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Abstract—Global concerns about climate change and 

targets for achieving zero net emissions have grown as 

the concentration of carbon dioxide (CO₂) in the 

atmosphere has also risen, as a result of Industrialisation 

and fossil fuel usage. The biological sequestration 

technologies are being investigated as a potential solution 

because of the high photosynthetic efficiency of 

microalgae, their high growth rate, and their ability to 

convert CO₂ to valuable biomass and bio-based products. 

Nevertheless, the screening and selection of a strain with 

high performance is still a challenge. The recent 

development of droplet microfluidics and digital 

microfluidics has opened up new avenues in microalgae 

biotechnology, allowing a more precise handling, growth, 

screening and analysis of the microscale level of all single 

cells. These technologies enable high throughput 

isolation, detection and monitoring of microalgae, and 

automatic sorting of microalgal populations, to speed the 

identification of alternate strains of microalgae with 

greater carbon fixation capacity, biomass productivity, 

stress tolerance, and lipid accumulation potential. The 

droplet microfluidics allows for the creation of 

microenvironments for single-cell cultivation and 

analysis as a miniaturized bioreactor, and the digital 

microfluidics allows for the programmable control of 

discrete droplets for automated biological assays. These 

technologies, combined with microalgae research, boost 

the effectiveness of screening, use less amount of 

reagents, cut down on operational costs, and increase 

analytical accuracy. Moreover, the microfluidic 

platforms have the potential of enabling sustainable 

carbon capture and utilization systems by screening 

microalgal strains for their ability to efficiently make use 

of the CO₂ emissions from industry. The biomass 

produced can be used for renewable biofuels, bio-

plastics, fertilizer, pharmaceutical and nutraceuticals, 

and other value-added products, which will help the 

development of the circular bioeconomy. Apart from 

carbon sequestration, the environmental benefits of the 

biotechnology of microalgae using the microfluidic 

technology are climate change mitigation, improvement 

of air quality, wastewater treatment, nutrient recycling, 

conservation of biodiversity and renewable energy 

production. Combining droplet and digital microfluidics 

with microalgae biotechnology is thus a promising and 

sustainable approach to improve carbon dioxide 

sequestration and global net-zero emission projects. This 

multi-disciplinary approach could be a key enabler for 

future carbon neutral technologies and sustainable 

environmental management. 

 

I. INTRODUCTION 

 

Growing environmental detoriation and global 

detoriation is largely driven by human activities, 

which have augmented the search for carbon 

mitigation strategies. Initially, traditional carbon 

capture and storage(CCS) technologies were regarded 

as practical solutions. However, their widespread 

adoption is limited. Carbon dioxide is a major 

greenhouse gas which accounts for the largest part of 

global greenhouse emissions. Its atmospheric 

concentration continuously rises due to fossil fuel 

combustion and deforestation. While reducing the 

energy consumption and combustion efficiency limit 

the greenhouse gases emission and active removal of 

CO₂ is contributed to reduce these emissions. 

Achieving net zero emissions defined as balance 

between greenhouse gases emission and equivalent 

removal of GHG sinks, has become a global objective. 

In accordance with Paris agreement targets of limiting 

global temperature rise to 1.5–2 °C. Many countries 

committed to long term net zero emissions((Li et al., 

2026)). 

Carbon sequestration is the process of capturing 

storage of CO₂ via physical, chemical and biological 

approaches. Various chemical and biological 

sequestrations have been developed, which enabling 

captured CO₂ to be stored in deep ocean reservoir and 

saline aquifers or converted into various products such 
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as concrete, carbonates and fuels. However, 

conventional physical and chemical processes are 

highly consuming energy and more expensive. 

Biological sequestration gain more attention as it 

converts the CO₂ into biomass using solar energy. 

Although terrestrial and aquatic plants can fix the CO₂, 

their relatively slow growth limit their overall impact 

on CO₂ sequestration. Consequently, biological 

approaches, particularly microalgae-based CO₂ 

sequestration are gaining the attention as an 

alternative. The advantage of utilizing microalgae is a 

simple, fast growing unicellular or multicellular 

photosynthetic microorganism with higher CO₂ 

fixation efficiency than plants and biomass 

accumulation efficiency. Microalgae, including 

cyanobacteria, convert carbon into chemical energy 

during photosynthesis; producing biomass is further 

processed into biofuels. Thus, they offer a sustainable 

and recyclable pathway for carbon capture and 

utilization((Jeon & Han, 2026; Morales et al., 2018; 

Zhao et al., 2024)). 

Microfluidics technology has significant intrest in 

biological approaches due to its ability of precisely 

regulate cellular microenvironment in both spatial and 

temporal dimensions. Through the principles of 

laminar flow and microscale diffusion, these systems 

enables the creation of controlled biological 

conditions including nutrient variations, concentration 

gradients and various physical and chemical stresses. 

This study highlights the integration of microalgae to 

microfluidic technology by addressing key challenges 

encountered at different stages of the process. Crucial 

requirement for optimizing microalgal CO₂ 

sequestration is the accurate lipid droplet 

quantification. To achieve this, advanced 

fluorescence-based detection strategies are explored.  

 

II. MICROALGAE AS A PLATFORM FOR 

CARBON DIOXIDE SEQUESTRATION 

 

Microalgae are unicellular photosynthetic organisms 

capable of converting CO₂ into organic biomass with 

remarkable efficiency. Their ability to thrive in diverse 

environmental conditions, including wastewater and 

industrial flue gases, makes them suitable for large-

scale carbon capture applications. Beyond 

sequestration, microalgal biomass can be converted 

into biofuels, pharmaceuticals, nutraceuticals, and 

other high-value bioproducts, creating a circular 

bioeconomy. Traditional large-scale algal cultivation 

systems, such as open ponds and photobioreactors, 

face challenges related to contamination, inefficient 

mass transfer, and limited process control. These 

limitations hinder the identification and optimization 

of high-performing algal strains. To address these 

challenges, microfluidic technologies provide precise 

control over microscale environments, enabling 

enhanced experimentation and rapid innovation in 

algal biotechnology. Microalgae are unicellular 

photosynthetic microorganisms capable of converting 

CO₂ into organic biomass with exceptional areal 

productivity and resource-use efficiency compared to 

terrestrial crops((Morales et al., 2018)). Their ability 

to grow in diverse and non-arable environments, 

including wastewater streams and industrial flue 

gases, positions them as promising biocatalysts for 

large-scale carbon capture and utilization. In addition 

to CO₂ sequestration, microalgal biomass can be 

valorized into biofuels, pharmaceuticals, 

nutraceuticals, and other high-value bioproducts, 

thereby supporting the development of a sustainable 

circular bioeconomy. However, current large-scale 

cultivation platforms—principally open raceway 

ponds and conventional photobioreactors—suffer 

from critical limitations, including high susceptibility 

to biological contamination, suboptimal light and mass 

transfer, and restricted spatiotemporal control over 

culture conditions. These constraints impede 

systematic interrogation of microalgal physiology, 

hinder high-throughput screening, and slow the 

discovery and optimization of robust, high-performing 

strains under industrially relevant stressors (e.g., 

variable CO₂ loads, fluctuating light, and complex 

wastewater matrices). Consequently, the full 

biotechnological potential of microalgae for carbon 

capture and bioproduct generation remains 

underexploited((Jeon & Han, 2026)). 

