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Abstract 

Background: Microalgae are well-established feedstocks for applications ranging from biofuels to 

valuable pigments and therapeutic proteins. However, the low biomass productivity using 

commercially available growth mediums is a roadblock for its mass production. This work describes 

a strategy to boost the algal biomass productivity by using an effective CO2 supplement. 

Results: In the present study, a novel nanoemulsion-based media has been tested for the growth of 

freshwater microalgae strain Chlorella pyrenoidosa. Two different nanoemulsion-based media were 

developed using 1% silicone oil nanoemulsion (1% SE) and 1% paraffin oil nanoemulsion (1% PE) 

supplemented in BG11 media During 12-day growth experiment, the 1% PE gave the highest biomass 

yield (3.2± 0.07gL-1), followed by 1%SE (2.75 ± 0.07 gL-1) and control (1.03±0.02 gL-1). The 

respective microalgal cell number measured using cell counter were (3.0 ± 0.21 x 106 cells ml-1), (2.4 

± 0.30 x 106 cells ml-1) and (1.34 ± 0.09 x 106 cells ml-1). Cell viability analysis using MTT assay 

showed that 1% PE also had higher viable cells (94%) compared to 1% SE (77%) and control (53%). 

The effective CO2 absorption tendency of the emulsion was highlighted as the key mechanism for 

greater biomass production. On the biochemical characterization of the produced biomass, it was 

found that the nanoemulsion cultivated  C. pyrenoidosa had increased lipid (1% PE=26.8%, 1% 

SE=23.6%) and carbohydrates (1% PE=17.2%, 1% SE=18.9%) content compared to the control 

(lipid=18.05%, carbohydrates=13.6%). 

Conclusions: This study provides a novel nanoemulsion which acts as an effective CO2 supplement 

for microalgal growth media which increase the growth of microalgal cells. Importantly, 

nanoemulsions cultivated microalgal biomass possess increment in lipid and carbohydrate content. 

This approach also provides high microalgal biomass productivity without alteration of 

morphological characteristics like cell shape and cell size. 

Keywords: Microalgae, Nanoemulsion, Paraffin oil, Silicone oil, Biomass 
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1. Background: 20 

One of the major challenges in algal cultivation is the limited supply of CO2 from the atmosphere 21 

to the cultivation system due to poor CO2 transfer rate from air to water (1). Finding suggests 22 

that the diffusion of CO2 from the atmosphere to water cannot meet the photosynthetic efficiency 23 

of algae (2). In this regard, most of the research has been focused on the delivery of CO2 to 24 

photobioreactors, raceways, and ponds directly using air pumps, but this approach has two main 25 

limitations. Firstly, the delivery of CO2 in such a manner is an energy-intensive process (3), and 26 

secondly, most of the CO2 escape in the surroundings leading to its loss. To overcome these 27 

limitations, chemical absorption of the carbon dioxide has been considered in the past, which 28 

involves the addition of solvents like carbonates (4), amines (5), and piperazine (6). However, 29 

these processes are energy-intensive and possess economic and technical limitations (7). In a 30 

recent finding, solvent-based CO2 delivery was proposed which involves the capture of CO2 in 31 

the solvent and its subsequent delivery to algal cells through the non-porous membrane e.g. 32 

Polydimethylsiloxane (PDMS) membrane (8). This membrane-based system allows diffusion of 33 

CO2 from solvent into algal cultivation media. However, with this approach, the cost of 34 

membrane adds significant capital burden for large scale systems (9).  35 

Therefore, an efficient CO2 delivery agent to the algal cultivation media is required which can be 36 

used to increase the growth, productivity, and synthesis of biomolecules inside algal cells. 37 

Moreover, the CO2 delivery agent should be cost-effective, non-toxic, and should have a high 38 

affinity for CO2. Thus, the present study seeks to explore the two inert organic solvents named 39 

silicone oil and paraffin oil in the form of oil-in-water nanoemulsion for the cultivation of algae. 40 



6 

 

