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A B S T R A C T

Climate change due to the greenhouse effect poses arguably the greatest challenge to humanity. Addressing the 
sources of CO2 and reducing current atmospheric levels is the paramount task for scientists and engineers. 
Carbon capture with storage or utilization technologies are key to achieving this goal. Biological carbon fixation 
is an effective method of converting pollutant CO2 into usable biochemicals for industrial applications. Inspired 
by recent evidence that 95 % of CO2 from aerosol emissions from an Australian forest fire was captured by algae 
in the Southern Ocean, as well as the ability of algae to be transported within aerosols, we propose a novel 
technique for CO2 sequestration based on creating aerosols containing metabolically active cyanobacteria. Using 
aerosols as a microenvironment for Synechocystis cells enables a significant increase in gas-liquid-interfacial- 
surface-area while reducing the volume of water required. We utilize electron microscopy and hyperspectral 
microscopy to assess the effects of aerosolization and high CO2 concentrations on microbial cell viability. 
Additionally, we implemented highspeed imaging and oil immersion microscopy to determine the effectiveness 
of the aerosolization technique for forming aerosols and optimizing process parameters. We show that 1 % CO2 
(v/v) is ideal for CO2 capture, where cell stress was minimized. Using cell densities of 1.2 × 108 cell/mL was the 
most efficient in terms of the number of cells aerosolized when compared to the input cell density. We report a 6- 
fold increase in carbon fixation rates (gCO2 g−1 biomass hr−1) over alternative popular cultivation techniques 
such as bubble columns.

1. Introduction

The effects of climate change, driven by CO2 greenhouse gas emis-
sions poses a persistent and ever-increasing threat to our continued way 
of life [1–4]. The relationship between CO2 in the atmosphere and the 
changing climate are well documented [5,6] and the work to both 
reduce CO2 emission rates and reduce existing atmospheric CO2 levels 
has become increasingly important. Efforts to reduce CO2 emissions 
include novel technologies to capture gases from industrial processes. 
Carbon capture and storage (CCS) is the conversion of CO2 to storable 
materials [1,7]. CCS techniques include physical adsorption techniques, 
wherein solid materials like zeolites or metal-organic frameworks act as 
CO2 sorbents. Additionally, physical methods such as membrane sepa-
ration technologies have gained prominence, permitting the selective 

passage of CO2 molecules through specialized membranes[8–10]. Car-
bon mineralization processes implement the natural geological seques-
tration of CO2, while direct air capture techniques involve physically 
removing CO2 from the atmosphere and are gaining increasing attention 
[11–15]. Chemical absorption involves the use of liquid solvents to 
capture CO2, a process commonly employed in post-combustion carbon 
capture systems [16,17]. Further to CCS is carbon capture and utiliza-
tion (CCU), whereby CO2 is converted into useful materials that can then 
be utilized for other purposes [18]. Some of the CCS techniques 
described above, such as carbon mineralization, can produce CaCO3 for 
instance [12,13,15], which is widely utilized as an additive in cement, 
one of the most fundamental materials in modern civilization [19,20].

Biological CO2 fixation has gained traction as a CCU technology that 
enables the conversion of CO2 into biomass. This biomass is then 
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available to be harvested and biochemicals extracted so they can be 
utilized as materials, fertilizer or even food [21,22]. CO2 can be directly 
fixed by autotrophs such as trees in forests or algae in the ocean, through 
photosynthesis. Although rainforests garner significant media attention 
in terms of storage of carbon, a far more significant “carbon sink” exists 
in the oceans. 10 % of ocean biomass is accounted for by microalgae and 
macroalgae [23] and 50 % of global oxygen is produced through algal 
primary production [24]. The potential to capture CO2 with photosyn-
thetic microorganisms has led to increased interest from industry. For 
example, in the steel industry, approximately 2 tons of CO2 is released 
per ton of steel produced, and over 1.8 bn tons is produced annually to 
maintain our modern lifestyles [25,26]. The capture of industrial CO2 by 
using algae has been researched predominantly by bubbling gaseous 
effluents into aquatic-based photobioreactors (PBRs), such as bubble 
columns [27], where algae are suspended in a growth medium. Algae 
can take up CO2 directly or as HCO3- , depending on the strain and 
physiological conditions [28]. The surface area of the bubbles, referred 
to as the gas-liquid interfacial surface area (GLISA), will affect overall 
mass transfer and hence, algal growth rates and CO2 capture rates. The 
surface area and volume of a sphere are proportional to the square and 
cube of the radius respectively, and so minimizing the size of the bubbles 
significantly increases the ratio of CO2 that is available to the algae 
compared to the total volume of CO2 passing through the column. 
Maximizing the GLISA can be accomplished through using micro-
bubbles, where the CO2 passes through a bubbling element such as a 
venturi microbubble generator [29] or fluidic oscillators [30], which 
forms the CO2 stream into microbubbles of diameter of less than one 
millimeter.

