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Abstract 

Indoor aerosols can adversely affect human health, as we increasingly spend more time 

indoors. One of the aerosol research challenges is detecting and measuring fine and 

ultrafine aerosol particles with nanoscale dimensions. Spectroscopic tools, often 

diffraction-limited, cannot access the intra-particle heterogeneity. In this work, we extend 

the non-invasive nanoscopy method of peak force infrared (PFIR) microscopy to study 

indoor aerosols. Lab-generated fine bioaerosols were collected after a surgical face mask 

to serve as a benchmark sample, followed by a variety of field-collected indoor aerosols 

with and without the filtration of a facemask. A general heterogeneity is observed in 

individual aerosol particles, despite their nanoscale dimension. The presence of protein, 

triglycerides, and salt are detected through chemical and mechanical mapping. The PFIR 

microscopy is suitable to identify the composition of fine and ultrafine aerosols. Its 

application is particularly meaningful for understanding the particle structure to reduce 

aerosol-related transmission of diseases.    
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Introduction 

Aerosols, also known as particulate matter, are airborne entities having micro- to 

nanometer dimensions with heterogeneous intraparticle physical and chemical features. Although 

aerosols can have many origins and different compositions, an increasing focus of research is on 

the bioaerosols, i.e., aerosol particles with a biological or biochemical component in their 

compositions. Examples of bioaerosols range from large particles, such as pollens, to small 

entities, such as viruses.  For instance, disease-causing viruses can be found in droplets 

generated through coughing and even regular conversations between people, situations related 

to the transmission of COVID-19.1-3 

Indoor settings are prone to closed-quarter aerosol circulation due to the lack of 

ventilation.4 While large indoor aerosol particles can be removed with regular air filters, small-size 

aerosols, termed fine and ultrafine particles, can penetrate air filters and are difficult to remove. 

Fine aerosols are classified as particulate matter with diameters of less than 2.5 microns (PM2.5); 

ultrafine aerosols are classified as particulate matter with diameters of less than 0.1 microns 

(PM0.1). Fine and ultrafine aerosols have the potential to negatively impact human health in 

several ways. Ultrafine particles are small enough to reach deep lung tissue and even translocate 

throughout organs when inhaled, leading to possible physical harm.5 A recent study on the size 

fractionation of bioaerosol emissions from green-waste composting in indoor industrial facilities 

reported exposure to an abundance of actinobacteria having diameters of a couple of microns or 

less in air, suggesting the potential for allergenic respiratory issues and an overall need to better 

understand the presence of bioaerosols in a workplace environment.6 Also, research has found 

that fine aerosol particles and ultrafine particles can suspend in the air for an extended period of 

time from minutes, hours, to even days, due to their low settling velocity.  According to Stokes’ 

Law, the smaller diameter the aerosols are, the longer the settling time is for the aerosols to reach 

the ground by gravity. Fine and ultrafine particles are less likely to settle than large-size aerosol 

particles in the air.   

 Although the compositions of aerosols correlate with the environment that they reside in, 

fine and ultrafine aerosols, because of their long settling time and airborne mobility, can diffuse 

over long distances and accumulate over time. As a result, the types and chemical compositions 

of fine and ultrafine aerosol particles are not necessarily determined by their residing environment. 

In indoor settings, the sources of bioaerosols are not local. The presence of aerosols is caused 

by human activities and is affected by ventilation.7 The characterization of aerosols requires 

access to individual aerosol particles to determine their compositions and organization. Also, 



3 
 

aerosols can have heterogeneous regions of chemical compositions, varying mechanical 

properties, and even regions of different physical states, such as solid/liquid phase separations.8, 

9 Revealing intra-particle heterogeneity requires analytical methods of high spatial resolution.  

A wide range of analytical chemistry methods has been utilized to study aerosols. They 

have their respective strength and associated limitations. The size and shape distribution of large 

quantities of aerosol particles is measured by the light scattering method without the need for 

aerosol collections.10 Optical microscopy allows for the quick visual examination of large size 

aerosol particles. The spectroscopy methods of infrared (IR) microscopy and Raman 

spectroscopy allow for non-destructive chemical identification of aerosol particles, although bound 

by the diffraction limit.11-13 Electron microscopy (EM) and atomic force microscopy (AFM) provide 

excellent spatial resolution below the optical diffraction limit, particularly suitable for fine and 

ultrafine aerosol particles.14-16 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

enables chemical analysis of individual aerosol particles at several tens of nanometers spatial 

resolution, although mass spectrometry often requires destroying the particle during analysis.17, 