These inert organic solvents absorb CO2 through physical absorption without having any 41 

chemical reaction. The binding responsible for physical absorption is being either Van der Waals 42 

type or electrostatic between the CO2 and solvent molecules (10). The driving force responsible 43 

for physical absorption is the high solubility of CO2 in the solvent.  44 

 To improve the physical absorption process, the concept of using nanoemulsion to capture CO2 45 

has been proposed. Research literature suggests that the inert organic solvents like 46 

perfluorodecalin (11), are effective in delivering CO2 to algal cells. However, their formulation 47 

in the form of nanoemulsion for the algal cultivation area is unexplored. The physiochemical 48 

properties like nano-size, stability against gravitational separation, easy handling (12) and, the 49 

use of ingredients, which govern the functionality of the nanoemulsions, make it a suitable 50 

choice for the absorption of CO2.   51 

Hence, the present study focused on formulating oil-in-water nanoemulsion and its integration to 52 

Chlorella pyrenoidosa cultivation (13). The aim was to develop an effective growth supplement 53 

and study its effect on algal cell growth, morphology, pigment synthesis, biomass productivity, 54 

and biomass composition. In the end, other possible mechanisms have been highlighted that 55 

could have devoted to greater algal biomass production due to prepared nanoemulsions. 56 

 

2. MATERIALS AND METHODS: 57 

2.1. Selection of oil and surfactant: 58 

Silicone, paraffin oil, and surfactant (Tween 80) were procured from Central Drug House (New 59 

Delhi, India). Silicone oil is a nonpolar solute, having a kinematic viscosity of 300cS and has 60 

efficient gaseous absorption capacity which makes it suitable oil for our experiment. Paraffin oil 61 
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is a mixture of C10–C15 alkanes and cycloalkanes which are colorless, antioxidative, and have 62 

low viscosity. 63 

The nonionic surfactant Tween 80 (Polyoxyethylene (20) sorbitan monooleate) with HLB of 18, 64 

was used for the formulation of silicone and paraffin oil nanoemulsion. The surfactant action is 65 

to reduce the interfacial tension (IFT) between two phases (14).  66 

 

2.2. Formulation of Nanoemulsion  67 

The silicone and paraffin oil-in-water nanoemulsions were prepared by a high energy method 68 

(13). Nanoemulsion was formulated by adding an aqueous phase in a mixture of oil and 69 

surfactant. The resulting mixture was homogenized at 10,000rpm for ~15 minutes at 25 ºC (OV5, 70 

VELP Scientifica, Italy) and the nanoemulsion was subjected to ultrasonic emulsification by 71 

using 20 kHz EI-1000UP ultrasonicator (Electrosonic Industries, India) using 15mm titanium 72 

probe; the sonicator having sequential cycles of 45 min, with sequential on and off.  73 

 

2.3. Characterization and stability analysis of silicone and paraffin oil nanoemulsion  74 

(Gravimetric method and Droplet size observation by Dynamic Light Scattering)  75 

The resultant nanoemulsion was visually observed, to analyze the change in physical 76 

appearance. Nearly 25 ml of silicone and paraffin oil nanoemulsion kept undisturbed in an 80 77 

ml beaker at 25ºC were observed for sedimentation or creaming for 15 days. The average 78 

diameter of the droplet size of silicone and paraffin oil nanoemulsion was observed by Dynamic 79 

Light Scattering (DLS) by photon associated spectrometer Malvern 4700 zeta-sizer (Anton 80 

Paar, Austria) equipped with an argon laser at a wavelength of 488nm. The temperature of the 81 

nanoemulsions was maintained at 25ºC and the scattering angle was fixed at 90º. The samples 82 
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were withdrawn at the 0th day and 15th day and observed for DLS study. The determination of 83 

the droplet size of silicone oil and paraffin oil nanoemulsions was carried out by diluting 1ml of 84 

the sample with 10 ml of water to avoid multiple scattering.  85 

 2.4.  Dissolved CO2 analysis by titrimetric method 86 

The dissolved CO2 concentration (DCC) in the sample was determined by APHA (15). The 87 

sample was titrated with NaOH solution (0.01 N) using phenolphthalein as an indicator. The 88 

colorless phenolphthalein indicator was used to recognize the endpoint of the reaction. All 89 

titrations were performed at room temperature and proper stirred condition and volume of NaOH 90 

was recorded. The dissolved CO2 concentration was determined by the mentioned formula. 91 

               CO2 (mgL-1) = [Volume of NaOH x Conc. of NaOH (in Normality) x 22 x 1000]  92 

                                                             Volume of the sample       93 

                                                                                                                                      (1) 