A significant drawback of algae-based CO2 sequestration is the 
limited scalability. Large open ponds and PBRs are required, [27], 
requiring large quantities of water. Although specific concentrations of 
CO2 are introduced into the PBRs, most of the gas is lost into the 
headspace and therefore recycling is often required. Although bubbling 
in higher CO2 concentrations would appear to be more amenable for 
industrial gaseous effluents, this drastically reduces the pH of the me-
dium to toxic levels. One technique to address this while also increasing 
the contact surface area between the algal cells and CO2, is 
immobilization-based CCU, where algal cells are adhered to a solid 
scaffold. In a novel approach, In-na et al. (2020) demonstrated this 
technique by cultivating cells onto high surface area loofah sponges with 

a latex binder [31]. However, this method directly exposes cells in 
biofilms to high external CO2 concentrations, that can lead to stress 
conditions. Moreover, maintaining moist conditions can be a challenge 
when scaling such a system.

To overcome these challenges, we propose an entirely new method 
for algal-CCU that exploits current particulate reduction technology 
based on aerosolization. We designed a technique for biologically acti-
vating the aerosols, to add carbon capture bio-functionality. By aero-
solizing algal cell suspensions for the purpose of CO2 sequestration, we 
aimed to exploit the enhanced GLISA of aerosols (Fig. 1). This new 
approach was inspired by the current use of aerosols in industries for 
capturing gases and particulate matter, and hence has already been 
scaled to commercial levels. According to literature, creating biologi-
cally active aerosols as a beneficial process has never been undertaken 
previously. Yet, this technology could dramatically increase the surface 
area over which a gas – cell membrane interaction could occur, reducing 
the volume of biomass required for an equivalent CO2 capture rate. Since 
the first indication that “bioaerosols” exist in nature, attention has 
largely been directed towards understanding their impacts on human 
health, and the mechanisms of emissions to the atmosphere, recently 
reviewed by et al. and Yong Le Pan et al. [32,33]. Although it is known 
that toxins from specific algal strains can also be transported within sea 
spray aerosols over large distances[34], recent evidence has shown that 
whole algal cells can also be transported, reaching densities of 10−4 to 
104 cells/m3 [35]. The concept of linking large scale CO2 capture with 
algal bloom generation was inspired by natural aerosols. It was calcu-
lated that during the Australian wildfire seasons in 2019 and 2020, 
covering 28,570 square miles, led to the release of 715 teragrams of CO2. 
Remarkably, an estimated 95 % of this was captured by resulting 
phytoplankton blooms downwind in the Southern Ocean [36].

Our study utilizes surface acoustic waves (SAW) to aerosolize cell 
suspensions containing prokaryotic algae (cyanobacteria) for carbon 
capture. We performed a series of experiments with high-speed imaging 
to evaluate parameters such as cell density on effective aerosolization. A 
new aerosolization system was designed to quantify CO2 removal in a 
batch system. We subsequently used secondary emission hyperspectral 
imaging (SEHI) and visible/near infrared hyperspectral microscopy to 
analyze the effects of elevated CO2 concentrations on aerosolized algal 
cells, an abiotic stress on microbial cells that has not been investigated 
previously. We showcase for the first time how biologically activated 

Fig. 1. A diagram comparing microbubbles and microdroplets for carbon sequestration through CO2 fixation. The gas liquid interfacial surface area is highlighted to 
emphasize the equivalence between both techniques for orders of magnitude reduction in liquid volume. SEM micrographs of an algae-entrained micro-droplet and 
an algae cell are shown.
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aerosols enable the capture of industrial greenhouse gases as a new 
engineering approach that once optimized and scaled, has the potential 
to lead to significant environmental benefits.

2. Methodology

To investigate the effectiveness of biologically activating aerosols, 
the experimental strategy was devised into three key aspects: aerosol 
formation and optimization, assessing the health of the algae post- 
process, and finally, CO2 capture measurements.