18  

The AFM-based infrared (AFM-IR) microscopy provides a non-destructive, high spatial 

resolution chemical imaging route to characterize aerosol particles. AFM-IR refers to a collection 

of AFM-based infrared microscopy methods that use a sharp AFM tip to mechanically probe the 

photothermal response of the sample in the infrared frequency range.19 In AFM-IR, infrared pulses 

illuminate the sample underneath a metallic AFM tip. The relaxation of infrared absorption in the 

sample usually leads to photothermal expansion, which pushes the AFM tip, causing the AFM 

cantilever to bend and oscillate. By detecting the cantilever mechanical response, the signal 

proportional to the thermal expansion caused by infrared absorption is detected. The signal 

magnitude is dependent on the infrared absorption coefficient and the photothermal expansion 

coefficient. Given that the thermal expansion coefficients do not depend on the infrared excitation 

wavelength, the AFM-IR signal versus the wavelength gives a good correspondence to the 

infrared absorption spectrum. Because no optical detection is involved in AFM-IR, the sharp AFM 

tip delivers a route to overcome the optical diffraction limit to reach a high spatial resolution to 

tens of nanometer scale. Since its invention,20, 21 three major routes of AFM-IR techniques have 

been developed based on the AFM modes: the contact mode, the tapping mode, and the peak 

force tapping mode. The contact mode AFM-IR has been used by Dr. Andrew Ault and coworkers 

to distinguish organic and inorganic regions within a single aerosol particle at a spatial resolution 

of less than 100 nm.8 They also have successfully characterized phase-separated core-shell 



4 
 

particles by their molecular information obtained using AFM-IR. Our research group has applied 

peak force infrared (PFIR) microscopy, right after its invention,22 to identify the secondary organic 

aerosols collected at an urban center.23 Compared with contact mode AFM-IR, the PFIR 

microscopy has a better spatial resolution, less surface damage to the sample, and provides 

complementary mechanical properties. The spatial resolution of the PFIR microscopy has been 

demonstrated to be ~ 6 nm spatial resolution on representative samples.24, 25 However, PFIR has 

not yet been applied to characterize indoor aerosols or ultrafine particles in particular. As the 

technical capability of PFIR continues to be improved over the years,26-28 PFIR is ready to be 

applied in these areas to contribute to aerosol studies.  

 In this work, we utilized PFIR microscopy to measure the chemical compositions and 

mechanical properties of indoor-collected aerosols. Laboratory generated aerosols from 

reference protein samples were collected behind a surgical face mask and imaged with the PFIR 

microscopy. Then, individual field-collected indoor aerosols from a grocery store were imaged 

with the PFIR microscopy. Intraparticle chemical and mechanical heterogeneity was observed. 

Besides the proof of principle on nanoscale infrared imaging, our measurement also 

demonstrates that some fine and ultrafine particles can pass through a surgical mask. Better 

masks are required to reduce the exposure of indoor fine and ultrafine bioaerosols. 

 

Methods 

Lab generation and collection of aerosols 

An aerosol generation and collection apparatus were assembled in a ventilated fume food. 

Figure 1 displays the schematics of the apparatus. Bovine Serum Albumin (BSA) was chosen as 

the reference composition for bioaerosol generation because of its accessibility and characteristic 

infrared signatures of amide bonds. A 1% BSA solution was prepared in distilled water under 

ambient conditions from lyophilized BSA-fraction V (Rockland Antibodies & Assays). The solution 

was stored in a refrigerator (4 ⁰C) prior to use for aerosol production. The BSA for use was 

removed from storage and allowed to reach room temperature prior to aerosol generation. 

BSA aerosols were generated using a bubble-tank generator (Atomizer Aerosol Generator 

ATM 228, Topas). The pressure was set at an outward flow of 1200-1400 mbar, mimicking that 

of human breathing pressures.29 The relative humidity of the ambient was between 40% to 60%. 

A detailed procedure of aerosol generation protocol is described in the literature.30 At a fixed 
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distance of about 0.5 m away from the generator was a three-stage particle sampler (Particle 

Sampler MPS-3, California Measurements). The distance of 0.5 m is chosen because it 

represents the distance between two adjacent students in a classroom before social distancing. 