Microfluidic technologies offer an attractive route to 

overcome these bottlenecks by enabling precise 

control of microscale environments, rapid 

manipulation of nutrients and gases, and high-

throughput, single-cell to microcolony-level analysis. 

Yet, there is a lack of integrated, application-oriented 

microfluidic platforms specifically engineered for 

systematic screening, characterization, and process 

optimization of microalgae under realistic cultivation 

conditions. This gap underscores the need to develop 

and validate microfluidic systems tailored to algal 
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biotechnology, with the ultimate goal of accelerating 

strain selection, process intensification, and translation 

to scalable carbon capture and bioproduct pipelines. 

 

III. ROLE OF DROPLET MICROFLUIDICS IN 

MICROALGAL RESEARCH 

 

Droplet microfluidics involves the generation of 

discrete microdroplets that serve as miniature reaction 

chambers. Each droplet can encapsulate individual 

microalgal cells, creating isolated microreactors for 

high-throughput experimentation. This technology 

enables researchers to study cellular behavior at the 

single-cell level, allowing precise assessment of 

growth rates, carbon fixation efficiency, and metabolic 

responses(Morales et al., 2018; Zhao et al., 2024). 

Encapsulation within droplets improves nutrient 

diffusion and gas exchange, promoting optimal 

microenvironmental conditions. High-throughput 

screening of thousands of droplets simultaneously 

facilitates rapid identification of strains with superior 

CO₂ sequestration capabilities. Furthermore, droplet 

microfluidics supports directed evolution and strain 

engineering by enabling automated sorting of high-

performing cells. These capabilities significantly 

accelerate the development of robust microalgal 

strains tailored for industrial carbon capture. Digital 

microfluidics complements droplet systems by 

enabling programmable manipulation of discrete 

liquid volumes on microfabricated surfaces. Through 

electrical actuation, small droplets can be transported, 

merged, split, or mixed with exceptional precision. 

This level of control allows automated cultivation of 

microalgae under varying environmental conditions, 

including CO₂ concentration, light intensity, and 

nutrient availability((Li et al., 2026; Zhao et al., 

2024)). Digital microfluidic platforms support real-

time monitoring and on-chip biochemical assays, 

reducing reagent consumption and experimental time. 

The integration of sensors and imaging systems 

enables dynamic tracking of photosynthetic activity 

and cellular metabolism. Such programmable systems 

are essential for developing adaptive cultivation 

strategies and optimizing carbon capture efficiency. 

 

IV. SINGLE CELL ISOLATION IN 

MICROFLUIDIC 
 

Single-cell isolation is one of the basic procedures for 

microalgae research, as it allows for the isolation of a 

single microalgal cell from a complex environmental 

sample and allows for the establishment of single cell 

culture to study. The traditional isolation methods, 

including micropipette isolation, serial dilution and 

culturing on agar plates, are often time-consuming and 

labor-intensive, and can only isolate a small 

proportion of the diverse microalgae found in natural 

ecosystems. These approaches can also not 

differentiate for rare or slow growing species, as often 

the dominant species will outcompete them in culture. 

To meet these challenges, an innovative technology 

has been developed: microfluidic technology, which 

offers a highly efficient platform for the single-cell 

isolation and cultivation((Florea et al., 2025)). A 

microfluidic system is a system in which individual 

microalgal cells are trapped in small water-in-oil 

droplets, each of which is a microenvironment or 

microreactor. The encapsulation process allows for a 

controlled distribution, so that most droplets hold one 

or no cells, which enables the cultivation and analysis 

of single cells in individual droplets. This physical 

segregation prevents direct interactions between the 

different species and reduces competition for 

nutrients, space and light. Consequently, it is possible 

for even slow-growing or uncommon species to 

survive and multiply without being outcompeted by 

faster-growing species. The study showed that more 

than 10% of the droplets had a single microalgal cell, 

making the system a very good candidate for large-

scale screening applications of single cells. Preserving 

species diversity is one of the major benefits of single-

cell isolation via microfluidics. In a conventional bulk 

culture, the dominant species can grow at the expense 

of other species and dominate the culture resulting in 

a decrease in biodiversity. Microfluidics, however, can 

separate cells within a separate droplet, so they are not 

in competition with other species and can grow 

separately. This method aims at better preserving the 

original community composition and better recovering 

rare, slow growing or previously untouched species of 

microalgae. This sort of diversification is especially 

critical for screening programs in environment and 

industry where new strains with different metabolic 

features of interest are very desirable. Single-cell 

isolation also allows a detailed study of the 

physiological and biochemical properties of each 

microalgal cell. Growth rates, pigment production, 

lipid accumulation, photosynthetic efficiency and 

other cellular responses can be monitored under 
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controlled conditions. This is particularly useful for 

the identification of strains that possess industrially 

relevant traits such as high biomass productivity, high 

biofuel production capacity, improved carbon dioxide 

fixation, and production of valuable compounds like 

carotenoids, polysaccharides, and bioactive 

metabolites. Each droplet is an independent culture 

unit which allows for more precise observation and 

analysis of variation between individual cells than in 

bulk culture((Li et al., 2026; Zhao et al., 2024)). A 

major benefit of microfluidic single-cell isolation is 

the extremely high throughput. Compared to 

traditional approaches, manual handling and a high 

workload, microfluidic devices can produce and 

process hundreds of thousands of droplets per minute. 

This enables researchers to quickly and effectively 

screen mass quantities of microalgal cells. The 

seamless integration of isolation, cultivation and 

analysis in a single platform significantly shortens the 

time to find promising strains for biotechnology, 

aquaculture, pharmaceuticals, environmental 

remediation and renewable energy applications. In 

addition, a single-cell isolation system using 

microfluidics is a basis of technology for high 

performance cell separation. The microalgae have 

different fluorescent properties depending on their 

photosynthetic pigments, so that droplets with target 

cells can be recognized and separated according to the 

intensity and/or the wavelength of the fluorescence. 

This allows selective recovery of microalgae having 

specific taxonomic and/or physiological properties, 

thereby further improving the screening efficiency and 

accuracy. Single-cell encapsulation, cultivation and 

fluorescence sorting are a strong tool for investigating 

and cultivating the biodiversity of microalgae. Finally, 

we believe that the single-cell isolation enabled by 

microfluidic technology is an important step in the 

study of microalgae. Microfluidics eliminates many of 

the drawbacks of traditional isolation techniques 

including the ability to isolate single cells, limit 

competition between cells within the same culture, 

maintain biodiversity and allow high throughput 

screening. It is an essential tool in the microalgae 

research field, providing insights into microalgal 

biology, as well as fast identification of valuable 

strains for industrial, environmental, and 

biotechnological uses. 

 

 
Fig 1- Plant protoplast isolation 

 

Single-cell isolation is another critical application of 

the microfluidic technology in microalgae research 

since it allows precise and efficient separation, 

cultivation and analysis of single microalgal cells. 