 

2.5. Selection of algal strain and inoculum development: 94 

Pure culture of micro-algal species Chlorella pyrenoidosa was previously procured from the 95 

National Collection of Industrial Microorganisms (NCIM), NCL Pune (India). BG 11 broth of 96 

HiMedia M1541 was used as standard algal growth media. The algal culture was maintained in 97 

the algal growth chamber under LED light source ~ 46.5 to 50 µmol m-2s-1 to provide the 98 

required photon flux density for photosynthesis of microalgal cultures with light and dark cycle 99 

of 12: 12 hours. The incubation temperature of microalgal cultivation was 25± 1 ºC. 100 

The inoculum of pure micro-algal strain C. pyrenoidosa was cultured in BG11 media using 250 101 

mL Erlenmeyer flasks in controlled conditions (16). During the log phase of the growth cycle, 102 
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30% of microalgal cell culture was used as inoculum for experimental units with an initial 103 

absorbance of 2.0 at 680 nm.  104 

 

2.6. Experimental set -up 105 

The experiments were conducted in controlled conditions. The developed 100ml of silicone oil 106 

and paraffin oil nanoemulsion was mixed with 0.16 g BG11 growth media and inoculated with 107 

C. pyrenoidosa. The control was used for the respective set of experiments (C. pyrenoidosa in 108 

BG11 without silicone and paraffin oil nanoemulsion). The time duration of experiments was 12 109 

days and performed in duplicates. The experimental flasks were incubated in continuous shaking 110 

mode (150 rpm) at temperature 25± 1 ºC and light intensity ~ 46.5 to 50 µmol m-2s-1 111 

respectively. 112 

The growth of C. pyrenoidosa was observed by measuring optical density at 680nm, chlorophyll-113 

a estimation and pH change at a regular interval of 48 hours. Additionally, the viability testing of 114 

micro-algal cells was performed via MTT and SYTOX green staining on the 8th day of the 115 

experiment. Further, the harvested microalgal biomass was characterized by FESEM and FTIR 116 

after the 12th day.  117 

 

2.7. Analytical Techniques 118 

Micro-algal growth in formulated nanoemulsion 119 

The optical density of C. pyrenoidosa was measured at 680 nm by using U.V-Vis 120 

spectrophotometer (Lambda 35, Perkin Elmer, USA). The aliquots of the 2-ml algal sample were 121 

withdrawn from well-mixed microalgal culture from the experimental unit and centrifuged at 122 
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3600 g for 5 minutes. The obtained pellets were washed three- four times by PBS buffer and 123 

surfactant (Tween 80) to remove silicone and paraffin oil nanoemulsions. The resultant pellets 124 

were resuspended in 2-ml distilled water and placed in the cuvette for observation.  125 

The pH of microalgal cells cultivated in nanoemulsions was measured by pH meter (10BN, 126 

Eutech, U.S) at a regular interval of 48 hours. Chlorophyll-a estimation was performed by the 127 

method prescribed by Chinnasamy et al., 2010 (17). The 2 ml of microalgal cell suspension was 128 

collected in microcentrifuge tubes and centrifuged at 3600g for 10 min. The pellet formed was 129 

resuspended in 2 ml of methanol after decanting and placed in the water bath for chlorophyll 130 

extraction at 60ºC for ~30 minutes. The chlorophyll content in the supernatant was observed 131 

spectrophotometrically at 750, 665.2 and 652 nm, and then calculated by Porra’s equation (18): 132 

 

                                 𝐶hl a (µg ml-1) = 16.29 (A665.2-A750) - 8.54 (A652-A750)                  (2) 

where, A750, A665.2, and A652 are the absorbance of the chlorophyll in methanol, respectively. 133 

Samples of experiments were subjected to the determination of biomass growth (dry cell weight) 134 

on the 13th day. The 50 ml samples were centrifuged (R-8C, REMI, INDIA) at 3600 g for 10 135 

min then decant the supernatant. The pellets were washed as mentioned previously. The 136 

remaining pellets were suspended in distilled water (volume made upto 50 ml) and filtered with 137 

pre-weighed Whatman filters.  The filters with microalgal biomass were subjected to oven-dry at 138 