Each stage of the particle sampler successively filters particulate matter (PM) by order of diameter 

in microns. The first, second, and third stages correspond to PM10, PM2.5, and PM0.1, respectively. 

A surgical-grade facemask was placed directly in front of the sampler inlet for all collections. 

Silicon substrates were used to collect BSA aerosols for impaction. Substrates were fixed in either 

stage two or three and exposed to aerosol for 30 to 60 seconds. Samples were stored in an air-

tight container before the PFIR analysis.  

Field aerosol collection 

Field aerosol samples were acquired at a local grocery store in Bethlehem, PA as well as 

in residential houses and office space. For the aerosol collection at the grocery store, a surgical-

grade facemask was placed directly in front of the inlet of the three-stage aerosol sampler (MPS-

3). The relative humidity were within the range of 40% to 60%, regulated by the heating, 

ventilation, and air conditioning systems of the buildings. The collection locations, stages, and 

durations of the particle sampler are listed in Table S1 of the Supporting Information. Silicon 

substrate was fixed in either stage two or three for collection. After collection, substrates with 

samples were transferred to an air-tight container for the PFIR measurement later. Collection 

details are located in the Supplemental Information (SI). 

PFIR apparatus 

The apparatus of the PFIR microscope consists of a frequency tunable infrared laser, a 

peak force tapping (PFT) enabled AFM, and custom-built time synchronization and signal 

processing device. As a new type of AFM-IR, the PFIR microscopy delivers simultaneous infrared 

and mechanical mapping at ~ 6 nm spatial resolution. The details on how to construct and operate 

the PFIR microscopy are described in the literature. Figure 2a schematically displays the 

operational principle of the PFIR microscopy. A stage-scan AFM (Multimode 8, Bruker) is 

operated in the PFT mode with a peak force set point at 5 nN. A platinum-coated AFM tip 

(HQ.:NSC14/Pt, Mikromasch) with a 160 kHz resonant frequency and 5 N/m spring constant is 

used. The vertical position of the sample stage that holds aerosol particles oscillates up and down 

at the PFT frequency of 2 kHz. The same PFT frequency is routed to a phase lock loop (HF2Li 

Zurich Instrument) and used to trigger laser emissions from a quantum cascade laser (QCL, 

MIRcat-QT D.R.S. Daylight Solutions). The timing of the laser emission is synchronized when the 
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tip and sample are in dynamic contact. The infrared frequency of the QCL is tunable between 

1370 cm-1 to 1780 cm-1, and the pulse duration used was 500 ns at a current of 1050 mA at a 

repetition rate of 2 kHz. The infrared absorption of the sample and subsequent vibrational energy 

relaxation leads to the photothermal expansion of the sample due to rapid temperature increase, 

causing the cantilever of the AFM probe to oscillate at its resonant frequencies. A quadrant 

photodiode reads out the dynamic cantilever deflection signals in the time domain and is 

digitalized by a data acquisition card (PXI-5122, National Instruments). Figure 2b displays a 

representative cantilever dynamic deflection signal. The signal is processed with a software 

program written in Labview in an embedded computer (PXIe-8135, National Instruments) 

connected to the data acquisition card. The slow cantilever deflection due to the tip indentation to 

the sample in the PFT cycle is fitted with a polynomial and removed to obtain the cantilever 

oscillations due to laser-induced photothermal response of the sample (Figure 2c). A fast Fourier 

Transform (FFT) is used to convert the cantilever oscillations into the frequency domain (Figure 

2d). The response across the cantilever resonance in the frequency domain is integrated to obtain 

the PFIR signal. The imaging is done by registering the PFIR signal during the AFM lateral scan; 

the spectra are collected by recording the PFIR signal while sweeping the frequency of the QCL 

within its tuning range.  

While traditional AFM tapping mode yield the tapping phase together with the topography 

information, the tapping phase lacks quantitative correspondence to the mechanical property of 

the sample. The PFIR microscopy operates in the peak force tapping mode. Complimentary 

mechanical properties from the PeakForce Quantitative Nanomechanical Mapping (PeakForce 

QNM)31 are simultaneously registered with the PFIR measurement. The mechanical modulus is 

obtained from Derjaguin-Muller-Toporov (DMT) model,32 and the adhesion is obtained as 

averaged detachment force between the AFM tip and the sample during PFT cycles. 

 

Results 

PFIR measurement of lab-generated aerosol particles from BSA. 

