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SHORT ABSTRACT: 
Here, we present a protocol to perform portable cellular aerosol exposures and measure cellular response. The method uses cells, grown at the air-liquid interface, mimicking in vivo physiology. Cellular response to copper nanoparticle aerosols was observed as oxidative stress through reactive oxygen species generation and cytotoxicity as lactate dehydrogenase release.

LONG ABSTRACT:
This protocol introduces a new in vitro exposure system, capable of being worn, including its characterization and performance. Air-liquid interface (ALI) in vitro exposure systems are often large and bulky, making transport to the field and operation at the source of emission or within the breathing zone difficult. Through miniaturization of these systems, the lab can be brought to the field, expediting processing time and providing a more appropriate exposure method that does not alter the aerosol prior to contacting the cells. The Portable In vitro Exposure Cassette (PIVEC) adapts a 37 mm filter cassette to allow for in vitro toxicity testing outside of a traditional laboratory setting. The PIVEC was characterized using three sizes of copper nanoparticles to determine deposition efficiency based on gravimetric and particle number concentration analysis. Initial cytotoxicity experiments were performed with exposed lung cells to determine the ability of the system to deposit particles while maintaining cell viability. The PIVEC provides a similar or increased deposition efficiency when comparing to available perpendicular flow in vitro exposure devices. Despite the lower sample throughput, the small size gives some advantages to the current in vitro ALI exposure systems.  These include the ability to be worn for personal monitoring, mobility from the laboratory to the source of emission, and the option to set-up multiple systems for spatial resolution while maintaining a lower user cost. The PIVEC is a system capable of collecting aerosols in the field and within the breathing zone onto an air-interfaced, in vitro model.

INTRODUCTION:  
Personal sampling using in vitro techniques could provide comprehensive information regarding the biological effects of aerosols in the workplace.1 Exposures to contaminants in the air include exposures to the chemical itself, to the collected air samples, under submerged conditions where the gas is introduced to the cell suspension, intermittent exposures using a device such as a rocker, or direct exposures at the air-liquid interface (ALI).2 Many of these techniques are performed with cells grown in suspension or the collection of samples prior to the exposure, each of which can affect the toxicological study due to potential changes in the aerosol.3 To avoid these changes, the laboratory can be brought to the field using several in vitro ALI culture exposure systems that are used in literature,4–13 however, few are commercially available.8,9,12 These systems are often bulky, especially when including instruments to regulate the temperature and humidity of the cellular environment and the flow rate of the sample aerosol. By using the PIVEC, aerosol exposures can be performed outside of a traditional lab setting or within the breathing zone while mimicking inhalation conditions. 

The determination of aerosol deposition in vitro is important to the investigation of health effects due to inhalation. The breathing zone, the area within 30 cm from the mouth and nose,14 is crucial for understanding the exposure to nanoparticles and for linking to the biological effects in the lungs.2 Often, the deposition on cells is defined as a deposition efficiency, the particles deposited onto and taken up by the cells divided by the particles administered to the system6,15 or on a mass basis of the same amounts.4,16 The current methods for measuring aerosols in the breathing zone are filter based, capturing particles over a given sampling period and using the filters to conduct further testing.17 Personal monitoring requires a small system that comes with the tradeoff of fewer samples. 

There are many approaches to determine the health effects from exposure to an aerosol. The ALI model allows for the aerosol to be administered directly to the cells through the air as in a real exposure scenario, yet it is more cost-effective and less time intensive than in vivo studies while mimicking the air-liquid barriers such as the eyes, skin, and lungs. Lung cells grown at the ALI have the ability to generate a polarized barrier layer,18,19 which produces physiological traits that resemble the in vivo lung epithelium, including mucus and surfactant production in specific bronchial or alveolar cell lines, cilia beating,19 tight junctions,19,20 and cell polarization.18 Changes such as these can affect the cellular response measured in toxicity studies.21 In addition, ALI in vitro model results are often more sensitive than cells exposed via suspension models22 and are able to model acute in vivo inhalation toxicity.23,24  Therefore, an ALI exposure system that is able to perform measurements within the breathing zone is a natural next step.