3. Aerosolization apparatus and algae selection

The method of aerosolization was selected to produce the smallest 
droplets possible that could still viably contain algae. Aerosols were 
formed by contact between a liquid reservoir and a round, perforated 
metal membrane, actuated by a piezo element. The membrane vibrates 
at high frequency when the piezo element is powered forcing the liquid 
through the perforations (5 µm in diameter) forming tiny droplets. 
Droplets of this size can be produced with nozzles, analogous to the 
nozzles used in industrial applications for dust suppression. The method 
was selected here due to the ease of incorporating it at small scales for 
the experimental setup.

Synechocystis sp. PCC 6803 (herein referred to as Synechocystis) was 
chosen because the cells have a relatively small diameter (2–5 µm) and 
so they could be entrained within the microdroplets of the selected 
aerosol size. Synechocystis stock cultures were grown in a 500 mL flask 
containing BG11 medium in an Algem photobioreactor (Algenuity, UK). 
The temperature was maintained at 32 ºC, with continuous mixing at 
120 rpm and illuminated with light of 500 µmol photons m−2s−1. The 
pH of the culture was maintained at 9 using intermittent doses of CO2 to 
ensure optimal growth conditions. Two-thirds of the cyanobacteria 
culture was removed every three days and replaced with fresh media to 
maintain a continuous culture. It was anticipated that there would be a 
reduction in cell density due to the aerosolization process. The small 
perforations in the metal membrane blocked some of the algae. It was 
necessary to calibrate this effect so optimal parameters could be selected 
for the CO2 capture experiment and to remove bias due to our selected 
method of aerosolization. Other fine aerosolization techniques, such as 
spray nozzles, would have a similar effect due to prefilters built into the 
nozzles and so would need to be similarly calibrated.

The cyanobacteria cells were diluted to different densities. Cell 
densities of 4 × 107, 8 × 107, 1.2 × 108 and 1.6 × 108 cell/mL at a 
volume of 50 mL were aerosolized using the piezoelectric atomizer into 
the 10 L chamber for a duration of 15 minutes. Following this aero-
solization process, the resulting aerosols were allowed to settle for a 
period of 30 minutes. After the settling period, the cell density of the 
settled algae was measured. Each experiment was performed in tripli-
cate. The aerosolization efficiency (AE) was determined by dividing the 
cell density of collected cell suspension after aerosolization by the initial 
cell density suspension used.

After optimizing the aerosolization parameters, it was necessary to 
ensure that there were algae cells within the aerosols, and to assess the 
influence of input cell density on droplet cell density. Secondly, it was 
required to measure the droplet sizes to calculate the surface area per- 
unit-volume and quantify the effect of input cell density on droplet 
size. It was hypothesized that the increased viscosity due to higher cell 
density might affect droplet size. Two methods were employed to image 
the droplets to address the challenges, static and dynamic. Static im-
aging was used to obtain images of cells that were contained within 
droplets. To achieve this, cyanobacteria cultures were aerosolized, and 
the resulting droplets were allowed to fall upon a thin layer of silicon oil. 
The cultures used in the experiment had varying cell densities, of 
1.6 × 108, 3.2 × 108 and 3.2 × 109 cell/mL to assess whether a large 
increase in cell density would produce droplets with a proportional in-
crease in cell density. The oil-immersed droplets were imaged using an 

optical microscope. This allowed for detailed observations of the cells 
contained within the droplets. The droplets were deformed from their 
spherical shape in the oil [37], and so this method could not be used to 
measure the droplet sizes.

Dynamic imaging was used to measure the effect of input cell density 
on droplet size. A high-speed camera (Hamamatsu Orca flash 4.0, Japan) 
attached to an optical microscope, to capture a video of the process. A 
small funnel was placed on top of the microscope lens to focus a small 
amount of the aerosol for imaging. The aerosol droplets could then be 
imaged directly. This was done for deionised (DI) water as well as algae 
cultures with different cell densities of 1.6 × 108, 3.2 × 108 and 
3.2 × 109 cell/mL. The video was divided into individual frames and 
sorted into images that contained in-focus images of the droplets, which 
were then used to measure the distribution of droplet sizes for each cell 
density. The effective pixel resolution was calibrated with a target of 
known dimensions to convert from size in pixels to µm.