 Figure 3a displays the topography of a lab-generated bioaerosol particle from the BSA 

solution. The aerosol particle was collected from the third stage of the aerosol sampler that 

corresponds to PM0.1. The topography of this aerosol particle has a lateral dimension of 90 nm by 

170 nm, and a height of 25 nm.  A map of logarithmic of the modulus is shown in Figure 3b, 

collected from the complementary PeakForce Quantitative Nanomechanical mapping with the 
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peak force tapping mode. Figure 3c displays the PFIR image of the BSA aerosol at 1660 cm-1 

infrared frequency that is resonant with the amide bond of the protein. Figure 3d shows the off-

resonant PFIR image collected at 1450 cm-1, which shows a lack of infrared absorption when off-

resonance. Figure 3e displays a PFIR spectrum collected from the location marked by the star in 

Figure 3a. Characteristic peaks of infrared absorption of amide bonds are observed. The right 

side of the fine aerosol shows an increased amide infrared signal, confirming the presence of the 

BSA. In terms of spatial distributions, the modulus map in Figure 3b shows that the left side of the 

aerosol particle appears to be more rigid than the right side of the particle; the on resonant PFIR 

image at 1660 cm-1 also shows that the left side of the particle lacks the amide infrared response. 

The correlative maps of both the infrared channel and the mechanical channels indicating that 

the left side of the particle is not BSA. It could be a nanoscale cluster of inorganic salt that is 

commonly found to serve as a site for aerosols to grow, even for these indoor lab-generated 

aerosols. The left side of the particle could also be from organic matters of high modulus that also 

lack amide response. The right side of the aerosol particle has a high infrared response at amide 

bond and low modulus, which is consistent with the properties of BSA protein. Figure 3f displays 

sectional plots of modulus and amide infrared response along the dashed line in Figure 3a, across 

the possibly salt region and the protein region of this aerosol particle.  

 Note that in our PFIR measurement of Figure 3, there are several smaller clusters of 

proteins around the large central aerosol. The dimensions of these protein clusters are several 

tens of nanometers. Some of them are even as small as 20 nm in diameter (e.g., the ultrafine 

aerosol marked by the white arrow in Figure 3c). The detection of these ultrafine bioaerosols 

demonstrates the spatial resolution of the PFIR microscopy. 

 

Measurement and analysis of field-collected indoor aerosols  

After benchmarking the capabilities of PFIR on measuring lab-generated aerosol particles, 

field-collected aerosol particles were studied. The measurement of a field-collected sample from 

a local grocery store is shown in Figure 4. The aerosol particle was collected from the third stage 

of the aerosol particle sampler, corresponding to aerodynamic diameters of less than 100 nm. 

Figure 4a displays the AFM topography of the field-collected indoor aerosol particle. The lateral 

dimensions of the aerosol particle from the topography are about 250 nm with a height of about 

60 nm.  The surface of the aerosol particles exhibits grainy features, suggesting that the particle 

is a conglomeration of several small particles, possibly with different chemical identities. The 
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variations of surface adhesion (Figure 4b) also indicate the possible variation of chemical 

compositions.  The PFIR image at 1660 cm-1, which corresponds to the amide bond of protein, is 

displayed in Figure 4b. It shows a heterogeneous response of the infrared absorption.  The PFIR 

image at 1450 cm-1, which corresponds to a C-H scissoring infrared response of organic 

molecules, is shown in Figure 4c. They are observed between the grains of the smaller constituent 

particles that form the large aerosol particle. The C-H rich organic molecules are likely binding 

the small particles together in the growth of the field-collected aerosol and serve as a coating to 

encapsulate aerosol particles. A likely candidate of the organic molecule is fatty acids, which are 

found in cooking oil that is likely to be present in the indoor environment. The adhesion image in 

Figure 4b exhibits strong spatial correlations with the amide infrared response in Figure 4c, 

suggesting adhesion force between the protein and the AFM tip is stronger than the adhesion 

force between the Si substrate and the tip. The spatial heterogeneity of the aerosol particle is 

further revealed by spectra from three different locations of this aerosol particle. Figure 4e 

displays three spectra that are collected at the surface of the aerosol particle. Location 1 exhibits 

a spectral signature close to 1400 cm-1, possibly due to the presence of the ammonium sulfate, 

which is one of the most abundant inorganic salts in aerosols. Locations 2 and 3 show 

characteristic infrared responses of the amide bond, which means this field-collected particle 

belongs to the categories of bioaerosol, but agglomerates with at least one inorganic (ammonium 

sulfate) particle. 