By exposing the cells to aerosol directly at the source of emission, investigation of the effects of all gases, semi-volatile compounds, and particles involved in the mixture occurs. When the mixture is collected on a filter, the gases and volatile compounds are not captured and the whole mixture cannot be investigated. In addition, reconstitution of particles into a powder or a liquid suspension can lead to the aggregation or particle-fluid interactions, such as dissolution, in liquid suspension.25,26 When aerosol particles are added to the liquid, there is a higher potential for agglomeration,25,27 formation of a protein corona,28 or interaction with compounds in the liquid, which can affect deposition and influence the biological response.29,30 

Exposure at the ALI is based on three main aerosol profiles, cloud settling, parallel flow, and perpendicular flow. Cloud settling, used by the Air-Liquid Interface Cell Exposure (ALICE),4 is a batch system where particles deposit through gravitational and diffusional settling as the aerosol is treated as one unit. Parallel flow, used by the Electrostatic Aerosol in vitro Exposure System (EAVES)5 and Multiculture Exposure Chamber (MEC) II,6 allows for deposition through the addition of Brownian motion through the flow profile. Perpendicular flow, used by a microsprayer,7 Nano Aerosol Chamber for In-Vitro Toxicity (NACIVT),11 and commercial ALI systems8,9,10,12, adds the impaction of particles within the deposition region. Many of these exposure systems are large and bulky, requiring excess systems for aerosol pre-conditioning, pumps for flow, or even heating chambers for incubation of cells. This large size decreases the portability of the system. Instead of sampling directly at the source of emission, these systems often have samples brought to the lab or model aerosols generated for analysis. The complexity of the emitted aerosol can be lost in translation from the field to the lab. The PIVEC is smaller than current systems, with an external surface area of approximately 460 cm2 and weighing only 60 grams, with thermal and humidity control incorporated into the system allowing for a highly portable device. The decreased size and weight allow the system to be worn or taken to the source of exposure, permitting direct sampling.

The large size of current exposure systems also decreases the ability to perform sampling to investigate spatial gradients in concentrations. This resolution is key when determining toxicological effects of many potential environmental and occupational hazards such as vehicular exhaust particulate matter or workplace activities where aerosolization occurs. Immediately post-emission, there becomes a spatial variance in particle concentration. This grows with time as the particles disperse throughout the atmosphere and these effects can change based on the ambient conditions, such as temperature, pressure, wind, and sun. Particles can begin to age and oxidize as well once emitted31,32 and dispersal rates are affected by the topography; higher concentrations will be found in canyons and tunnels, where dispersion effects are slowed, and lower concentrations can be found where there is a large area for dispersion.33 These changes in dispersion rates can have significant effects on human health and can be seen when comparing the number of asthmatic adults living in urban versus in rural settings.34 While many exposure systems provide multiple samples at once, multiple systems are necessary with an abundance of large equipment to perform spatial resolution.

By bringing the lab to the field, the time of analysis can be decreased by using the whole cell as a sensor. Following known biological mechanisms and endpoints can aid in the determination of the aerosol composition and size. Due to slow clearance methods, including mucociliary clearance, phagocytosis, and translocation, these particles are often interacting with cells for approximately days to weeks3 generating oxidative stress, inflammation, and even cell death.  These biological endpoints can be the starting points for adverse outcome pathways for cardiovascular disease or chronic obstructive pulmonary disease. In addition, Wiemenn et al. performed an array of in vitro assays to compare with literature values for short term in vivo inhalation toxicity.35 In vivo response was predicted with two of four positive results from testing cytotoxicity via lactate dehydrogenase release, oxidative stress from glutathione reduction and hydrogen peroxide formation and release, and inflammation potential from the tumor necrosis factor alpha gene. Out of ten nanosized metal oxides tested, six tested as active (titanium oxide, zinc oxide, and four different cerium oxide) using exposures in vitro with confirmation in vivo.  

In order to study the effects of aerosols in an occupational setting, our lab developed the PIVEC for exposures in the field. Additionally, the PIVEC can be worn for personal sampling to monitor and investigate inhalation exposure like the 37 mm filter cassette36 or multiple systems can be used to achieve spatial resolution within a given area. In this protocol, the characterization and use of the PIVEC is discussed. After exposure, the biological effects are observed through cytotoxicity assays. 
	
PROTOCOL: 

Operators must wear personal protective equipment (e.g. lab coat, gloves, goggles) when performing steps 1, 2, 3, 5, and 6.

1. Preparation of Materials

1.1 Prepare materials for system assembly and exposure to ensure repeatability.

1.1.1 Make sure to use new or 70% ethanol cleaned ¼” inner diameter conductive tubing and ¼” outer diameter connectors for the system assembly. 

1.1.2 Store test materials including filters, PIVEC components, tweezers, and particle powders in a well-controlled environment, with respect to the temperature and humidity, for at least 24 h prior to the experiment. 