4. Algae health measurement

As it is not known how elevated levels of CO2 affect the algae con-
tained within microdroplets, an experiment was designed to measure 
the change in pH in the algae media with increasing CO2 concentration. 
The parameters were maintained to simulate the experimental condi-
tions for quantifying the CO2 capture to ensure consistency. Algae cell 
suspensions were aerosolized into a preconditioned chamber of selected 
CO2 concentrations (0.04 %, 1 % and 5 % v/v) after which the change in 
pH of the settled cell suspension was measured. The change in cell 
density, corrected for AE, was also measured to assess the effect of the 
CO2 concentrations on the collected cells.

Visible hyperspectral microscopy, scanning electron microscopy 
(SEM) and secondary electron hyperspectral imaging (SEHI) were also 
used to assess the impact of the high levels of CO2 on the algae. 
Hyperspectral images were taken of the algae using a Nikon TS100 
microscope adapted for hyperspectral imaging using a custom, modular 
system previously demonstrated by Stuart et al. [38], [39]. Algae were 
aerosolized in a glass chamber with a controlled CO2 level for 5 minutes 
and were then left in the CO2 atmosphere for a further 5 minutes. A 
sample of the algae solution was then taken from the chamber and 
placed on a glass slide and imaged with hyperspectral system over a 
wavelength range of 480–700 nm.

The cell health could then be determined using Eq. 1: 

G =
λ554
λ677

(1) 

Where G is referred to as the greenness index [40], λ554 and λ677 are the 
spectral transmission measured at 554 nm and 677 respectively. Chlo-
rophyll is spectrally characterised by strong absorption in the blue and 
red portions of the visible spectrum with a significant increase in 
transmission/reflection towards the near infrared, referred to as the “red 
edge” [41]. This spectral characteristic is affected when organisms 
containing Chlorophyll are stressed and the red strong absorption in the 
red is reduced thereby providing a means of assessing the relative effect 
of elevated CO2 on the algae.

Images of the algae cells in the droplets and in isolation were 
captured using SEM, and then spectra of the algae were measured using 
SEHI. SEHI is an innovative characterization technique employed within 
an SEM chamber, providing nanometer-depth sampling. Its surface 
sensitivity yields spectra, offering chemical bonding information, and 
highly resolved chemical maps. Past studies attest to SEHI’s efficacy in 
mapping functional groups on polymers [42,43].

Live cellular imaging of the algae droplets was performed within a 
FEI Helios Nanolab G3 (FEI Company, USA) microscope via the appli-
cation of NanoSuit®, its use to visualize live specimens within an SEM 
has been described previously [44]. Biologically active aerosols were 
sprayed onto an aluminum SEM stub, 10 µL of NanoSuit® solution was 
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then pipetted onto the stub covering the dispensed algae film. Prior to 
use, the SEM stub had been coated with aluminum foil and exposed 
low-pressure air glow discharge in a Diener Electronic Zepto plasma 
cleaner at 40 kHz, 100 W, and 0.3 mbar air for 5 minutes. The Nano-
Suit® layer, containing algae droplets, was then polymerized by a 5 kV 
electron beam before low-voltage SEM imaging was conducted. An 
accelerating voltage of 1 keV at typical chamber vacuum pressures in 
the range of 10 −6 mbar and a working distance of 4 mm were chosen to 
avoid sample damage through surface charging. An Everhart-Thornley 
Detector (ETD) was selected for low magnification SE images and a 
Through Lens Detector (TLD) for high magnification SE images. SEHI 
data acquisition was undertaken as described previously [45,46]. SEHI 
generation was performed using the Helios Nanolab G3 operating con-
ditions of 1 keV (monochromated) and 50 pA immersion mode (mode 
II/UHR). This microscope can provide ultra high-resolution images at 
voltages < 1 keV. To ensure that images were taken of the true algae 
surface, no conductive coating was applied to the samples in contrast to 
typical SEM analysis practice. A vacuum pressure of ~10 −6 mbar was 
maintained at a working distance of 4 mm. The collection of SEHI of 
different energy ranges was enabled through the adjustment of the 
mirror electrode voltage (MV) together with a tube bias setting of 150 V. 
Stepping the MV in a range of −15 to 15 V was achieved through the use 
of an automatic iFast collection recipe [46]. All images were acquired at 
a frame interval of 0.5 s and an MV step size of 0.5 V, corresponding to 
an electron energy step size of about 0.2 eV. Image processing was done 
with Fiji ImageJ software (ImageJ2, National Institute of Health, USA).