A larger aerosol particle from the second stage of the particle collector was also studied 

with PFIR microscopy. The second stage corresponds to particles with an aerodynamic diameter 

between 100 nm and 2.5 𝜇m. Figure 5 displays the PFIR measurement of the aerosol particle. A 

Figure 5a shows the AFM topography of this particle of the lateral dimension of 400 nm and a 

height of about 50 nm, which is formed from a cluster of smaller grains. The adhesion map is 

displayed in Figure 5b, which shows heterogeneity: a region of several grains on the right if the 

aerosol particle exhibits a reduced adhesion, suggesting different composition. The 

complementary modulus image is displayed in Figure 5c. Spatial variations of the moduli are 

observed. The PFIR image at an infrared frequency of 1660 cm-1 is displayed in Figure 5d. Grains 

that contain proteins are spatially revealed. Two PFIR spectra were collected on the aerosol 

particle at locations marked by 1 and 2 in Figure 5a. The PFIR spectra are displayed in Figure 

5e. A clear contrast of the infrared responses is observed at these two spatial locations. The 

spectrum at Location 2 contains infrared responses at 1730 cm-1, which corresponds to the 

carbonyl functional group. It corresponds to the high adhesion, high modulus region of this aerosol 

particle. A possible source of this chemical component may be from the oxidization, unsaturated 
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fatty acid reacting with ozone to form products that contain carbonyl group. The PFIR spectrum 

at location 1 carries the signatures of protein, suggesting partial biological origins. The 

heterogeneous and grainy composition of this fine aerosol particle confirms that indoor aerosol 

particles growth can be formed through the clustering of even smaller ultrafine particles. The white 

arrows in Figure 5c and 5d show one possible ultrafine particle of ~50 nm in diameter. It has 

similar amide infrared response and mechanical properties as the right side of the large fine 

aerosol particle, indicating a similar origin. A three-dimensional representation the PFIR signal 

overlaid on topography of the same data of Figure 5 is included in Supplementary Figure S1, for 

an alternative illustration of the chemical distribution of aerosol particles. 

Field-collected indoor aerosols without filtration by face mask  

Because surgical face masks can effectively filter out large aerosol particles, large size 

indoor aerosol particles were collected without the filtration of a face mask. Figure 6 shows the 

PFIR measurement of irregular shape aerosols collected in a residential house with the second 

stage of the aerosol collector. The parameters of the collection are described in Supplementary 

Table S1. Figure 6a displays the AFM topography of the non-spherical aerosol particle about 750 

nm in length, with an average width of around 160 nm and a height of 85 nm. The co-registered 

adhesion map is displayed in Figure 6b, which reveals a level of surface heterogeneity. The PFIR 

image at an infrared frequency of 1725 cm-1 is displayed in Figure 6c, and the PFIR image at 

1660 cm-1 is displayed in Figure 6d. In contrast to field-collected aerosol particles in Figure 4 and 

Figure 5 that contains rich in proteins, this field-collected aerosol in Figure 6 has a dominant 

carbonyl infrared response at 1725 cm-1 and absence of protein infrared response at 1660 cm-1. 

The spectra collected at two locations on this aerosol particle are shown in Figure 6e. The shape 

and chemical composition of this aerosol particle cluster suggest it could be a soot agglomerate 

that contains oxidized carbonyl species.33 The residential house, in which the aerosols were 

collected, has a wood stove for supplementary heating. It may generate fine soot aerosols that 

are levitated in air over extend period. 

Figure 7 displays another field-collected aerosol particle of non-spherical shapes. Figure 

7a shows the topography of an aerosol particle that resembles a fragment of a flake with a 

relatively flat surface. The particle also exhibits a relatively homogeneous surface adhesion 

(Figure 7b). The PFIR images at 1660 cm-1 and 1725 cm-1 infrared frequencies are displayed in 

Figure 7c and Figure 7d, respectively. The infrared imaging reveals that the majority of the 

particles is made of protein. Carbonyl responses that may associate with triglyceride are only 

present at the lower left side of this particle. Figure 7e is the plots of two PFIR spectra obtained 
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from the two locations in Figure 7a. The spectra bear a high resemblance. The homogeneity of 

this aerosol particle from both the adhesion channel and the infrared channels suggests that this 

particle is likely generated from the breakdown of a larger structure of biological origin rather than 

growth from convalescent of smaller particles, such as in Figures 4-6. The likely candidate of 

origin for this biological aerosol particle may be a small fragment of skin that are commonly 

present indoor.  