Traditional techniques like serial dilution, 

micropipette isolation and agar plate culturing are 

often labor-intensive, time-consuming, are 

contamination susceptible and are not suitable for the 

vast variety of microalgae found in natural 

environments. Moreover, the traditional methods often 

are not able to separate rare or slow-growing species, 

because dominant species tend to overgrow when they 

are cultivated((Gomez, 2010; McRae et al., 2016)). 

Droplet-based microfluidics, in contrast, has been 

developed as a useful technique to isolate a single 

microalgal cell to circumvent these limitations. The 

microfluidic platform that the researchers studied 

allows them to individually encapsulate microalgal 

cells in micro-size water-in-oil droplets created by a 

T-junction microchannel configuration. The diameter 

of these droplets is about 60 μm and they serve as 

micro-reactors that create isolated environments for 

individual cells. The statistics describing the 

distribution of cells in the droplets during the 

encapsulation process is of Poisson type, so that there 

is a certain percentage of droplets which have only one 
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cell inside. The researchers were able to reduce the 

number of cells in droplets and boost the likelihood of 

getting single-cell droplets that would be needed for 

downstream applications by adjusting cell 

concentration appropriately. One advantage of the 

microfluidic system described herein is that the system 

includes a single microfluidic chip which encapsulates 

the cells, inspects the droplet, sorts the droplet, and 

collects the droplet on the same microfluidic chip. 

Once the droplets have been generated, the droplets 

then pass through a deceleration zone where they slow 

down enough to be viewed by microscopy. 

Researchers can see the individual microalgal cells in 

droplets and isolate them from empty droplets or 

droplets with more than one microalgal cell. This 

screening process significantly increases the 

percentage of single-cell droplets and enhances the 

accuracy of droplet isolation(McRae et al., 2016). A 

low cost solenoid microvalve system is used for 

sorting of single droplets. A small suction force is 

applied to the droplet which contains the single cell 

when it hits the sorting region, causing it to be sucked 

into a dispensing channel while the other droplets are 

directed to waste channels. The isolated droplet is then 

conveyed through a capillary interface and captured in 

standard laboratory containers like microplates or 

PCR tubes. This provides a one-cell-in-one-tube 

isolation method such that all samples collected are 

derived from one cell of the microalgae. The system's 

effectiveness was tested with cells of micro algae like 

Chlamydomonas reinhardtii. The experimental results 

revealed that the platform could obtain the single-cell 

isolation success rate exceeding 90%, and the average 

efficiency was about 1 cell per 20 seconds. This is 

much better than standard single cell isolation 

techniques. Continuous droplet generation, accurate 

on-demand sorting and precise visual inspection were 

responsible for the high success rate achieved. 

Preserving cell viability is an important advantage of 

microfluidic single cell isolation. The study showed 

that isolated cells have been biologically active 

following encapsulation and sorting. Minimal stress or 

damage to cells and successful cultivation of isolated 

microorganisms were achieved through the gentle 

microfluidic handling process. After microfluidic 

collection, about 80% of single cells remained viable 

and capable of proliferation, which indicates that the 

microfluidic process did not compromise the viability 

of the cells. This is very helpful for microalgae studies, 

for which living cells are needed for physiological 

studies, strain improvement, and biotechnological 

applications. Single-cell isolation also provides a way 

to perform detailed genetic and physiological analysis 

of microalgae. Once isolated, single cells can undergo 

whole genome amplification, quantitative PCR, RNA 

analysis and DNA sequencing. The study was able to 

obtain high quality DNA and RNA from isolated 

single cells and show that it was appropriate for 

genomic and transcriptomic studies. These analyses 

aid in the understanding of metabolic diversity, gene 

expression, stress responses and genetic heterogeneity 

at the individual-cell level. This is especially helpful 

as bulk population analysis may obscure significant 

cell-cell variation. Single-cell isolation is also a 

significant advancement in the field of microalgae 

research that has led to the identification of new strains 

and to the isolation of new and uncultivated species. 

The microbes in natural water environments are highly 

diverse and many of these species are difficult to 

culture in laboratories. Isolation of individual cells 

directly from environmental samples, together with 

genomic sequencing will enable the identification of 

new microalgae species and their ecological functions 

and biotechnological potential. This ability will 

greatly facilitate the search for strains of interest for 

biofuel, carbon capture, pharmaceutical, aquaculture 

and environmental remediation applications. 

Furthermore, the microfluidic platform is relatively 

easy to use, inexpensive, and straightforward 

compared to the advanced methods like the 

fluorescence activated cell sorting (FACS), Raman-

activated cell sorting, optical tweezers and magnetic 

tweezers. The system uses standard laboratory 

equipment like syringe pumps, microscopes and 

relatively inexpensive solenoid valves, and can be 

readily available in many research laboratories. 

Droplet-based microfluidics is an appealing solution 

for contemporary research on microalgae, due to its 

simplicity, efficiency and ability to be readily 

integrated with downstream molecular analysis. 

 

V. FACS INTEGRATED WITH 

MICROFLUIDICS 

 

The combination of Fluorescence-Activated Cell 

Sorting (FACS) and microfluidic technology has 

proven to be a powerful tool for the rapid separation, 

screening and characterization of microalgal cells. 
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FACS is a very useful method to detect and isolate 

cells by their fluorescence characteristics and 

microfluidics allows exact manipulation of single cells 

and single droplets at the microscale. The use of these 

technologies allows for high throughput, automated 

and highly selective analysis of microalgae, which is 

highly beneficial for strain improvement, biodiversity 

studies, and biofuel research. Photosynthetic pigments 

like chlorophyll, carotenoids and phycobiliproteins are 

naturally present in microalgae, and they are known to 

release characteristic fluorescent signals upon 

exposure to a specific light(Florea et al., 2025). FACS 

uses those fluorescent characteristics to separate 

various species and/or physiological condition of the 

microalgae. Individual cells are first encapsulated in 

small droplets or flowed through micro channels, 

when combined with microfluidic devices. Lasers get 

absorbed by the pigments as each cell moves through 

a detection region, and the resulting signals are 

detected by fluorescence detectors. The target cells 

can be identified based on the fluorescent intensity, 

and the cells with spectral characteristics can be 

selected for further analysis. The big advantage of 

FACS-integrated microfluidics is the use of high 

throughput single cell screening. Manual observation 

and cell isolation is time consuming and labor 

intensive and the traditional screening methods. 

Microfluidic-FACS systems, on the other hand, can 

analyze thousands to millions of cells in a short time. 

The ability to work with environmental samples that 

can have very high diversity is very helpful for the 

study of microalgae, as can be valuable strains be very 

rare in these samples. The use of high throughput 

sorting greatly improves the chances of finding rare 

species that possess desirable properties. The 

technology is especially useful for screening of the 

lipid-rich microalgae, which is critical for biofuel 

production. Intracellular lipids can be stained with 

fluorescent dyes, e.g. Nile Red or BODIPY. As cells 

pass through the microfluidic-FACS platform, the 

brighter the fluorescence signals from the cells, the 

more lipid that the cells contain, and the brighter cells 

can be automatically sorted into separate collections. 