NOTE: The temperature should be near room temperature, approximately 20 °C, with relative humidity less than 35%. This is very important to achieve repeatability between experiments. 

1.2.3 Prepare particle counters using isopropanol to clean parts and allow for the system warm-up according to the manufacturer recommendations, including the scanning mobility particle sizer (SMPS) and optical particle sizer (OPS) for measurement.

2. Generation of Dry Aerosol

NOTE: Operators should perform aerosol generation in a fume hood.

2.1 Assemble a system to generate dry aerosols 

NOTE: The suspension of particles in gas or liquid should be appropriate for the modeled application and cell culture. The following method can be performed using a liquid-based aerosol. The design of the dry aerosol system is from Tiwari et al.37 A schematic of the dry dispersal system is shown in Figure 1.

2.1.1 Connect the ball valve to each end of the 4” 1/8 size threaded pipe, this will serve as the particle hopper. Connect 2” 1/8 size pipe to one valve. 	

2.1.2 Weigh copper nanoparticles, in this study the mass concentration for each particle size was kept constant while determining the deposition efficiency. Approximately use 7.5 mg of 40 nm copper nanoparticles, 7 mg of 100 nm copper nanoparticles, and 13 mg of 800 nm copper nanoparticles per exposure. Place copper nanoparticles into the particle hopper through the open end. 

NOTE: The amount of copper nanoparticles weighed will serve as the mass based administered concentration.
	
2.1.3 Place a 3” piece of ½” outer diameter (OD) tubing around the 2” pipe and place a HEPA filter inside this short tubing such that the flow direction is through the ball valve.

2.1.4 Connect the vacuum generator to other ball valve using threading. Connect vacuum generator to air tank by placing a 5/16” OD tubing into the push-to-lock connection. Use ¼” OD tubing to connect the outlet of the vacuum generator to the experimental set-up by placing the tubing over the outlet of the vacuum generator.

2.2 Use of dry aerosol system to generate dry aerosol

2.2.1 Open the air tank by turning the main valve and allow the air flow to the system. Open the valve on the flow regulator on the air tank and set such that the flow through the system is equivalent to the desired settings on the vacuum pump. 

2.2.2 Open the ball valve closest to HEPA filter then open the ball valve closest to vacuum generator. Keep these open for approximately 3 s to allow particles to be pulled into the air stream.

2.2.3 Close the ball valve closest to vacuum generator then close ball valve closest to HEPA filter. Allow air from the tank to flow for the duration of the experiment as necessary.

2.2.4 Close main and regulator valves on air tank to stop the flow. Clean ball valves and vacuum generator using 70% ethanol. Autoclave metal pipes for sterilization.

3. Deposition Efficiency Measurement using PIVEC

NOTE: Operators should perform aerosol exposures in a fume hood.

3.1 Measure the deposition by collecting the copper nanoparticle aerosol generated in step 2.2 on a pre-weighed filter. Use the deposited dose, measured using the collected mass on the filter, and the administered dose, measured using the amount of weighed copper particles, to determine the deposition efficiency.

3.1.1 Keep 1.00 µm pore glass fiber filters under low humidity conditions, described in 1.1.2, for at least 24 h prior to pre-exposure measurements. Weigh an unused filter three times and record the filter weights. Place the unused filter in a cell culture insert.

3.1.2 Choose appropriate cell culture insert adapter (6 well or 24 well) for PIVEC to support the cell culture insert with the filter. Place the cell culture insert adapter piece on the top of the base of PIVEC, setting into place such that the base of the adapter piece is wider than the top.

3.1.3 Use tweezers to place filter loaded cell culture insert within adapter piece. Place the top piece on top of adapter piece, settling into place such that the base of the top piece is wider than the top. Wrap PIVEC with a single layer of duct tape.

3.1.4 Connect 37 mm cassette pieces on top and bottom of PIVEC by pushing into place. Place ¼” barbed adapters into cassette inlet and outlet. 

3.1.5 Wrap the resistive heater around PIVEC such that the wires are at the base. Tape to secure.

3.1.6 Wrap PIVEC with ~8 rounds of aluminum foil for insulation. Secure with tape.

3.1.7 Connect 2” long piece of 1/2” outer diameter flexible tubing to the adapter on top of PIVEC. Remove porous tubing from sterile water and place within tubing on top of PIVEC.

3.1.8 Place PIVEC within clamp on the ring stand and secure. Complete set-up with the vacuum pump, particle counters, and aerosol set-up.