60ºC for 24 hours and then cooled at room temperature in a  desiccator and weighed (19). Dried 139 

microalgal biomass was determined gravimetrically to evaluate the dry cell weight (gL-1) (20). 140 

Additionally, cell counting was performed by using cellometer (Catalog No. CHT4-PD100, 141 
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Nexcelom Bioscience LLC). The data was noted, and averages of the duplicates were plotted in 142 

the graph with standard deviation as error bar. 143 

 

2.8. Biochemical composition: 144 

After harvesting, the microalgal biomass was dried at 65-70ºC for 48 hr for biochemical 145 

compositional analysis (till a constant mass is reached). Phenol-sulfuric acid was used for the 146 

analysis of total carbohydrate content (21). Dried algal biomass (50mg) was hydrolyzed with 147 

2.5N HCl (2.5ml) and placed in a water bath for 3 hours at 100ºC, followed by cooling at room 148 

temperature and neutralized with sodium carbonate. After neutralization, 0.1ml sample was 149 

pipette out in a fresh tube and diluted to 1 ml. After dilution, 1ml phenol and 5ml sulfuric acid 150 

were mixed and cooled in the water bath at 25-30ºC. The absorbance of the sample was 151 

measured at 490nm and the total carbohydrate was calculated using the standard calibration 152 

curve of glucose. Alkaline hydrolysis was performed, and total protein content was measured by 153 

Folin-Lowery method (22).  154 

Total lipid content was determined by modified Bligh and Dryer’s method (23). The microalgal 155 

cell wall was ruptured by heat treatment at 100-110ºC up to 5 minutes for efficient extraction. 156 

The chloroform-methanol mixture (1:1 v/v) was added to the sample in the proportion of 1:1 and 157 

lipid was estimated gravimetrically. 158 

 

2.9. Viability testing of microalgal cells cultivated in silicone oil nanoemulsion and 159 

microscopic analysis: 160 
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To determine the viability of microalgal cells, 3-[4,5-dimethylthiazol-2-yl]-2,5-161 

diphenyltetrazoliumbromide (MTT) was performed. The 5 mg ml-1 of MTT dye was formed by 162 

dissolving in Phosphate Saline Buffer (PBS). The PBS washed the microalgal pellets of 2ml 163 

culture, followed by the addition of MTT dye (final concentration 0.5 mg ml -1) and incubate at 164 

37ºC for 4 hours. After removal of MTT dye solution from microalgal cells, DMSO and 165 

isopropanol (1:1) were added. The result was observed by taking absorbance at 570 nm and data 166 

were expressed in the form of relative viability in percentage (24). 167 

       𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 ÷ 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)  × 100        168 

                                                                                                                                                       (3)                                                                                                      

Additionally, the viable cells were assessed by exposing the samples to nucleic acid stain 169 

SYTOX green (Cat. No. S7020, Invitrogen). The Sytox stock solution of 50 µM was prepared 170 

and 5 µL of stock solution was added to 95 µL microalgal samples, resulting in a final dye 171 

concentration of 5 µM (25). Samples were incubated at room temperature in the dark for 30 172 

min. The stained samples were loaded on a slide and placed into a fluorescence microscope 173 

(Nikon Eclipse Ti-2 inverted microscope). The fluorescence of stained cells was observed at 174 

100X magnification and images were captured using digital camera connected to the 175 

microscope.  176 

 

2.10. Spectroscopic analysis by FTIR: 177 

The known volume of suspension was withdrawn and centrifuged at 3600g for 10 minutes. The 178 

pellets were washed 2-3 times with phosphate saline buffer (PBS) of 0.15M and placed for 179 

lyophilization (Allied Frost FD3). The dried microalgal powder was ground and homogenized with 180 
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KBr at the ratio of 1:100, and the mixture was pressed by a molding machine with a pressure 181 

load of 200 kg cm-2 for 5 minutes. The fine KBr pellet was prepared and placed at Deuterated 182 

triglycine sulfate (DTGS) detector of Nicolet Is50 (Thermo Scientific) FT-IR spectrometer (26). 183 

The transmittance spectra were collected between 400 cm-1 to 4000 cm-1 with 64 scans. 184 

 

2.11. Microscopic analysis: 185 

Surface morphology and cell size were detected by Field Emission Scanning Electron Microscopy 186 