This will enable quick identification of better 

biodiesel-producing strains. A second application 

which is important is choosing high growth strains. 

Chlorophyll fluorescence is tightly correlated with 

photosynthetic activity and cell health. Fluorescence 

intensity can be used to determine more efficient 

photosynthetic cells and growth performance. These 

selected strains can be grown further for biomass 

production, carbon sequestration, aquaculture feed 

production etc. Single-cell physiological analysis is 

another use of the FACS-integrated microfluidics. The 

cells of single microalgal species can be highly 

variable within a culture. Certain cells might contain 

more lipid, make more pigments, or react differently 

to any environmental stress. Bulk measurements are 

an average of these responses and do not show 

differences between cells. Microfluidic-FACS 

systems, however, allow the ability to analyze 

individual cells, giving detailed information on 

metabolic diversity, stress tolerance and adaptive 

mechanisms. This will enable researchers to gain a 

deeper insight into the biology of microalgae and to 

find the best conditions for microalgae cultivation. 

When combined with droplet microfluidics, FACS is 

even more accurate. In droplet based systems each 

microalgal cell is surrounded by a single droplet which 

serves as a microreactor. Fluorescence measurements 

made on the whole droplet and not on free flowing 

cells. When a cell with a desired fluorescence property 

is present within the droplet, a directing mechanism 

such as an electric, pneumatic or valve sorting device 

directs the droplet into a collection channel. This 

process helps in reducing contamination and helps in 

maintaining selected cells as isolated cells during 

cultivation and further downstream analysis. FACS-

microfluidic systems are useful for the recovery of rare 

and uncultivable microalgae from natural samples in 

biodiversity studies. Unique fluorescent markers can 

then be used to isolate individual cells from a mixed 

population and later used for cultivation, sequencing 

of the genome or transcriptomes of the cells. This 

ability opens up access to a vast new and unexploited 

diversity of microalgae and enhances opportunities for 

finding new species with interesting biochemical 

properties. Although there are benefits to FACS 

technology, it can be costly and require a high level of 

instrumentation. Microfluidic integration allows to 

decrease the amount of reagents, sample volume and 

cost of operation, improving sorting precision. Cell 

encapsulation, fluorescence detection, cell sorting, cell 

cultivation and molecular analysis can be carried out 

in a single microfluidic platform, allowing to develop 

a compact and efficient "lab-on-a-chip. 
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Fig -2 Integration of FACS With MIcrofluidic 

 

Fluorescence-Activated Cell Sorting (FACS) and 

microfluidic technology have demonstrated a great 

ability to rapidly separate, screen and characterize 

microalgal cells(Hammami et al., 2022; Tsai et al., 

2023). The detection and isolation of cells are 

extremely useful using the technique of FACS, while 

the manipulation of single cells/droplets at the 

microscale can be achieved with great precision by 

microfluidics. The application of such technologies 

enable high throughput, automated and highly 

selective analysis of microalgae, which is very useful 

for strain improvement, biodiversity study and 

research into biofuels. Microalgae contain naturally 

occurring photosynthetic pigments, such as 

chlorophyll, carotenoids and phycobiliproteins, which 

are known to emit a characteristic fluorescent signal 

when exposed to a specific light. FACS uses those 

fluorescent characteristics to separate various species 

and/or physiological condition of the microalgae. 

Individual cells are first encapsulated in small droplets 

or flowed through micro channels, when combined 

with microfluidic devices. As the cells pass through a 

laser detection region, the pigments are absorbed by 

the laser and the signals generated are detected by the 

fluorescence detectors. The identified target cells can 

be distinguished by level of fluorescence and the cells 

of the spectral characteristics can be selected for 

further analysis. The big advantage of FACS-

integrated microfluidics is the use of high throughput 

single cell screening. Manual observation and cell 

isolation is time consuming and labor intensive and the 

traditional screening methods. Otherwise, 

microfluidic-FACS systems have the ability to analyze 

thousands to millions of cells within a short period of 

time. Strands that are very rare in the environmental 

sample can be very useful in microalgae studies, as can 

be very high diversity in the samples. The use of high 

throughput sorting greatly improves the chances of 

finding rare species that possess desirable properties. 

This technology has particular application to screening 

the lipid-rich microalgae, which is essential for biofuel 

production. Intracellular lipids can be stained with 

fluorescent dyes, e.g. Nile Red or BODIPY. As cells 

pass through the microfluidic-FACS platform, the 

brighter the fluorescence signals from the cells, the 

more lipid that the cells contain, and the brighter cells 

can be automatically sorted into separate collections. 

This will help in faster identification of the improved 

biodiesel producing strains. The second one is 

selection of high growth strains, which is important. 

Chlorophyll fluorescence is closely linked to the 

activity of photosynthesis and the health of the cells. 

The efficiency of photosynthetic cells and growth can 

be obtained by measuring the intensity of the 

fluorescence. The selected strains can be cultured 

further for biomass production, carbon sequestration, 

aquaculture feed production etc. The FACS-integrated 

microfludics also can be used for single-cell 

physiological analysis. Single microalgal species can 

have a very wide range of cell variability within the 

culture. Some cells may have a higher lipid content, 

higher pigment production or different responses to 

stress factors in the environment. These differences 

between cells are not reflected in bulk measurements 

which are an average of these. However, the capacity 

to characterize the metabolism in single cells and the 

capacity to measure stress resistance and adaptive 

mechanisms are possible features of the microfluidic-

FACS systems. This will enable researchers to gain a 

deeper insight into the biology of microalgae and to 

find the best conditions for microalgae cultivation. 

FACS is even more accurate when used in conjunction 

with droplet microfluidics. In droplet based systems 

each microalgal cell is surrounded by a single droplet 

which serves as a microreactor. Fluorescence 

measurements made on the whole droplet and not on 

free flowing cells. A directing mechanism, such as an 

electric, pneumatic or valve sorting device, will direct 

a droplet into a collection channel when a cell that has 

a desired fluorescence property is within the droplet. 

By this process can be reduced the contamination, and 

can be maintained the selected cells as isolated cells 

during cultivation and further downstream analysis. 

FACS-microfluidic systems can be valuable for the 

recovery of rare/uncultivable microalgae from natural 
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samples in biodiversity studies. These unique 

fluorescent markers can then be employed to isolate a 

single cell within a mixed population and subsequently 

utilized for the culture of that specific cell, the 

sequencing of the cell's genome and/or transcriptome. 

This capability allows for the exploitation of an 

enormous new untapped diversity of microalgae and 

will improve the chances of discovering new species 

of microalgae with interesting biochemical properties. 

There are advantages to FACS technology, but it needs 

a considerable amount of instrumentation and it is a 

costly technology. Microfluidic integration allows to 

decrease the amount of reagents, sample volume and 

cost of operation, improving sorting precision. Cell 

encapsulation, fluorescence detection, cell sorting, cell 

cultivation and molecular analysis can be carried out 

in a single microfluidic platform, allowing to develop 

a compact and efficient "lab-on-a-chip. 