5. CO2 capture measurement apparatus

A batch airtight experimental setup (Fig. 2) was designed to quantify 
the effectiveness of biologically active aerosols for CO2 capture. CO2 and 
air taps were connected to flow meters, to allow control of the relative 
quantities of the gases and desired CO2 concentrations were introduced 
into the mixer followed by the inlet sensor. The gas was supplied 

through the clear glass chamber (10 L Duran bottle) and passed through 
the outlet sensor. The chamber was illuminated throughout the experi-
ment using a near light source that provide 3500 lumens. Valves were 
used to close the system once the required CO2 levels inside the chamber 
were achieved. CO2 levels were monitored with optical CO2 sensors 
(CO2meter, USA). A hand bulb pump was used to circulate the gas in the 
system.

The CO2 capture experiment comprised three stages. Initially, the 
CO2 (v/v) concentration inside the gas-tight chamber was elevated to 
the required level and monitored using the inlet and outlet sensors; 
sealing the inlet and outlet tap when both sensors’ readings were the 
same (CO2Pre). The aerosols were introduced in the second phase using 
the top atomizer unit where algae were kept in a closed vessel. Aerosols 
were produced continuously for 40 minutes, and then allowed to settle 
for 30 minutes. Finally, the gas was circulated using a hand bulb pump 
for the CO2 measurement (CO2Post). The percentage of captured CO2 was 
calculated using Eq. 1: 

Removal% =
CO2Pre − CO2Post

CO2Pre
• 100 (2) 

CO2 measurements were undertaken with no aerosols added, aero-
solization with DI water only and with Synechocystis cells added. We also 
performed the latter experiment with the photosynthetic inhibitor 
methyl viologen added to the bottom of the aerosolization chamber to 
eliminate carbon fixation from cells that have collected at the bottom.

6. Results and discussion

The results are presented and discussed in three subsections: a focus 
on optimizing process parameters to create aerosols containing algae, 
the impact of CO2 on the entrained algae, and finally, quantification of 
CO2 removal within the system.

Fig. 2. The three stages of the measurement process are shown. In the first stage, The inlet and outlet valves are both open and the CO2 concentration is monitored 
until the desired level is achieved. During stage two, the valves are closed and the aerosols are produced inside the chamber for 40 minutes. The resulting CO2 
concentration is measured in stage 3 by circulating the air inside the chamber through the sensors without introducing new gas from outside.
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7. Biologically active aerosol optimisation

It was hypothesized that algal cell density would impact on how 
many cells were aerosolized within our system. Therefore, AE was 
calculated at four different cell densities (Fig. 3). The results show the 
maximum AE was 45 %, with no significant proportional decrease in AE 
for cell densities less than of 1.2 × 108 cell/mL. However, the AE value 
dropped significantly when the cell density increased to 1.6 × 108 cell/ 
mL, indicating an optimum cell density of 1.2 × 108, where the greatest 
number of cells are aerosolized when compared to the input cell density. 
Differences in AE were statistically significant between all cell densities 
except between the 4.0 × 107 and the 1.2 × 108 cell/mL.

This result provided an ideal cell density that would be used for the 
subsequent CO2 capture measurements. However, AE would be process- 
dependent and would need to be quantified for other aerosolization 
techniques. The analysis of AE suggested that cells were being passed 
through the piezo-actuated membrane and collected in the bottom of the 
aerosolization chamber. However, this did not guarantee that cells were 
entrained in the aerosolized droplets. Fig. 4 shows images of the cells 
captured within the droplets from the oil immersion tests described in 
the section 3.1.

Cells can be seen within the droplets immersed in the silicone oil. 
This confirmed that cells were present in the aerosols. The process was 
repeated for increasing cell density up to 3.2 × 109 cell/mL to qualita-
tively assess whether cell densities in the droplets increased accordingly. 
Since this method of capturing droplets in silicone oil may affect the 
visibility of cells within individual droplets, quantitative analysis was 
not performed on this data to reveal how many droplets actually con-
tained algal cells. There was an implied increase in droplet cell density, 
but it was deemed to not be significant enough to warrant increasing the 
cell density for the CO2 capture experiment given the drop in AE with 
increasing cell density.

Measurement of the surface area of the droplets was necessary to 
rigorously parameterize the aerosolization method selected for this 
work. We initially aerosolized water containing no algae and a cell 
suspension with cell density of 1.6 × 108 cell/mL to measure the droplet 
size and to see if the algae influenced the droplet formation. However, it 
could be seen in the images that there seemed to be smaller (<2 µm) 
particles in the algae solution that were not present when only water was 
aerosolized. We hypothesized that these were “detached” cells, inde-
pendent of droplets. We aerosolized increasing cell densities up to 
3.2 × 109 cell/mL to test this hypothesis. Fig. 5A-C shows the 

experimental setup as well as images of a droplet and a detached cell.
Fig. 5D shows a graph of droplet size against increasing cell density. 