(FESEM, JSM-7800F Prime, Jeol). The microalgal suspension was centrifuged at 3600g for 5- 10 187 

minutes. The resultant pellet was washed 2-3 times with 0.15 M phosphate saline buffer (pH 6.8). 188 

After washing, the pellet was fixed using the fixative solution (2.5% glutaraldehyde) for 30 minutes. 189 

The resultant pellets were washed in phosphate saline buffer 3-4 times followed by serially 190 

dehydrated with 25%, 50%, 75%, 90%, and 100% ethanol, respectively. Finally, the fixed cells 191 

were dried at room temperature and coated with Platinum (27). 192 

 

2.12. Statistical Analysis: 193 

All the experiments were performed in duplicates. The results presented here are mean of the 194 

duplicates, mean ± standard deviation, or mean with error bars in graphs unless mentioned 195 

otherwise. 196 

 

3. RESULTS AND DISCUSSION: 197 

3.1. Nanoemulsion Stability Analysis: 198 
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The stability of nanoemulsion was observed in terms of their appearance and droplet size (28). 199 

The samples were stored undisturbed for 15 days at 25 ºC for observation. On visual observation, 200 

there was no creaming and flocculation in the nanoemulsion during the storage period. 201 

Additionally, the stability of the nanoemulsions was evaluated by droplet size measurement. A 202 

rapid increase in droplet size corresponds to that the stability of the nanoemulsion is low. Figure. 203 

1 displays the droplet size of 1% SE and 1% PE on the 0th day and 15th day, respectively. The 204 

average droplet size observed in 1% SE was in the range of ~ 244 nm to 285 nm and ~ 164 nm to 205 

297nm in 1% PE. As evident from Figure. 1, the size of the maximum droplets of nanoemulsions 206 

were stable over a period of 15 days. The result indicated that the larger droplet size, greater than 207 

a micron have been separated from the emulsion.  208 

 

 

3.3. Growth of Microalgae in Nanoemulsions:   209 

In the present study, 1% SE and 1% PE were prepared to test its potential in microalgal 210 

cultivation. The microalgal cell growth in formulated nanoemulsions were evaluated by the 211 

following parameters: optical density at 680 nm, pH, chl-a, biomass yield, and cell count.  212 

Interestingly, for both the nanoemulsions, C. pyrenoidosa showed an increase in growth  213 

compared with conventional BG11 media (control). Results obtained from measuring OD 680, 214 

showed that ~ 1.6 folds growth was observed in1% SE supplemented growth medium compared 215 

with control on the 10th day. On the other hand, 1% PE growth medium gave an increment of ~ 216 

1.8 folds in microalgal cell growth compared with control. In 1% SE and 1% PE supplemented 217 

microalgal cultivation systems, the rapid exponential growth phase was observed from day-1 218 
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compared with control. This exponential growth lasted till the 10th day of the microalgal 219 

cultivation in nanoemulsions while in control it lasted till the 8th day. 220 

Gonçalves et al., 2016 reported that the increased CO2  concentration in the microalgal 221 

cultivation system prolonged the exponential phase (31). Araujo et al., 2005 observed via 222 

cultivating diatom (Chaetoceros cf. wighamii) that the addition of carbon dioxide prolonged the 223 

exponential phase and this phase of the life span of microalgae own highest nutritional value 224 

which can be used as feed for aquatic animals (32,33). In the proposed study, the growth pattern 225 

including the duration of exponential phases was quite similar for both the nanoemulsions. The 226 

microalgal cell growth during the exponential phase was much higher in nanoemulsion systems 227 

compared with control (Figure. 2).  228 

In our preliminary investigations, we observed DCC of 1% SE, 1% PE, and deionized water after 229 

providing 5% CO2 for 10 min. This was the initial media in which experiments were carried out 230 

with the addition of BG11 medium and algal inoculum. In this study, we observed that dissolved 231 