Microfluidics assisted microalgae research has great 

environmental significance as it offers efficient and 

sustainable net-zero emission technology by reducing 

carbon dioxide (CO₂) in the atmosphere, which is a 

major greenhouse gas responsible for global warming 

and climate change. CO₂ is naturally absorbed by 

microalgae during the photosynthesis process and 

turns into biomass with O₂ released. Microfluidic-

based screening and identification of microalgae with 

high potential for carbon fixation is a fast method. 

These are very efficient strains, selected and 

developed on a large scale to be able to remove carbon 

dioxide from the atmosphere in greater quantities, thus 

slowing down the build-up of greenhouse gases in the 

global climate. Climate change is one of the greatest 

environment challenges facing mankind and leads to 

the increase in global temperature, melting of glaciers, 

sea level rise, extreme weather events, drought and 

floods. Microfluidics helps to mitigate the effects of 

climate change by shortening the time required to 

discover and evaluate microalgal strains that can more 

efficiently capture and utilize CO₂ than did traditional 

strains. The optimised microalgae can be grown on a 

large scale and their cultivation would remove a 

considerable amount of CO2 from the atmosphere, 

slowing global warming and the resulting impacts on 

ecosystems and human societies. There is also a 

significant environmental benefit, in the form of 

improved air quality. Major sources such as industrial 

processes, power generation facilities and 

transportation systems emit large amounts of CO2 and 

other pollutants into the atmosphere. Microfluidic 

technology is used to identify cheaper microalgae for 

efficient use of industrial emissions as a carbon source. 

The microalgae can be grown in proximity to emission 

sources so as to remove pollutants before they are 

released to the atmosphere. This means reduced air 

pollution, better environmental quality and lower risk 

of pollution-associated diseases such as respiratory 

diseases. Microfluidics also helps to foster the creation 

of eco-friendly carbon-capture methods. Traditional 

carbon capture technologies are energy-intensive and 

expensive to implement. Contrary, the carbon 

sequestration by micro algae is a natural and 

renewable process. Microfluidic systems enable the 

high throughput screening of microalgal strains and 

single cell analysis to identify highly productive 

strains in a timely and efficient manner. This makes 

the use of biological CCS more feasible and effective, 

and reduces impacts on the environment caused by 

traditional carbon management methods. The 

technology also helps the conservation of biodiversity. 

Climate change poses a risk to many species of flora 

and fauna, through changes to habitats and the 

ecological balance. Research on the microalgae using 

microfluidics contributes to the conservation of 

ecosystems and biodiversity by reducing green house 

gas emissions and the concentration level of carbon 

dioxide in the atmosphere. Furthermore, microfluidic 

devices enable the separation and investigation of rare 

species of microalgae that could have distinct 

ecological roles and novel carbon capture efficiencies, 

thus maintaining valuable bio-diversity for future uses. 

Microfluidics is an important enabling technology for 

renewable energy generation. Fossil fuel dependency 

has continued to be one of the highest sources of 

GHGs. Microalgal strains with high lipid content for 

biofuel production can be easily identified using 

microfluidic platforms with fast time. These lipids can 

be converted to biodiesel and other renewable fuels 

which can be used as alternative fuels to fossil fuels. 

Biofuels from microalgae will offer substantial 

reductions in net GHGs and cleaner energy systems 

since they do not release fossil carbon but rather 

sequester carbon from the atmosphere. Further 

environmental benefit is the decrease of resources 

used for research and development. They use very 

small volume of fluids, nutrients and reagents in 

microfluidic systems. They use less water, less 

chemicals and less energy compared with traditional 
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lab procedures. This is an efficient use of the resource 

and minimizes waste production and the 

environmental impact of scientific investigations, 

making microfluidics an environmentally friendly 

technology. Microfluidics also contributes to the 

development of a circular bioeconomy. Selected 

microalgal strains can be used for biofuels, bioplastics, 

fertilizers, animal feed, aquaculture feed, 

pharmaceuticals and nutraceuticals production. These 

products can be used in place of petroleum-based 

products and can help save the use of non-renewable 

resources. Sustainable production and use of 

microalgal biomass help reduce waste generation and 

ensure efficient resource recycling for environmental 

sustainability(Gomez, 2010; Wang et al., n.d.). 

Moreover, the microalgae are screened in the 

microfluidic system and can be applied in the 

wastewater treatment and nutrient recycling. A large 

number of micro algal species can have the ability to 

take up excess nitrogen, phosphorus and other 

pollutants from wastewater and also capture the 

carbon dioxide. Microfluidics is used to identify 

strains that are better at removing nutrients, which 

enables the development of integrated systems for 

treating wastewater, recycling the nutrients, and 

generating valuable biomass. This has a dual benefit 

for environment which in turn means better health for 

the environment and better water resources. An 

additional significant achievement is the creation of 

microalgae that are climate resistant. Microalgal 

growth and productivity can be affected by 

environmental factors like temperature changes, 

salinity changes, and high level of carbon dioxide. 

Microfluidic platforms allow individual cells to be 

subjected to different environmental stresses and the 

ability to determine which strains can continue to have 

a high carbon fixation rate under a challenging 

environment. These climate-resilient varieties can 

help to sustain stable carbon capture in future climate 

scenario, thus enabling more reliable and sustainable 

net zero emission strategies. Finally, microfluidics-

assisted microalgae research can provide a number of 

environmental benefits towards achieving “Net Zero”. 

It can lower atmospheric levels of CO₂, help reduce 

climate change, help improve air quality, support 

sustainable CCS technologies, conserve biodiversity, 

aid in the production of renewable energy, reduce 

resource use, develop bioeconomy, improve 

wastewater treatment, and develop climate resilient 

strains of microalgae. When taken together, all these 

advantages highlight the potential of microfluidics in 

improving sustainable environmental management 

and contributing to global efforts for a cleaner, 

healthier, and more sustainable world. 

 

VI. CONCLUSION 

 

The incorporation of microalgae biotechnology, 

carbon dioxide sequestration, and droplet and digital 

microfluidic technologies is a promising and 

innovative pathway towards global net zero emission 

targets. With the levels of CO2 in the atmosphere on 

the rise as a consequence of industrialization, fossil 

fuel use and human activity, the need for sustainable 

solutions to capture carbon has never been more 

urgent. The use of microalgae for carbon sequestration 

is considered to be a very efficient biological system 

due to their high growth rates, high photosynthesis 

efficiency and possibility to produce valuable biomass 

and bio-based products in a carbon dioxide utilization 

process. Precise manipulation, cultivation, 

monitoring, and analysis of individual microalgal cells 

at the microscale have been revolutionized by droplet 

microfluidics and digital microfluidics. These 

technologies can be used to carry out high throughput 

screening, single cell isolation, fluorescence-based 

sorting, and real-time monitoring of cellular 

performance, thus enabling researchers to quickly 

identify strains that have higher carbon fixation 

capacity, higher biomass productivity, better 

photosynthetic efficiency, and more lipid 

accumulation. Microfluidic devices make it far more 

efficient to discover better microalgal strains for 

environmental and industrial purposes by cutting 

down on reagent use, the cost of experiments and the 

error of analysis. Droplet and digital microfluidics 

further improve the potential of discovery of rare and 

stress-tolerant microalgae that will survive industrial 

microalgal cultivation, such as high carbon dioxide 

concentration and variable environmental parameters. 