NOTE: The number-based deposited dose can be determined only if particle counters are placed before the PIVEC and after the PIVEC on separate runs.

3.1.9 Expose filters using step 2.2 of protocol and desired exposure time and flow rates, in this study an exposure time of 10 min at 0.5 LPM was used. Remove PIVEC from the set-up. Take out the cell culture insert and place the exposed filter in filter holder under low humidity conditions for at least 24 h prior to measurements.

3.1.10 Clean PIVEC with 70% ethanol. Sterilize with ultraviolet light for at least 30 min prior to the next experiment.

3.1.11 Weigh the exposed filter three times and record the filter weights. Place the exposed filter in a labeled filter holder for storage.

4. Calculation of Deposited Dose and Deposition Efficiency

NOTE: Knowledge of the deposition is important for aerosol administration and interpretation of cellular response.

4.1 Calculate deposition from mass-based measurements

4.1.1 Calculate the deposited mass on filters as the difference between the pre-exposure average weight and post-exposure average weight. This value is the mass-based deposited dose for the experiment.

4.1.2 Use administered mass, madmin, and mass-based deposited dose determined in 4.1.1, mdep, to calculate the mass-based deposition efficiency, ηm, for the experiment. 


4.1.3 Average values from 4.1.1 and 4.1.2 for at least 3 experiments to determine deposition and deposition efficiency for PIVEC for particle size.

4.2 Calculate deposition from number-based measurements

4.2.1 Ensure that measurements with particle counters have been performed with counters after the PIVEC and to determine the particle concentration before the PIVEC. Integrate the particle concentration over time for the particle counter then integrate over particle diameter to determine the total particles measured.

4.2.2 Calculate the deposited particle number as the difference between the particles administered and the particles measured post-PIVEC. This value is the number-based deposited dose for the experiment.

4.2.3 Use administered particles, nadmin, number-based deposited dose, ndep, volumetric flow rate, V, and time, t, to calculate the number-based deposition efficiency, ηn, for the experiment. 


4.2.3 Average values from 4.2.2 and 4.2.3 for at least 3 experiments to determine deposition and deposition efficiency for PIVEC for particle size.

5. Aerosol Exposure of Cells

NOTE: For the cell culture at the air-liquid interface the reader is referred to Blank et al.38 Operators should perform cell culture insert loading (steps 5.1.2-5.1.4) within a biosafety cabinet. Operators should perform aerosol exposures in a fume hood.

5.1 Culture Cells at Air-Liquid Interface

5.1.1 Lift A549 cells from culture flask by adding trypsin-EDTA, 3 mL for a T75 flask or 1 mL for a T25 flask and incubate for 5 min at 37 °C. Add 7 mL of complete media for a T75 flask or 4 mL of complete media for a T25 flask to flask and rinse flask wall with cell suspension to maximize the recovered cell number. Transfer the cell suspension to a sterile 15 mL conical tube then centrifuge cells at 800 x g for 3 min.

5.1.2 Remove the supernatant containing trypsin-EDTA and resuspend the cell pellet in 10 mL of complete media. Remove 10 µL of cell suspension and add to the hemocytometer. Count cells using a hemocytometer to determine the concentration and the total number of cells.

5.1.3 Place 0.5 mL of complete media to each well within a 24 well plate. Place unused cell culture inserts in wells. Seed cell culture inserts on the apical side at a cell density near 1 x 105 cells/cm2 for cell types that grow at a rate near doubling per day. To seed A549 cells within a 24 well insert, seed cells at a density of 1 x 105 cells/cm2 by adding 35,000 cells to the cell culture insert.

NOTE: Cells with a slower growth rate can be seeded at an increased cell density.

5.1.4 Add complete media to the apical side of cell culture insert to reach the final volume (for 24 well plate final volume is 0.25 mL).

5.1.5 Culture for 7 days in submerged conditions, replacing media every 1-2 days. After 7 days, remove the apical media and culture for at least 1 day in ALI conditions, replacing only the basolateral media.

5.2 Assemble PIVEC 

5.2.1 Allow cells to equilibrate to the air-liquid interface for at least 24 h prior to exposure. 

5.2.2 Choose appropriate cell culture insert adapter for PIVEC to support the cell culture insert with the filter. Place cell culture insert adapter piece on top of PIVEC base, setting into place such that the base of the adapter piece is wider than the top. Add 4 mL of cell culture media to the well of the base of the PIVEC.

5.2.3 Use tweezers to place the cell culture insert within adapter piece placed in step 5.2.3. Place top piece on top of adapter piece, settling into place such that the base of the top piece is wider than the top. Carefully, wrap PIVEC with a single layer of duct tape.