Increasing the cell density did not affect the droplet size. However, de-
tached cells are observed in samples containing algae in aerosols. 
Although it is possible that the cells were detached due to drying of the 
aerosol, the experiments were undertaken at room temperature, hence it 
was deemed unlikely.

8. Effect of CO2 on algae

Measuring the cell density and pH of the cell suspensions in the well 
of the aerosolization chamber in different CO2 concentrations provided 
insight into understanding how algae health was impacted by increasing 
the concentrations of CO2 (Fig. 6).

After 15 minutes of aerosolization, there was a 19 % reduction in cell 
density upon elevating CO2 from concentrations in air (0.04 %) to 1 % 
(v/v) CO2, and an additional 24.5 % decrease upon elevation of CO2 
concentrations to 5 % (v/v). We hypothesize that the rapid decrease in 
cell count could be attributed to a simultaneous drop in pH as depicted 
in Fig. 6 (pH was as low as 6.7). This could also be due to the toxicity 
caused by high levels of CO2, or a combination of the two. The effect of 
elevated CO2 levels on various species of algae has previously been 
investigated [47,48], mostly introduced through bubbling air mixed 
with CO2 into the cell suspension. In a study undertaken in 2020, algal 
photosynthetic activity declined at 10 % (v/v) CO2 concentration with 
complete inhibition of cell growth at 15 % (v/v) CO2, which illustrates 
the toxic effects of elevated CO2 concentration on algae cells [49]. 
Although these systems provide specific levels of CO2 in the input gas, 
they are impacted by other important parameters, such as the flowrate 
of gas introduced and the size of bubbles; both of which would have a 
significant effect on the mass transfer of gas to liquid. Moreover, cells are 
not exposed directly to these CO2 concentrations because most of the gas 
is released into the headspace when bubbles reach the surface of the 
aqueous phase in PBRs. In our study, aerosols containing Synechocystis 
cells required a total volume of 5 mL of cell suspension to fill a 10 L 
chamber containing a specific CO2 concentration, meaning that each 
aerosol droplet is directly exposed to the measured CO2 concentration 
within the chamber. We presumed this would have more instantaneous 
effects on cell viability. Here, the impact of elevated levels of CO2 on cell 
viability was quantified by measuring the cell density after aero-
solization. To further understand the impact of elevated levels of CO2 on 
cell viability beyond what proportion of cell survived, we applied visible 

Fig. 3. Aerosolization efficiency calculated as a factor of increasing cell density.[*significantly different from 8.0 × 107, ^ significantly different from 1.6 × 108 using 
ANOVA with Tukey postHoc test].
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hyperspectral microscopy analysis. This enabled a cell-wise view of the 
health of the algae, where cell health could be determined for the living 
cells. Hyperspectral images of all living cells for the three CO2 concen-
trations were calculated (Fig. 7).

By measuring the spectral transmission of aerosolized cells, we 

calculated a greenness index, implying Chlorophyll a content (Fig. 7). 
There was a clear increase in spectral transmission at 677 nm, indicative 
of reduced Chlorophyll a, and potentially cell health.

We then further investigated the cell health in response to CO2 by 
directly imaging the cells using SEM and measuring their secondary 
electron spectra with SEHI (Fig. 8).