These advanced screening technologies can help 

optimize carbon capture and utilization systems, 

allowing for better capture of greenhouse gases from 

industrial emissions and the atmosphere. Furthermore, 

the sequestered biomass can be converted into 

renewable biofuels, bio-plastics, bio-fertilizers, 

medicinal products, nutraceutics and animal feed; 

thus, contributing to a sustainable circular 
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bioeconomy. In addition to carbon capture, the 

synergy between microfluidics and microalgae 

biotechnology holds numerous advantages from an 

environmental perspective, such as climate change 

mitigation, air quality improvement, wastewater 

treatment, biodiversity conservation, resource 

efficiency and the production of renewable energy. 

Microfluidic technologies are essential tools for next 

generation carbon management strategies, as they 

enable precise, high-throughput and automated 

analysis at the single cell level. To summarize, droplet 

and digital microfluidics are revolutionary 

technologies that enable the full potential of 

microalgae to be harnessed in CO₂ sequestration and 

net-zero emission programs. Their coupling to 

microalgae biotechnology offers a sustainable, 

efficient and scalable solution to solve global climate 

challenges, while also offering valuable bio-based 

products. With the evolution of research and 

technological developments, the use of microfluidic 

assisted microalgae systems is expected to be a 

cornerstone of future carbon neutral economies and to 

make a significant contribution to a cleaner, greener 

and more sustainable world. 

 

REFERENCES 

 

[1] Abinandan, S., & Shanthakumar, S. (2016). 

Challenges and opportunities in application of 

microalgae for CO₂ sequestration. Renewable and 

Sustainable Energy Reviews, 52, 123–132.  

[2] Alcantara, C., García-Encina, P. A., & Muñoz, R. 

(2013). Carbon dioxide biofixation technologies 

using microalgae. Bioresource Technology, 126, 

345–354.  

[3] Ashour, M., et al. (2024). Effects of CO₂ 

enrichment on microalgal productivity and carbon 

utilization. Algal Research, 74, 103212.  

[4] Becker, E. W. (1994). Microalgae: Biotechnology 

and Microbiology. Cambridge University Press.  

[5] Bechet, Q., Shilton, A., & Guieysse, B. (2013). 

Modeling photosynthesis in microalgae 

cultivation systems. Biotechnology Advances, 

31(2), 164–181.  

[6] Ben-Amotz, A., Tornabene, T. G., & Thomas, W. 

H. (1985). Chemical profile of selected 

microalgae. Journal of Phycology, 21, 72–81.  

[7] Bilanovic, D., & Holland, M. (2012). Carbon 

dioxide sequestration using microalgae. Energy 

Conversion and Management, 62, 123–129.  

[8] Bilanovic, D., et al. (2009). Optimization of CO₂ 

fixation by freshwater algae. Bioresource 

Technology, 100, 2620–2628.  

[9] Cabello, J., Morales, M., & Revah, S. (2014). 

Light acclimation responses in microalgae. Algal 

Research, 5, 56–67.  

[10] Campbell-Lendrum, D., et al. (2023). Climate 

change impacts and mitigation strategies. Nature 

Climate Change, 13, 450–462.  

[11] Camacho-Rubio, F., et al. (2003). Photoinhibition 

in microalgae cultures. Biotechnology Progress, 

19, 118–125.  

[12] Chen, C. Y., et al. (2011). Cultivation 

technologies of microalgae. Bioresource 

Technology, 102, 71–81.  

[13] Cheng, J., et al. (2006). CO₂ fixation by 

microalgae in photobioreactors. Biochemical 

Engineering Journal, 31, 204–209.  

[14] Cheng, P., et al. (2019). Carbon dioxide 

utilization in algal cultivation systems. Journal of 

Cleaner Production, 227, 473–485.  

[15] Chisti, Y. (2007). Biodiesel from microalgae. 

Biotechnology Advances, 25, 294–306.  

[16] Choi, H. J., et al. (2014). Nanobubble effects on 

microalgal growth. Environmental Science and 

Technology, 48, 878–885.  

[17] Cohen, Z., Koren, A., & Arad, S. (1991). Growth 

limitations in algal systems. Applied 

Biochemistry and Biotechnology, 28, 201–210.  

[18] Colla, L. M., et al. (2007). Spirulina cultivation 

and CO₂ fixation. Bioresource Technology, 98, 

1489–1493.  

[19] Costache, T. A., et al. (2013). Scenedesmus 

cultivation under varying environmental 

conditions. Algal Research, 2, 145–151.  

[20] Cuellar-Bermudez, S. P., et al. (2015). Carbon 

capture using microalgae. Renewable and 

Sustainable Energy Reviews, 47, 331–346.  

[21] Danquah, M. K., et al. (2010). Design of 

microalgal culture media. Bioresource 

Technology, 101, 499–505.  

[22] de Vree, J. H., et al. (2015). Outdoor cultivation 

of microalgae. Biotechnology Advances, 33, 

1220–1230.  



© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002 

IJIRT 206192 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 318 

[23] Duarte, J. H., et al. (2016). Flue gas utilization by 

microalgae. Environmental Technology, 37, 233–

242.  

[24] Eustance, E., et al. (2016). Large-scale algal 

biomass production. Algal Research, 17, 173–

181.  

[25] Falkowski, P. G., & Raven, J. A. (1997). Aquatic 

Photosynthesis. Blackwell Science.  

[26] Fan, L., Vonshak, A., & Boussiba, S. (1994). 

Growth characteristics of Haematococcus. 

Journal of Applied Phycology, 6, 499–506.  

[27] Farrelly, D. J., et al. (2013). Review of CO₂ 

removal efficiencies in algae systems. Journal of 

Environmental Management, 129, 142–154.  

[28] Fernandez, F. G. A., et al. (2012). Light effects on 

photosynthesis. Bioresource Technology, 114, 

123–130.  

[29] Fistarol, G. O., et al. (2016). Industrial carbon 

dioxide utilization. Algal Research, 16, 128–139.  

[30] Hanagata, N., et al. (1992). Tolerance of Chlorella 

to elevated CO₂. Applied Microbiology and 

Biotechnology, 38, 117–120.  

[31] Hess, S. K., et al. (2017). Heavy metal impacts on 

algal carbon capture. Environmental Pollution, 

221, 310–320.  

[32] Ho, S. H., et al. (2017). Microalgal cultivation for 

carbon sequestration. Biotechnology Advances, 

35, 128–145.  

[33] Huntley, M. E., & Redalje, D. G. (2007). CO₂ 

capture and algal biomass. Mitigation and 

Adaptation Strategies, 12, 573–608.  

[34] IPCC. (2014). Climate Change 2014: Synthesis 

Report. Geneva.  

[35] Ito, T., & Sugai, Y. (2021). Nanobubble 

technology applications. Water Research, 190, 

116730.  

[36] Janssen, M., & Jack, V. (2016). Light limitation 

in outdoor algae systems. Algal Research, 14, 

163–174.  