CO2 content was 1.6 times and 1.4 times higher in 1% SE and 1% PE, respectively compared 232 

with DI water. This experimental observation suggested that 1% SE and 1% PE were efficient in 233 

the physical absorption of CO2 compared with deionized water. 234 

It has been observed that the rise in CO2 is responsible for the rise in carboxylation activity of 235 

ribulose 1,5 bisphosphate carboxylase/oxygenase (RuBisCo) and simultaneous suppression in 236 

oxygenation activity, resulting in increased photosynthesis and cell growth (34). It has also been 237 

seen that, under atmospheric CO2 concentration, the activity of RuBisCo is even less than half of 238 

its catalytic capacity (35). Therefore, CO2 enrichment in the case of 1% SE and 1% PE might 239 

have enhanced the RuBisCo activity which accelerated the microalgal cell growth. 240 
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The decrease in microalgal growth in control was probably because of the reduction in the 241 

amount of CO2 captured by the atmosphere compared with nanoemulsions. The higher carbon 242 

dioxide content in nanoemulsions was supported by the pH measurement of nanoemulsions 243 

substituted microalgal cultures. As shown in Figure.3, the change in pH observed in control 244 

(~41%) was comparatively lower than the change in pH observed in 1% SE (~89%) and 1% PE 245 

(~90%). The increase in pH was observed in cultivation with 1% PE (~ 5.4 to 10.3) and 1% SE 246 

(~ 5.2 to 9.9) nanoemulsion, which was probably due to an increase in hydroxyl ion 247 

concentrations during uptake of bicarbonates and CO3
-2. In the case of 1% PE substituted algal 248 

cultivation, the CO3
-2 could be the dominant species which probably increased the pH value 249 

above 10. Since the pH change was higher, it suggests that more microalgal cells replicated 250 

compared with control. It is because of the rise in pH corresponds to the algal growth (36). This 251 

study suggested that the 1% SE and 1% PE act as suitable alkalescent culture media which was 252 

appropriate for the growth of microalgae (37).  253 

Furthermore, chlorophyll-a content of C. pyrenoidosa cultivated in two nanoemulsions and 254 

control as a function of culture time was investigated. During chlorophyll analysis, it was found 255 

that 1% SE and 1% PE enhanced chl-a pigment synthesis by 76% and 53% compared with 256 

control (Figure. 2). The increase in chlorophyll concentrations in nanoemulsions could be due to 257 

the sufficient availability of CO2 to the microalgal cells. 258 

In addition to this, a slight decrease (~15%) in chl-a content was observed in microalgal cells of 259 

1% PE compared to 1% SE. This change is directly linked with the rise in pH during microalgal 260 

cultivation.  Increased pH results in the volatilization of ammonia (38). The volatilization of 261 

ammonia affects the N metabolism of algal cells and creates nitrogen limiting conditions inside 262 

algal cells. This impacts the chlorophyll content in microalgae (39). Literature also suggests that 263 
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the increase in CO2 concentration leads to acidification of the algal cultivation system. This 264 

results in the replacement of Mg+2 with H+ and the formation of pheophytin instead of 265 

chlorophyll (40). Salehi et al., 2019 studied the effect of n-alkane on Chlorella vulgaris and 266 

reported that the existence of hydrocarbons in the medium increases the permeability of the cell 267 

wall, resulting in the accumulation of hydrocarbons inside the algal cell (41). This might be the 268 

reason for inconsistency between chlorophyll concentration and cell concentration in case of 1% 269 

PE because n-alkanes are the major portion of paraffin oil. 270 

Hence, overall it can be summarized that 1% SE and 1% PE nanoemulsions act as active CO2 271 

carriers which promote microalgal growth and chl-a synthesis comparative with conventional 272 

growth media (BG11). 273 

At the end of 12 days, the C. pyrenoidosa biomass obtained in both the nanoemulsions was 274 

higher compared with control (~1.03 g L-1) (Figure.4). Also, the biomass yield of C. pyrenoidosa 275 

was higher in 1% PE (~3.2 g L-1) than 1% SE (~2.75 g L-1). Table.2 highlights the biomass yield 276 

of Chlorella species obtained using different growth media by various researchers. Out of these, 277 

Wong, 2017 used five different media to grow Chlorella species and got maximum biomass 278 

productivity (1.42 gL-1) using Bold Basal Media (42). In other such study, Prajapati et al., 2014 279 

found the biomass productivity of (0.98 gL-1) using Tap media (23). To efficiently deliver CO2 to 280 

algal cells, Zheng et al. in 2016 used a membrane-based system and found an increase in biomass 281 

productivity (43). The maximum biomass yield achieved was 1.77gL-1 with CO2 loading. 282 