Capturing data in this way provides insights into the chemical 
structure of the algae cells. Variation in cellular structure are also vis-
ualizable in the SEM images in Fig. 8 B as CO2 concentrations increase. 
In the spectral data (Fig. 8 A), a consistent peak around 0.8 eV is evident 
across all samples showing that peak position does not change in this 
energy range, and therefore acts as an internal reference peak. However, 
there is a shift in energy of the main peak (2.6–2.9 eV) as CO2 concen-
trations increase from 0.04 % to 1–5 % (v/v). This implies a chemical 
change on the surface of Synechocystis cells. In 1 % CO2, the peak is 
broadened, implying populations of cells with similar chemistry to those 
in 0.04 % CO2, and 5 % CO2. It is likely that this dynamic change in cell 
surface chemistry of Synechocystis cells could be due to the S-layer 
composition. Synechocystis consist of an outer membrane (~15 nm) and 
inner membrane (~10 nm), with the periplasmic space (15 nm) be-
tween them. Surrounding the outer membrane is the surface "S-layer" 
(~10 nm), made up of crystalline arrays of proteins covering the entire 
cell periphery [50]. Due to SEHI’s sampling depth of > 10 nm, the 
chemical information provided from SEHI is expected to be in response 
to the chemistry of this S-layer. When considering the SEHI images and 
spectra in combination, it is notable that the cells at 1 % CO2 undergo a 
process of remodeling at the point where the chemical composition of 
the resulting S-layers is most variable. This study hypothesizes that the 
S-layer of cells exposed to 1 % CO2 undergoes varying biogenesis pro-
cesses, with some cells surviving and others dying. This hypothesis is 
supported by the observation that cells imaged at 5 % exhibited a more 
uniform chemical S-layer composition, showing a more homogeneous 
cell population. We do note here that cells which have died and lysed, 
may release enzymes that can capture CO2 prior to degradation, as 
cell-free enzymatic systems.

9. Quantification of CO2 capture

A batch aerosolization system was designed to allow quantification 
of CO2 removal rates in response to introducing aerosols. This closed 
system enabled conditioning of the aerosolization chamber to the 
selected 1 % (v/v) CO2 concentration, where algal health was deemed 
relatively unimpacted (Section 3.2). CO2 was measured before and after 
40 minutes of aerosolization. Four experimental conditions were tested 
(Fig. 9); no aerosolization, DI water aerosols and aerosols with algae 

Fig. 4. Micrographs of algae entrained microdroplets imersed in silicone oil with increasing inoculum cell density. Algae cells can be seen within the droplets, 
however, the size bars do not represent accurate aerosol sizes as they are laying across a silicone surface.

Fig. 5. (a) The experimental setup for dynamic imaging of the micro-droplets; 
(b) A micrograph of a droplet in air; (c) A micrograph of a detached cell in air; 
(d) A graph showing droplet diameter range when increasing cell density.
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(4 ×107 cells/mL). The ‘No aerosolization’ step was performed to 
quantify any system losses, which was confirmed by no quantifiable 
change in CO2 level at the beginning and end of the experiment (after 
70 min). Aerosolization of DI water showed a small removal of 
approximately 2 % of initial CO2, equivalent to 200 ppm over 40 min. 
This is expected due to the mass transfer of CO2 to water droplets in a 
chamber that is saturated with CO2, and was demonstrated previously 
[51]. CO2 changes were calculated as percentage of removal (Fig. 9). To 
eliminate the potential of cells collected in the chamber well performing 
photosynthesis, fixing CO2 and hence contributing to removal rates, the 
photosynthetic inhibitor, methyl viologen was added to the well and the 
latter experiment repeated (Fig. 9).

A 10 % reduction in CO2 concentration in the chamber was achieved 
after 40 mins when biologically activated aerosols were applied with a 
starting concentration of 1 % (v/v) CO2. This was assumed to be due to 
biological CO2 fixation. When methyl viologen was added to the 
chamber, the reduction was not impacted. With the system conditions 
applied, CO2 fixation rates were calculated at 3.52 g CO2 g−1 biomass 
h−1. This data implies that algal cells can fix the CO2 within the droplets 
with a much higher efficiency in comparison to alternative, algae-based 
CO2 fixation techniques. This drastically exceeds traditional techniques 
using PBRs when considering time or quantity of resources used i.e., 
capital, water, nutrients and cell concentrations. It is important to 
measure actual CO2 removal, rather than inferring from algal biomass 
accumulation, because this is a direct method of measurement [52]. In 
previous work, direct measurements using the microalga Chlorella in 

250 mL flasks demonstrated CO2 removal rates of 0.013 gL−1 hr−1, using 
0.5–3 gL−1 of algal biomass. This results in a removal rate range of 0.026 
gCO2 g−1 biomass hr−1 to 0.0041 gCO2 g−1 biomass hr−1 [52]. A tran-
sition away from traditional PBRs has shown more promise due to the 
increased algal-gas surface area. For example, a carbon capture study 
utilizing immobilized cyanobacteria attached to bio-composite loofah 
sponges significantly outperformed PBRs, showing CO2 fixation rates 
between 0.005–0.039 gCO2 g−1 biomass hr−1, which is 5–10 times the 
rate of suspension experiments [31].