[37] John, R. P., et al. (2011). Microalgal biofuels and 

carbon mitigation. Renewable Energy, 36, 2937–

2945.  

[38] Juneja, A., Ceballos, R., & Murthy, G. (2013). 

Nutrient effects on algal growth. Energies, 6, 

4607–4638.  

[39] Khaled Abdella Ahmed, A., et al. (2018). CO₂ 

nanobubbles in environmental engineering. 

Chemical Engineering Journal, 345, 698–707.  

[40] Khozin-Goldberg, I., & Cohen, Z. (2006). Lipid 

accumulation in microalgae. Phytochemistry, 67, 

174–183.  

[41] Kitaya, Y., Azuma, H., & Kiyota, M. (2005). 

Euglena cultivation and CO₂ fixation. Journal of 

Bioscience and Bioengineering, 100, 117–124.  

[42] Kommareddy, A., & Anderson, G. (2003). LED 

lighting for microalgae cultivation. 

Biotechnology Progress, 19, 164–174.  

[43] Kumar, K., et al. (2010). Spirulina cultivation 

systems. Renewable Energy, 35, 128–135.  

[44] Kumar, S., et al. (2023). Carbon capture 

technologies. Renewable Energy, 212, 101–115.  

[45] Lai, C. Y., et al. (2020). Nanobubble transfer 

efficiency. Water Research, 170, 115340.  

[46] Lai, C. Y., et al. (2022). Gas retention 

mechanisms in nanobubbles. Chemical 

Engineering Journal, 435, 134852.  

[47] Li, L., et al. (2026). Comparative study of CO₂ 

nanobubbles and macrobubbles. Water Research, 

288, 124714.  

[48] Meier, L., et al. (2015). Biogas upgrading with 

microalgae. Bioresource Technology, 184, 44–52.  

[49] Mikkelsen, M., Jørgensen, M., & Krebs, F. 

(2010). Carbon capture technologies review. 

Energy and Environmental Science, 3, 43–81.  

[50] Mokashi, K., et al. (2016). Carbonate utilization 

by microalgae. Renewable Energy, 85, 341–350.  

[51] Morales, M., Sánchez, L., & Revah, S. (2018). 

Environmental factors affecting carbon dioxide 

fixation by microalgae. FEMS Microbiology 

Letters, 365, fnx262.  

[52] Mooij, P. R., et al. (2017). Photo-acclimation 

mechanisms in microalgae. Algal Research, 25, 

89–101.  

[53] Napan, K., et al. (2015). Trace metal effects on 

algal productivity. Environmental Science and 

Pollution Research, 22, 14235–14247.  

[54] Nguyen, T. (2026). Optimization of Scenedesmus 

growth. Journal of Applied Phycology, 38, 455–

467.  

[55] Nikolaou, A., et al. (2016). Light adaptation in 

microalgae. Photosynthesis Research, 128, 223–

237.  

[56] Norsker, N. H., et al. (2011). Photosynthetic 

efficiencies in algal cultivation. Applied Energy, 

88, 3524–3531.  



© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002 

IJIRT 206192 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 319 

[57] Oliveira, M. A. C. L., et al. (1999). Spirulina 

physiology and cultivation. Aquaculture 

International, 7, 261–275.  

[58] Ooms, M. D., et al. (2016). Solar energy 

conversion efficiency in algae. Algal Research, 

14, 1–10.  

[59] Oswald, W. J., & Golueke, C. G. (1960). 

Biological transformation of solar energy. 

Applied Microbiology, 8, 223–262.  

[60] Pal, P., & Anantharaman, N. (2022). Carbon 

dioxide supplementation in algal 

photobioreactors. Bioresource Technology, 357, 

127345. 

[61] Whitesides, G. M. (2006). The origins and future 

of microfluidics. Nature, 442, 368–373.  

[62] Squires, T. M., & Quake, S. R. (2005). 

Microfluidics: Fluid physics at the nanoliter scale. 

Reviews of Modern Physics, 77, 977–1026.  

[63] Teh, S. Y., et al. (2008). Droplet microfluidics. 

Lab on a Chip, 8, 198–220.  

[64] Guo, M. T., et al. (2012). Droplet microfluidics 

for biological applications. Lab on a Chip, 12, 

2146–2155.  

[65] Seemann, R., et al. (2012). Droplet based 

microfluidics. Reports on Progress in Physics, 75, 

016601.  

[66] Fair, R. B. (2007). Digital microfluidics. 

Microfluidics and Nanofluidics, 3, 245–281.  

[67] Pollack, M. G., et al. (2002). Electrowetting-

based actuation of droplets. Applied Physics 

Letters, 77, 1725–1726.  

[68] Wheeler, A. R. (2008). Putting electrowetting to 

work. Science, 322, 539–540.  

[69] Churski, K., et al. (2010). Droplet microfluidics 

for screening. Lab on a Chip, 10, 816–818.  

[70] Baret, J. C. (2012). Surfactants in droplet 

microfluidics. Lab on a Chip, 12, 422–433. 

[71] Anna, S. L., Bontoux, N., & Stone, H. A. (2003). 

Formation of dispersions using flow focusing in 

microchannels. Applied Physics Letters, 82(3), 

364–366.  

[72] Autebert, J., et al. (2012). Microfluidics: An 

innovative tool for screening and engineering 

microalgae. Biotechnology Advances, 30(6), 

1405–1415.  

[73] Baret, J. C. (2012). Surfactants in droplet-based 

microfluidics. Lab on a Chip, 12, 422–433.  

[74] Brouzes, E., et al. (2009). Droplet microfluidic 

technology for single-cell high-throughput 

screening. PNAS, 106(34), 14195–14200.  

[75] Clausell-Tormos, J., et al. (2008). Droplet-based 

microfluidic platforms for biological applications. 

Chemistry & Biology, 15(5), 427–437.  

[76] Dittrich, P. S., & Manz, A. (2006). Lab-on-a-chip 

technologies for biological analysis. Nature 

Reviews Drug Discovery, 5, 210–218.  

[77] Dressler, O. J., et al. (2014). Droplet 

microfluidics: Enabling technologies and 

applications. Lab on a Chip, 14, 4374–4390.  

[78] El Debs, B., et al. (2012). Functional single-cell 

hybridoma screening using droplet microfluidics. 

PNAS, 109, 11570–11575.  

[79] Guo, M. T., et al. (2012). Droplet microfluidics 

for high-throughput biological assays. Lab on a 

Chip, 12, 2146–2155.  

[80] Huebner, A., et al. (2008). Development of 

microfluidic systems for droplet generation. Lab 

on a Chip, 8, 1244–1254.  

[81] Joensson, H. N., & Andersson Svahn, H. (2012). 

Droplet microfluidics: A tool for single-cell 

analysis. Angewandte Chemie, 51, 12176–12192.  

[82] Mazutis, L., et al. (2013). Single-cell analysis and 

sorting using droplet microfluidics. Nature 

Protocols, 8, 870–891.  

[83] Shang, L., Cheng, Y., & Zhao, Y. (2017). 