5.2.4 Connect 37 mm cassette pieces on top and bottom of PIVEC, by pushing into place. Place ¼” barbed adapters into cassette inlet and outlet. 

5.2.5 Wrap resistive heater around PIVEC such that the wires are at the base. Tape to secure.

5.2.6 Wrap PIVEC with ~8 rounds of aluminum foil for insulation. Secure with tape.

5.2.7 Connect short piece of 1/2” outer diameter flexible tubing to the adapter on the top of PIVEC. Remove porous tubing from sterile water and place within tubing on top of PIVEC.

5.2.8 Place PIVEC within clamp on the ring stand and secure. Complete the set-up with the vacuum pump and aerosol set-up.

5.3 Expose Cells at ALI using the PIVEC

5.3.1 Use deposition efficiency determined in Step 2 to calculate the mass of particles to be aerosolized. Weigh appropriate mass and add to the aerosol system set up following step 2 within the fume hood.

5.3.2 Expose cells by following step 2.2, in this study of biological endpoints the cells were exposed to approximately 3.5 mg of copper nanoparticles with a flow rate of 0.5 LPM and an exposure duration of 10 min. Control studies performed used humidified air to determine the influence of the air alone. Remove PIVEC from the set-up. Take out the cell culture insert, place in the sterile well plate and return to the CO2 incubator (37°C, 5% CO2, 90% RH).

5.3.3 Aspirate media from PIVEC. If performing additional experiments, rinse bottom of PIVEC with phosphate buffered solution then repeat step 5.1 and 5.2.

5.3.4 Clean PIVEC with 70% ethanol when finished. Sterilize with ultraviolet light for at least 30 min prior to the next experiment.

5.4 Biological Assay Procedures

NOTE: Assays performed in this study were oxidative stress generation through the DCFH-DA assay and cytotoxicity through lactate dehydrogenase (LDH) release.

5.4.1 Dissolve 24.4 mg of DCFH-DA in 50 mL methanol to make 1 mM DCFH-DA solution. This solution can be stored at -20°C for up to 4 months. Dilute 1 mM DCFH-DA solution by mixing 0.1 mL of 1 mM DCFH-DA solution with 9.9 mL HBSS to make 10 mL of 10 µM DCFH-DA.

5.4.2 Remove cell culture media and wash cell culture insert with approximately 1 mL of PBS.  Add 0.5 mL of 10 µM DCFH-DA solution to each well, replacing inserts when finished. Cover plate with aluminum foil to prevent photoactivation of the dye and return to 37°C incubator for 1 h.

5.4.3 Remove cells from the incubator and aspirate the DCFH-DA working solution from the wells. Add 0.5 mL HBSS to wells and replace cell culture inserts.

5.4.4 Load the well plate into plate reader and measure baseline fluorescence using excitation/emission wavelengths of 485/530 nm. Remove plate from plate reader and load insert into PIVEC for exposure.

5.4.5 Expose cells for desired exposure duration. Remove insert from PIVEC and return to well plate. Remove 50 µL of basolateral fluid from well plate and place in white 96 well plate. Measure the fluorescence of DCF using excitation/emission wavelengths of 485/530 nm every 30 min post-exposure for 2 h. 

5.4.6 Let basolateral fluid equilibrate to room temperature for 20-30 min. Add 50 µL of LDH assay solution, mixed following manufacturer protocol, to basolateral fluid from well plate and let react for 10 min. Add 25 µL of stop solution to well. Read fluorescence of resorufin product using excitation/emission wavelengths of 560/590 nm.

5.4.7 Remove additional basolateral fluid and repeat step 5.4.6 at 4 h and 24 h post-exposure.

6 Statistical Methods

6.1 Analysis of Biological Assay Data

6.1.1 Report ROS production as the fluorescence intensity increase of treated cells relative to baseline measurements. Report LDH activity as the fluorescence intensity increase of treated cells relative to untreated cells.

6.1.2 Perform single factor ANOVA to determine statistical differences between data sets. Where appropriate, perform student t-tests at a value of significance of 0.05. Report data as the mean ± standard deviation of at least three exposure measurements.

REPRESENTATIVE RESULTS:  

Occupational in vitro toxicology involves maintaining cellular viability while performing aerosol exposure. The PIVEC system is shown in Figure 2, including the temperature and humidity control and the worn PIVEC. The temperature was maintained using a battery-powered resistive heater and the aerosol humidified using increased natural humidification through a porous, wetted tube. In a controlled aerosol setting inside a laboratory, the PIVEC can be set-up for exposure shown in Figure 1. Characterization of the system allows for the determination of the deposited dose onto the cells which can then be correlated to the cellular response.