Discussion 

Fine aerosol particles in Figure 3 to Figure 5 were collected after the filtration of a surgical 

face mask. Their presence on the collection stages confirms that even with the filtration from a 

surgical face mask, some fine biological aerosol particles of ~100 nm or less can still pass 

through. Given the fact that airborne viruses have a dimension of ~100 nm, our measurement 

indicates the potential of penetration of fine aerosols (such as aerosols with a size of a SARS-

CoV-2 virus) even with the protection of a surgical face mask. Masks of a better grade, e.g., N95 

or KN95, offer better protection to block these fine aerosol particles and should be encouraged to 

use.34   

From the perspective of the characterization method, PFIR microscopy is advantageous 

for non-destructive multimodal chemical and mechanical imaging of fine and ultrafine aerosol 

particles. It delivers high spatial resolution for the measurement of fine and ultrafine aerosol 

particles bypassing the optical diffraction limit that restricts conventional infrared and Raman 

microscopy. The ~10 nm spatial resolution of the PFIR microscopy matches well for fine and 

ultrafine aerosol particles down to 100 nm in dimensions, which are the scales of a virus. The 

PFIR measurement does not consume or ionize the particle of interest during the measurement, 

unlike the mass spectrometry that requires ablation and ionization. The complementary 

mechanical information from the PFIR microscopy is obtained together with the infrared channel. 

The multimodal measurements provide additional correlations to deduce the constituent 

composition of aerosol particles. Compared with existing contact mode AFM-IR microscopy, the 

PFIR microscopy has an improved spatial resolution and avoids the lateral force between the tip 

and sample that often scratches the sample surface.  

One consistent discrepancy is the size of AFM-measured particles and that from the 

aerosol particle sampler. Aerosol particles from Figure 3 and Figure 4 were collected from the 

third stage of the sampler, which corresponds to an aerodynamic diameter of less than 100 nm 

(ultrafine aerosol particles or PM0.1). However, their AFM topography images have at least one 

dimension larger than 100 nm. This discrepancy can be understood by the measurement 
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mechanism of the AFM. When the aerosol particles are levitated in the air, they assume a 

spherical shape to minimize their surface areas to reduce surface energy. When the particles are 

collected by the planar substrate, they deform into a more disk-like shape, increasing their lateral 

dimensions and reducing their height. Also, the AFM measurement on the lateral dimension also 

contains convolution of the radius of the AFM probe, which in our case, is 25 to 30 nm 

(H.Q.:NSC14/Pt, Mikromasch). Therefore, the particle of Figure 3 is likely to belong to the ultrafine 

aerosol particle categories, and the particle in Figure 4 is at the borderline between ultrafine and 

fine aerosol particles when levitated in the air. Moreover, the particle sizes from each stage of the 

particle sampler have a distribution. Aerosol particles can go to either stage if their sizes are at 

the borderline.  

Our experimental findings on individual indoor aerosol particles suggest the presence of 

a range of chemical compositions. The compositions of fine indoor aerosol include particles that 

contain the infrared signature of amide bonds, suggesting the presence of proteins; particles 

made of organic components with carbonyl infrared signature suggest primary emission (e.g., 

cooking) and secondary formation (e.g., ozonolysis); salt of ammonium sulfate that can mix with 

organic/biological particles. The presence of these compositions can be interpreted based on 

the indoor settings. The protein composition is likely due to biological origins, droplets from 

respiration, skin fragments etc. The carbonyl composition is possibly from triglyceride, which is 

commonly present due to cooking where oil is used. The ammonium sulfate particles are likely 

penetrated from the outdoor environment. 

 Fine aerosol particles collected after filtration by a surgical mask tend to have an overall 

spherical shape, as observed in Figure 4 and Figure 5; particles collected without mask filtrations 

are more likely to assume irregular, non-spherical shape, as shown in Figure 6 and Figure 7. It is 

possibly due to the filtration mechanism. Spherical shape aerosol particles are more permeable 

through the space between fabrics of a surgical mask; rod-like or flake-like particles are more 

likely to be blocked by the interwoven fabrics of a surgical mask. Therefore, we observe much 

fewer irregular-shaped aerosol particles after surgical mask filtrations.  