Emerging droplet microfluidics. Chemical 

Reviews, 117, 7964–8040.  

[84] Teh, S. Y., et al. (2008). Droplet microfluidics. 

Lab on a Chip, 8, 198–220.  

[85] Theberge, A. B., et al. (2010). Microdroplets in 

microfluidics. Angewandte Chemie International 

Edition, 49, 5846–5868.  

[86] Whitesides, G. M. (2006). The origins and future 

of microfluidics. Nature, 442, 368–373.  

[87] Wheeler, A. R. (2008). Digital microfluidics. 

Science, 322, 539–540.  

[88] Fair, R. B. (2007). Digital microfluidics: Is a true 

lab-on-a-chip possible? Microfluidics and 

Nanofluidics, 3, 245–281.  

[89] Pollack, M. G., et al. (2002). Electrowetting-

based actuation of liquid droplets. Applied 

Physics Letters, 77, 1725–1726.  

[90] Sista, R. S., et al. (2008). Digital microfluidics for 

laboratory automation. Lab on a Chip, 8, 2091–

2104.  



© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002 

IJIRT 206192 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 320 

[91] Choi, K., et al. (2012). Digital microfluidics. 

Annual Review of Analytical Chemistry, 5, 413–

440.  

[92] Abdelgawad, M., & Wheeler, A. R. (2009). 

Digital microfluidics for diagnostics. Advanced 

Materials, 21, 920–925.  

[93] Jebrail, M. J., et al. (2012). Digital microfluidics 

for biological applications. Lab on a Chip, 12, 

2452–2463.  

[94] Kim, C. J., et al. (2002). Electrowetting and 

digital microfluidics. Journal of Micromechanics 

and Microengineering, 12, 70–80.  

[95] Cho, S. K., et al. (2003). Creating, transporting 

and mixing droplets using electrowetting. Journal 

of Microelectromechanical Systems, 12, 70–80.  

[96] Fobel, R., et al. (2014). Open-source digital 

microfluidics platform. Lab on a Chip, 14, 957–

962.  

[97] Wheeler, A. R., et al. (2004). Microfluidic 

handling of droplets. Analytical Chemistry, 76, 

4833–4838.  

[98] Zeng, J., et al. (2011). Digital microfluidics for 

bioassays. Lab on a Chip, 11, 3449–3454.  

[99] Wang, B., et al. (2014). Microfluidic technologies 

for microalgae. Biotechnology Advances, 32, 

1503–1515.  

[100] Kim, H. S., et al. (2016). Microfluidic 

systems for algal biotechnology. Algal Research, 

18, 129–140.  

[101] Holzinger, M., et al. (2014). Lab-on-a-chip 

devices for microalgae screening. Biosensors and 

Bioelectronics, 61, 421–429.  

[102] Lim, S. W., et al. (2016). High-throughput 

microalgae screening using microfluidics. 

Scientific Reports, 6, 21145.  

[103] Schaap, A., et al. (2011). Microfluidics for 

single-cell microalgae cultivation. Lab on a Chip, 

11, 1527–1532.  

[104] Pan, J., et al. (2011). Microfluidic cultivation 

and analysis of algae. Biotechnology and 

Bioengineering, 108, 1221–1230.  

[105] Dewan, A., et al. (2012). Microfluidic device 

for algal growth monitoring. Lab on a Chip, 12, 

415–423.  

[106] Zheng, Y., et al. (2013). Single-cell analysis 

of microalgae using microfluidics. Analytical 

Chemistry, 85, 1258–1265.  

[107] Best, R. J., et al. (2015). Microfluidic 

platforms for algal biofuel research. 

Biotechnology Journal, 10, 1397–1406.  

[108] Hu, Q., et al. (2008). Microalgal biofuels: 

Challenges and opportunities. Plant Journal, 54, 

621–639.  

[109] Wijffels, R. H., & Barbosa, M. J. (2010). An 

outlook on microalgal biofuels. Science, 329, 

796–799.  

[110] Singh, J., & Gu, S. (2010). 

Commercialization of algal biofuels. Renewable 

and Sustainable Energy Reviews, 14, 2596–2610.  

[111] Raven, J. A. (2018). Global carbon fixation 

by algae. Journal of Applied Phycology, 30, 1–12.  

[112] Singh, A., & Ahluwalia, A. S. (2012). 

Microalgae and carbon sequestration. Mitigation 

and Adaptation Strategies for Global Change, 18, 

73–95.  

[113] Yang, Y., et al. (2024). Carbon capture and 

utilization using algae. Renewable Energy, 223, 

119782.  

[114] Ringsby, M., et al. (2024). Emerging carbon 

capture technologies. Energy Reports, 10, 1150–

1168.  

[115] Pitt, D., et al. (2024). Anthropogenic carbon 

emissions and climate mitigation. Nature Climate 

Change, 14, 321–330.  

[116] Zhao, L., Cai, Z., Li, Y., & Zhang, Y. (2024). 

Engineering Rubisco to enhance CO₂ utilization. 

Synthetic and Systems Biotechnology, 9, 55–68.  

[117] Long, S. P., et al. (2015). Improving 

photosynthesis for crop productivity. Science, 

347, 122–129.  

[118] Whitney, S. M., et al. (2011). Directed 

evolution of Rubisco. Plant Physiology, 155, 27–

35.  

[119] Parry, M. A. J., et al. (2013). Rubisco activity 

and engineering strategies. Journal of 

Experimental Botany, 64, 717–730.  

[120] Andersson, I., & Backlund, A. (2008). 

Structure and function of Rubisco. Plant 

Physiology and Biochemistry, 46, 275–291.  

[121] Price, G. D., et al. (2008). Carbon 

concentrating mechanisms in cyanobacteria. 

Journal of Experimental Botany, 59, 1441–1461.  

[122] Rae, B. D., et al. (2013). Cyanobacterial CO₂ 

concentrating mechanisms. Plant Physiology, 

162, 36–46.  



© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002 

IJIRT 206192 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 321 

[123] Erb, T. J., & Zarzycki, J. (2018). Synthetic 

carbon fixation pathways. Current Opinion in 

Biotechnology, 49, 100–107.  

[124] Gleizer, S., et al. (2019). Conversion of CO₂ 

into biomass by engineered microorganisms. Cell, 

179, 1255–1263.  

[125] Schwander, T., et al. (2016). Synthetic 

carbon fixation cycle. Science, 354, 900–904.  

[126] Claassens, N. J., et al. (2019). Synthetic 

biology for carbon fixation. Current Opinion in 

Biotechnology, 62, 1–9.  

[127] Liao, J. C., et al. (2016). Biological routes to 

carbon neutrality. Nature Reviews Microbiology, 

14, 288–304.  

[128] Rockström, J., et al. (2017). Sustainable 

development and net-zero pathways. Science, 

355, eaah3442.  

[129] Friedlingstein, P., et al. (2023). Global 

carbon budget. Earth System Science Data, 15, 

5301–5369.  

[130] IEA. (2023). Net Zero Roadmap: A Global 

Pathway to Keep the 1.5°C Goal in Reach. 

International Energy Agency. 

 

 