The deposition efficiency is dependent on the size of particles added to the system since deposition forces include impaction, sedimentation, and diffusion. In addition, the deposition is dependent on flow rate, exposure time, and the characteristics of the exposure system. With this information, the deposition can be predicted. The deposition efficiency of the PIVEC has been determined through two methods, gravimetric analysis, and particle number counting. Equations 1 and 2 were used to determine the deposition efficiencies in Table 1 using the filter based, scanning mobility particle sizer (SMPS), and optical particle sizer (OPS) measurements, Figure 3. Increased deposition is observed overall for the 24 well design than the 6 well design and slightly decreases for 100 nm in comparison to 40 nm and 800 nm copper particles. The deposition in the 24 wells is very uniform over the insert, however, deposition in the 6 well design is lacking uniformity as most of the particles deposit near the center of the insert. Post-exposure analysis can be expedited by determining the dose relationship between the 37 mm filter and the cell culture insert, decreasing the necessity to determine the dose after cellular exposure. Comparison of the deposition within the 37 mm filter cassette and the PIVEC shows a strong correlation for all sizes and wells with a Pearson correlation of above 0.7, however only for 800 nm is the correlation significant with a p<0.05, see Figure 4.  Compared to similar systems throughout literature,11,12 the deposition efficiency of the PIVEC over the range of particle sizes tested is comparable or increased over reported values, observed in Figure 5. The deposition efficiency within the PIVEC can be improved through minimizing losses to the system using electrostatic dissipative or conductive plastic or similar material to design the PIVEC.

If filters are not well dried in a humidity-controlled environment before exposure, excess water increases the initial mass and can produce non-physical, negative deposited doses. Variable flow rates can also promote inconsistent deposited doses within the system. To avoid these issues, allow at least one day prior to and after exposure for filters to dry in a humidity-controlled environment. 

Cellular responses will be affected by the deposited dose and may be affected by exposure duration if the cells are not properly maintained. A549 cells, an alveolar epithelial carcinoma cell line, were exposed for 10 min to varying sizes of copper nanoparticles at a flow rate of 0.5 LPM. Alternative perpendicular flow exposure systems use between 0.005 LPM and 1.5 LPM for a sustained exposure period whereas this method uses a moderate flow rate during a rapid exposure. Using the mass-based deposition efficiency measured and administered dose, 1.58 ± 0.04 mg/cm2 of 40 nm copper, 0.30 ± 0.00 mg/cm2 of 100 nm copper particles, and 0.32 ± 0.01 mg/cm2 of 800 nm copper particles were deposited onto the cells. Cytotoxicity and oxidative stress were observed within the first twenty-four hours post-exposure. Cytotoxicity was measured using the release of lactate dehydrogenase (LDH) from damaged cells immediately, 4 hours, and 24 hours post-exposure. There was no significant toxicity from copper nanoparticles below 1.62 mg/cm2 within 4 hours of exposure, Figure 6b. Twenty-four hours post-exposure there was a statistically significant decrease in cell viability of less than 20% viability for cells exposed to copper nanoparticles. The intracellular oxidative stress was investigated using the DCFH-DA assay through the oxidation of DCFH by reactive oxygen species within the first two hours post-exposure, Figure 6a. Significant levels of oxidative stress were measured at thirty minutes post-exposure for cells exposed to copper nanoparticles of all sizes. The level of oxidative stress continued to increase at similar rates for all sizes tested within the two hours observed.

Success of the exposures can be determined through the repeatability of cellular response. Two acceptance criteria proposed for cytotoxicity assays include: 1) the % total LDH leakage for the positive control should be greater than 50%, and 2) the positive and sample replicate coefficient of variations should be within 50%.39 If these criteria are not met, this suggest differences between experiments, such as altered deposition amounts, or poor humidity or temperature control. In addition, observing cytotoxicity measurements can lead to understanding ofthe experimental controls and aid in determining the error. When the flow rate is too high, cells may die from high amounts of shear stress. By lowering the flow rate, the stress upon the cells from the flow can be decreased. 

Figure 1. Schematic of Dry Dispersal System and Experimental Set-up.