 In sum, PFIR microscopy delivers the high spatial resolution analytical method for 

investigating the composition distributions within fine and ultrafine aerosols. The joint chemical 

imaging and mechanical property mapping allow for the deduction of the possible origin of aerosol 

particles, including those collected from indoor. 

Supporting Information 
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The Supporting Information is available free of charge on the ACS Publications website. The 

Supporting Information includes Supplementary Table S1 on collection parameters of the aerosol 

samples and Supplementary Figure S1 on 3D representation of the aerosol heterogeneity. 
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Figure 1. The scheme for production and collection of bioaerosols. A particle generator nebulizes 

a liquid solution of BSA at a fixed flow rate and distance toward a particle sampler with a surgical-

grade facemask directly covering its inlet. The sampler distinguishes collected substances by the 

range of their diameters; with larger particles being trapped in the top-most chamber and the 

smallest in the bottom chamber. Bioaerosol particles impacted onto substrate inside the sampler 

are separated according to their aerodynamic diameters into three stages before the analysis 

using PFIR microscopy.  
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Figure 2. Schematic of PFIR apparatus and signal acquisition. (a) The hardware of the PFIR 

microscope consists of a stage scan AFM and frequency tunable light source. (b) The vertical 

deflection signal of the AFM cantilever when it is in dynamic contact with the sample surface 

(black line). Timing of the laser pulse Illumination is marked by a vertical dashed arrow. A fourth-

order polynomial fit (red dashed curve) is used to subtract the baseline curvature due to tip 

indentation on the sample surface in the PFT cycle. (c) Extracted cantilever oscillations from the 

vertical deflection of the cantilever in (b) after baseline correction by polynomial fitting.  (d) Fast 

Fourier-transform converts the cantilever oscillations into PFIR signal from panel (c).  
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Figure 3. Display of chemical and mechanical properties of a lab-generated aerosol particle from 

BSA protein. (a) Topography.  (b) Modulus. (c) and (d) are PFIR images taken at 1660 cm-1 (on 

resonance) and 1450 cm-1 (off-resonance), respectively. (e) A PFIR spectrum collected at the 

location marked by the star in (a). Characteristic infrared response of protein is observed. (f) 

Sectional plots of logarithmic modulus (blue) and PFIR signal at 1660 cm-1 (red) along the dashed 

line in (a). It reveals the heterogeneity of this aerosol particle, despite its small size. The white 

arrow in (c) points to an ultrafine aerosol of ~20 nm diameter. 
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Figure 4.  PFIR measurements of a field-collected indoor aerosol particle (a) Topography of the 

particle. (b) Adhesion map of the particle. (c) and (d) are PFIR images taken at the infrared 

frequency of 1660 cm-1 and 1450 cm-1, respectively. (e) Point spectra were taken from three 

locations indicated by numbers 1-3 on panel (a). The spectra of locations 2 and 3 are vertically 

shifted by 0.5 and 1.0 AU in the plot for clarity. 
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Figure 5. The PFIR measurement of a fine aerosol particle from the second stage of the aerosol 

collector. (a) Topography. (b) Adhesion, (c) Logarithmic of the modulus. (d) PFIR images at 1660 

cm-1. (e) Point spectra were taken from two locations indicated in panel (a). The spectrum of 

location 1 is vertically offset by 0.5 AU. The white arrows in (c) and (d) point to an ultrafine aerosol 

of ~50 nm in diameter. 
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Figure 6. (a) Topography of the irregular shape aerosol particle, collected at the second stage 

of particle sample without filtration of a face mask. (b) The adhesion map of the aerosol particle. 

(c) The PFIR image at infrared frequency of 1725 cm-1. The PFIR image reveals possible 

ultrafine aerosol detection capabilities as indicated by the arrow pointing towards a particle with 

roughly 50 nm lateral diameter and PFIR response of about 0.7 AU. (d) The PFIR image at the 

infrared frequency of 1660 cm-1. (e) Two PFIR spectra were collected from locations marked in 

panel (a). The spectrum of location 1 is offset by 0.5 AU for clarity. 
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Figure 7.  (a) Topography of an indoor aerosol particle of a flake shape. (b) Adhesion of the 

particle. (c-d) The PFIR images were taken at 1660 cm-1 and 1725 cm-1 infrared frequencies, 

respectively. (e) PFIR spectra from two locations on the aerosol particle. The spectrum of location 

1 is vertically offset by 0.5 AU for clarity. The spectral signatures suggest biological origins. 
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