This new approach did expose algae to stressful conditions due to 
high amounts of CO2 in the chamber and the large surface area to vol-
ume ratio of low µm diameter-range aerosols. At concentrations as high 
as 5 % CO2 (v/v) we evidenced increased cell lysis, reduced chlorophyl a 
levels, and potentially stress-induced changes in algal S-layer proteins. 
Therefore, any integration of this technology would need to consider 
adjusting process conditions to reduce stress or exploit tolerant organ-
isms. In terms of exploiting different microalgae, there are bio-
prospecting efforts to isolate strains that have high growth rates, and 
therefore will be able to fix CO2 at higher rates. For example, there has 
been the recent exciting discovery of the cyanobacterium Synecho-
cocccus sp. PCC11901 with a doubling time of 2 hours [53], several fold 
faster than similar species. Considering the lifetime of aerosols, this 
could provide much more efficient CO2 removal rates. There have also 
been multiple efforts to engineer metabolic pathways in microalgae to 
enhance photosynthetic efficiency, for example, targeting rubisco 
expression [54]. However, as recently reviewed by Kim et al. (2024), a 

Fig. 6. A dual-axis graph showing pH drop (blue) and Aerosolization Efficiency (AE) (black) as CO2 concentrations increase. There is a significant reduction in pH 
and AE from 0 % to 1 % v/v CO2, however, the change from 1 % to 5 % v/v CO2 is minimal.

Fig. 7. (a) A graph of spectral transmission of algae cells exposed to 0.04, 1 and 5 % (v/v) CO2 concentration. There is a characteristic dip at 680 nm, which is 
significantly reduced for elevated levels of CO2, indicating the cell health is affected.
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more logical option could be to optimize carbon flux to specific carbon 
sinks, leading to improved carbon sequestration and biomass yields 
[55]. The unique stress conditions produced in an aerosol could also be 
leveraged to adaptively evolve strains that are able to thrive in such 
conditions, improving overall efficiencies. In addition, the application of 
this new technology would need process specific design considerations. 
For example, it would be suited to where CO2 is omitted over large areas, 
where concentrations of CO2 are not too high (<1 % v/v), and also 
where biomass could be captured and perhaps recycled into aerosols. 
The opportunity to modify current gas scrubbers with biological CO2 

removal capability could also be explored.
The wider significance of this research is broad. The novel analytical 

techniques applied to investigate microalgal health within aerosols can 
be applied to naturally generated aerosols, where there are implications 
on atmospheric chemistry [35]. Moreover, the capture of pollutants with 
this technology need not be restricted to CO2, where applications can 
extend to other gases including volatile organic compounds.

10. Conclusions

This study demonstrates the successful aerosolization of Synecho-
cystis cells using a novel batch aerosolization system. Experiments 
revealed the optimal cell density to perform aerosolization was 
1.2 × 108 cells/mL, and varying concentrations of CO2 had an impact on 
cell density in the chamber well and pH. Furthermore, the study 
explored the potential of aerosols containing cyanobacteria to capture 
CO2 and showed an hourly rate of 3.52 g CO2 removal for every gram of 
biomass aerosolized. The study also provided insights into the visuali-
zation of droplets using static and dynamic methods of imaging, 
including visible and secondary electron hyperspectral imaging. Spec-
tral analysis showed an increase in cell stress for elevated CO2 levels, 
critically indicating not to increase the CO2 concentration beyond 1 % to 
avoid cell stress in this strain. However, using naturally occurring or 
engineered high CO2 fixing species, or even stress tolerant strains could 
improve the overall efficiency of the process. The findings of this study 
provides the very first example of how to aerosolize cyanobacteria cells 
for CO2 capture, and lays the foundation for further research that can 
implement the technology at larger scales or integrate with current 
particulate or gaseous effluent capture methods.
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Fig. 8. (a) Graphs of secondary electron emission against energy for cells exposed to 0.04, 1 and 5 % (v/v) CO2; (b) SE and SEHI images of cells exposed to 0.04, 1 
and 5 % (v/v) CO2. Different energy regimes are attributed to different colours to represent relative intensity.

Fig. 9. Percentage CO2 removal in varying aerosolization conditions, including 
a no aerosolization control, deionized water only, Synechocystis cells and Syn-
echocystis cells with photosynthesis inhibitor, methyl viologen, at the bottom of 
the well. Triplicate replicate experiments are shown as open circles, with error 
bars. There is a significant increase in removal percentage (more than 5 fold) 
for where algae cells were present. However, adding the inhibitor did not 
reduce the CO2 removal, indicating all CO2 was captured by aerosolized cells.
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