Figure 2. PIVEC Design. A) Full Design Pictured with 30 cm Tall Box for Comparison. B) PIVEC with Temperature and Humidity Control Pictured with 30 cm Tall Box for Comparison. C) Worn PIVEC. D) PIVEC Top Piece. E) Cell Culture Adapter for 24 well (left) and 6 well (right). F) Bottom Piece.

Table 1. PIVEC Deposition Efficiency.

Figure 3. Particle number concentration of copper nanoparticle aerosols. A) SMPS measurement. B) OPS measurement.

Figure 4. Relationship between deposition on cell insert and SKC 37 mm filter. Error ± 0.002 mg. A) 40 nm copper particles. B) 100 nm copper particles. C) 800 nm copper particles. 

Figure 5. Deposition Efficiency of PIVEC Compared to Perpendicular Flow Exposure Systems in Literature. Literature Values from Perpendicular Flow Exposure Systems are Plotted in Solid Markers and PIVEC Values are in Empty Markers.

Figure 6. Cellular Response to Copper Nanoparticles Post-Exposure (PE). For all measurements, n=3 and p<0.05. A) Oxidative Stress determined using the DCFH-DA Assay. B) Cytotoxicity determined using the LDH Assay.
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DISCUSSION: 

Filter cassettes provide a simple, inexpensive method of collecting aerosols in the breathing zone; however, aerosol samples extracted from filters do not represent the entire aerosol (i.e. gases, volatiles, and particulates) and consequently limit the assessment of related biological effects. Using the initial design of the 37 mm filter cassette, the PIVEC is designed to maintain portability and mimic the in vivo deposition of particles from inhalation. The PIVEC is significantly smaller than current ALI exposure systems, approximately the size of a tissue box with temperature and humidity control included. The size is similar to personal cascade impactors while offering data on cellular response to the aerosol in addition. While the PIVEC contains space for one sample in comparison to other current exposure systems, the small size permits multiple systems to be used at once, therefore, increasing the sample size and allowing for spatial distribution to be monitored. 

There are several critical steps in the protocol. To determine the deposition efficiency, it is critical to properly condition the filters, as described in Step 1. Additionally, it is important to properly weigh the copper nanoparticles prior to exposure and the filter post exposure to determine the mass-based deposition efficiency. The number deposition efficiency must be determined using the difference in deposition between the initial aerosol concentration and final concentration determined using the particle counters. If the deposition efficiency is not properly determined, it is difficult to determine the biological response differences between aerosol types. Modifications to the deposition include altering the deposition. Deposition can be increased by changing the flow rate and exposure duration. This may also influence the cell viability with the potential of drying out the cells. The conditioning of aerosols is often performed to compensate for physiological attributes such as body temperature and humidification in the airways. Increased humidity, over 50%, mimics inhaled air and decreases cell death due to vehicle exposure.43 When temperature and humidity are not well controlled, the cellular response can be influenced. By decreasing the flow rate, additional particles of all sizes will deposit, increasing the deposition. Exposure duration is proportional to deposition, allowing more particles to deposit over an extended experimental period. Conditioning of the aerosol is important when increasing the exposure duration so that the cells do not dry out which can affect biological responses.  

The PIVEC uses perpendicular flow to deposit particles via impaction, sedimentation, and diffusion onto the cells which have the potential to dry out cells through the flow and added stress on the cells. The deposition efficiency is dependent on the size of the particle due to the forces of deposition. Many of the current exposure systems with perpendicular flow have a deposition efficiency of below 10% and much closer to 1%. The PIVEC has a deposition efficiency determined by gravimetric analysis of 3% to 16% for a 24 well cell culture insert. The particle number-based deposition efficiency is approximately 1% to 7% for the same insert. When using a 6 well cell culture inserts, these numbers decrease, with the exception of the smallest particle size, due to the streamlining of the aerosol as more particles are confined in the cell culture insert without space for the flow to develop. The 6 well cell culture inserts permit the aerosol streams to bypass deposition. Other perpendicular flow systems have been characterized on a mass basis using 60 nm fluorescein particles40, 80 nm and 180 nm copper particles16, and 60 nm adipic acid particles41. The resulting deposition efficiencies are generally between 0.05% and 11%. On a number basis, these systems have been characterized using polystyrene particles12,15, carbon nanoparticles12, and silica particles42, yielding efficiencies between 0.2% and 11%. The PIVEC provides, similar or increased, deposition in comparison to available cellular exposure devices. 

