereas heavy elements are concentrated only in some of the gray bright spots, 

indicating a heterogeneous distribution. Furthermore, elements with higher solubility and greater 

abundance were more homogeneously distributed, while those with lower content and lower 

solubility in the PM2.5 showed more heterogeneous distributions. This phenomenon was also 

similar to the elemental distribution patterns of natural PM2.5. This may be because sulfate and 

nitrate salts could be recrystallized during spray drying to generate a homogeneous redistribution. 

We hypothesize that the relatively homogeneous distribution of sulfate- and nitrate-containing 

species may be associated with recrystallization or phase redistribution processes during spray 
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drying, as internal component redistribution during recrystallization have been reported in 

inorganic aerosol46. However, further investigations are required to confirm the underlying 

mechanism in the present system.

 Taking Figure 3C as an example, the distribution characteristics and correlations among the 

various elements are quantitatively analyzed. Spearman correlation analysis was performed on 

elements from typical SEM-EDX results using Python and imageJ coloc 2. The heat map and PCA 

results of elements (Figure 3F-H) also show that light elements within the synthetic PM2.5 samples 

such as N, O, Na, K, and S exhibited homogeneous distribution. Conversely, heavier elements 

such as Fe, Cu, Zn, and Pb demonstrated heterogeneous distributions, being localized to specific 

regions within particles rather than uniformly dispersed. Correlation analysis of element 

distribution indicated that the coefficients for Pb and Cu-Zn exceed 0.4, which was significantly 

higher than those for other light elements, implying their close spatial proximity. Previous research 

has reported that metallic components, such as Fe, Pb, and Zn, frequently cluster together in PM2.5 

emitted from coal combustion47, 48. The elemental distribution patterns of as-prepared particles 

aligned with those observed in real PM2.5. Furthermore, previous studies have revealed that 

secondary aerosols, containing components such as sulfate and nitrate, can contribute over 40% of 

the PM2.5 mass49, 50. The secondary formation reaction is widespread and readily combines with 

alkali metals such as Na, K, and Ca. This observation was consistent with our findings in this 

study. PCA loading scores indicated that both acidic elements and alkali metal cations exhibited a 

synchronous downward trend, suggesting that their distribution patterns remained fundamentally 

consistent.

Cytotoxicity of synthetic PM2.5 with A549 cells

Exposure to PM2.5 can induce oxidative stress and inflammatory responses in organisms, leading 

to systemic health risks. Following the aforementioned experiments, we further tested the 

cytotoxicity of the synthetic PM2.5. Given that respiratory exposure is the main route of PM2.5 

exposure, human lung-derived A549 cells were selected as the cellular model for this study. To 

investigate cytotoxic effects, the inflammatory response, specifically the secretion of interleukin 6 

(IL-6) was evaluated. Meanwhile, the MTT assay was conducted to assess cell viability after 

exposure to PM2.5. Cell viability data following PM2.5 exposure are presented in Figure 4. These 

results showed a significant reduction in A549 cell viability in the exposed group compared to the 

control group, probably due to PM2.5 exposure generating reactive oxygen species (ROS) and 
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inducing homeostatic disorder, ultimately causing cell dysfunction and death. Detailed percentages 

of viable cells exposed to various PM2.5 concentrations (10-200 μg/mL) are given in Table S3. 

After 24 h of incubation, the highest inhibition rate reached 31.1%. Within the concentration range 

of 40 to 200 μg/mL, the inhibition rate remained at ~30% with slight fluctuations, and these 

differences were statistically significant compared to the control group (Figure 4A). At the 

incubation time of 48 h, a similar trend was observed (Figure 4B).

Previous studies have repeatedly validated the dose- and time-dependent relationships of cell 

viability and cytokines with PM2.5 samples across different countries and seasons51-54. We also 

observed that the IL-6 concentration exhibited time- and dose-dependent relationships (Figure 4C). 

Generally, IL-6 concentrations were elevated in all exposed groups compared to the control group, 

suggesting that exposure to synthetic PM2.5 particles induced a cellular inflammatory response. 

Considering the great variations in the toxicity of PM2.5, here we did not directly compare the 

cytotoxicity between synthetic and real PM2.5. 

Conclusion
This research may offer significant contributions to the field of particulate matter toxicology. The 

extreme heterogeneity and variability of ambient PM2.5 pose a persistent challenge for reproducible 

toxicological studies. The inability to consistently obtain sufficient quantities of real-world PM2.5 

samples has historically hindered a deep understanding of their specific components and 

interactions driving adverse health effects. Our development of a facile and scalable spray-drying 

method to synthesize multi-component model PM2.5 particles with tunable compositions directly 

addresses this major bottleneck. These synthetic particles closely mimic real ambient PM2.5 in 

morphology, size, and elemental profile. This advancement provides a robust, standardized, and 

accessible tool that empowers researchers to systematically investigate the toxicological impact of 

specific particle components, their synergistic effects, and source-specific toxicity. Such progress 

is essential for developing more accurate environmental health risk assessments and informing 

targeted pollution control strategies.

At the same time, this work has inherent limitations. Firstly, although the synthetic particles 

mimic real PM2.5 in morphology and elemental composition, they are still simplified models that 

may not fully capture the complete spectrum of chemical species present in ambient particles, 

especially complex organic fractions and biological components (e.g., bacteria, fungi). Secondly, 
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while in vitro toxicity responses are validated, direct in vivo extrapolation and confirmation of 

these findings would further strengthen the physiological relevance. Lastly, the current study 

focused on a representative set of components; further exploration of a wider range of chemical 

compositions and their combinations would be beneficial for broader applicability across different 

geographical regions and emission sources.
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Figures

Figure 1. Schematic diagram of spray-drying principle and SEM images of products at different 

temperatures with statistical results. (A) As the solvent rapidly evaporates, different components undergo 

crystallization, adsorption, and agglomeration into particles. (B-D) Electron microscope images of particles 

at different temperatures, from left to right: 130, 150, and 180 °C. (E) Violin plot of particle size distribution. 

(F) Percentage distribution of particle sizes.
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Figure 2. Effect of temperature on recovery rate determined by ion chromatographic method. From 

left to right: chloride (A), sulfate (B), and nitrate (C).
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Figure 3. Homogeneous and heterogeneous distribution of different elements. (A) Homogeneous 

spatial distribution of light elements, including Na, O, Na, Mg, S, Cl, K, and Ca. (B-D) Heterogeneous 

distribution of elements, including Si, Fe, Cu, Zn, and Pb. (E) A typical electron microscope image 

revealing the concurrent homogeneous and heterogeneous distribution patterns of elements. (F) Spatial 

distribution map of elements via principal component analysis (PCA). (G) Heatmap of Spearman’s 

correlation coefficients for each element. (H) PCA loading score plot for each element.
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Figure 4. Cycotoxitic results of A549 cells after exposure to synthetic particles. The cell 

viability of A549 cells at different concentrations after exposure for (A) 24 hours and (B) 48 hours. 

(C) The level of IL-6 secreted by A549 cells after exposure to synthetic particles at different 

concentrations and time. Data are shown as mean ± SD, p values were given by SPSS software 

after one-way ANOVA analysis (*: p<0.05, ***: p<0.001). 
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Data availability statements

The data supporting this article have been included as part of the Supplementary 

Information.
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