Cell exposures were performed using copper nanoparticles of 40 nm, 100 nm, and 800 nm. Cell viability was defined using the LDH assay with no significant decrease in viability within four hours post-exposure. The LDH assay was used with a commercial exposure system for 74 ng/cm2 after 2 hours and 148 ng/cm2 after 4 hours of 9.2 nm copper oxide particles44  and 1 µg/cm2 deposited after a sequential exposure 4 hours, incubation for 2 hours, then another exposure for 4 hours of 25 nm copper oxide particles40, both measuring significant decreases in cell viability. Cytotoxicity was observed in another system for 1.6-7.6 µg/cm2 of 180 nm particles copper nanoparticles16  measured by trypan blue dye exclusion. Exposures of 15 minutes to 40-80 nm copper oxide nanoparticles decreased viability, measured 24 hours post exposure. The lower toxicity observed using the PIVEC was likely due to the shorter exposure time of 10 minutes and shorter post exposure measurement times. After four hours post-exposure, viability of cells exposed in the PIVEC decreased. Cells exposed to humid air controls observed no significant cytotoxicity, in agreement with other studies 9,40,44,45,46. The oxidative stress was determined using the DCFH-DA assay. The production of reactive oxygen species, such as hydrogen peroxide or oxygen radicals, generated an amount of stress that can lead to growth arrest or cell death. After the cell exposures, there was a minimal increase in oxidative stress for cells kept in the incubator as control and for cells exposed to humid air. Elevated oxidative stress occurred for all particle sizes, increasing within 30 minutes post-exposure. Within one study, 9.2 nm copper oxide particles44 and 25 nm copper oxide particles40 also induced oxidative stress measured via the carboxy-DCFH-DA assay. Increased exposure time from 2 hours to 4 hours elevated oxidative stress for 9.2 nm copper oxide particles44. After four hours of exposure, the 9.2 nm copper oxide particles produced a similar oxidative response as the sequential exposure of 25 nm copper oxide particles40, suggesting that exposure duration has a higher influence on oxidative stress response than particle size. Cells exposed within the PIVEC produced elevated oxidative stress compared to that study, however, the particles exposed in the alternate system are copper oxide and will dissolve less quickly than the copper exposed within the PIVEC. Studies performed on the dissolution of copper based on the composition and size of particles agree that larger particles and the metal oxides release ions slower than metal particles or their nanoparticle counterparts16,47,48,49 As the humid air controls did not produce significant amounts of oxidative stress compared to the incubator control, the influence of copper particles to induce oxidative stress is consistent within the PIVEC to similar in vitro exposure systems. The biological responses observed using the PIVEC suggest that the PIVEC is an appropriate system for cellular exposure. 

While the characterization and cellular studies of the PIVEC agree well with literature,9,16,40,44,46 the device has limitations. The small design decreases the number of samples that can be exposed simultaneously within a single device in comparison to other exposure systems. Other systems allow for at least three cellular exposures to the same aerosol9,12 facilitating replicate measurements. Although the PIVEC only allows for one insert per system, the small size allows for multiple systems to easily be used, helping to mitigate this issue. While other personal monitoring systems do not use cells, the PIVEC must be kept near vertical to reduce spilling the cell culture media necessary to preserve cellular viability. Although the PIVEC has not yet been optimized for specific particle ranges (e.g. PM10, PM2.5, PM0.1), the PIVEC has been characterized for a range of particle sizes. Similar to other perpendicular flow systems, the PIVEC shows a decreased ability to deposit particles near 100 nm in diameter, while 40 nm and 800 nm particles deposited with similar efficiency.

The analysis of cells post-exposure can be expedited by performing a parallel collection of aerosols within the PIVEC and an SKC 37 mm filter cassette. A high correlation of gravimetric based deposition allows for the estimation of the particle mass collected on the cells from data collected using 37 mm filters. Comparison of the insert to the filter cassette reduces the need to collect additional samples and additional measurements to determine the dose. Work in progress includes the integration of a real-time monitoring system for cytotoxicity, oxidative stress, or other biological endpoints. The small size of the PIVEC allows it to be used in a variety of settings, such as on the body as a personal monitor, on a drone above a chemical plant, or outside in the environment for spatial resolution. This method has shown the use of the PIVEC for the collection of aerosol particles onto cell cultures grown at the ALI. By conditioning the aerosol to 37 ± 1 °C and > 80% relative humidity, cellular viability can be maintained during acute exposures. This method is appropriate for both liquid droplet and solid particle-based aerosols and has been shown to deposit particles between 40 nm and 800 nm in cell culture inserts.  The versatility of the PIVEC allows this method to be used in multiple settings with a variety of biological endpoints. 
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