Interestingly, the biomass yield in 1% SE and 1% PE was higher compared to all the reported 283 

studies so far, signifying the importance of this cultivation media.  284 

The reason for this high productivity could be that the silicone and paraffin oil of nanoemulsions 285 

acts as an organic phase in which carbon dioxide is absorbed physically and diffuse into the 286 
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aqueous phase. A similar study was performed by Sawdon and Peng, 2014., using PFc emulsion 287 

for the cultivation of  C. vulgaris in tubular photobioreactor and observed increased in 288 

microalgal cell concentration 4-folds, because of efficient CO2 delivery to microalgal cells by 289 

PFc emulsion (44). Apart from this, silicone oil had also been studied in delivery of respiratory 290 

gases (CO2 and O2) in microbial cultivation (45), mammalian cell culturing (46) and in human 291 

retinal treatment (47). 292 

Additionally, the cell counting was performed for observing the microalgal cell population in 1% 293 

SE, 1% PE and control (Figure. 5). Cell counting was performed on the 12th day of the 294 

experiment using a cell counter. 1% PE had the maximum cell number (3.0 ± 0.21 x 106 cells ml-
295 

1), followed by 1% SE (2.4 ± 0.30 x 106 cells ml-1) and control (1.34 ± 0.09 x 106 cells ml-1). The 296 

cell number was in agreement with the cell growth and biomass yield obtained from 1% PE and 297 

1% SE nanoemulsions. Hence, from the present study, it was concluded that the 1% SE and 1% 298 

PE have successfully enhanced the potential of BG11 media by acting as an efficient CO2 299 

supplement for algal growth.  300 

However, the dissolved CO2 concentration of 1% SE was higher than the 1% PE but the 301 

microalgal growth, cell count and biomass yield obtained was higher in 1% PE supplemented 302 

microalgal cultivation. This is due to the chemical composition of paraffin oil and most probable 303 

explanations were highlighted in section 4.   304 

 

3.4. MTT, SYTOX Staining: 305 

The viability of cell indicates reproducibility of cells and also represent the physiological state 306 

which involves the production of enzymes like oxidoreductase, etc. (48). To determine algal and 307 
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cyanobacterial viability, tetrazolium compounds were introduced for viability assessment (49). 308 

Lately, studies suggested that MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 309 

bromide) assay proved as a viable tool for viability assessment of algae and cyanobacteria. 310 

Therefore, the study aims with the viability testing of microalgal cells grown in 1% SE and 1% 311 

PE emulsion on the 8th day of cultivation by MTT assay. Based on the growth curve, the 8th day 312 

was selected for MTT analysis as the microalgal culture started to move from the log phase to 313 

the stationary phase during this period. The sensitivity of the MTT assay is based on the ability 314 

of succinate dehydrogenase, microalgal mitochondrial enzyme, to convert MTT to a water-315 

insoluble formazan dye in viable cells. The formation of formazan dye is directly correlated to 316 

cell viability and appears purple. The viability of cells is based on the intensity of purple color, 317 

which shows that darker the color, the more the viability in cells (Figure. 8) . In our case (Figure. 318 

6), PE nanoemulsion gave the maximum cell viability (94%), followed by SE (77%) and control 319 

(53%). The results suggest that 1% PE and 1% SE nanoemulsions were non-toxic to the 320 

microalgal cells. Further, using SYTOX Green and fluorescence microscopy, a clear distinction 321 

between live and dead cells was observed. The observations confirmed that most of the 322 

microalgal cells cultivated in 1% SE and 1% PE had intact chloroplasts and membranes 323 

(Figure.7). Most of the cells emitted red autofluorescence and only few cells were stained by the 324 

green fluorescent dye SYTOX Green. On the other hand, control culture gave large patches of 325 

green emissions under a fluorescence microscope which confirmed the death stage of microalgal 326 

cells in BG11. Healthy or viable cells were highly efficient in reproducibility which indirectly 327 

increases cell density of microalgae. Therefore results suggest that microalgal cells cultivated in 328 

1% PE are more viable followed by 1% SE compared with control which was cross-examined by 329 



20 

 

SYTOX, and obtained that live cells were higher in 1% PE and 1% SE compared with control ( i 330 

e, Alg-1% PE>Alg-1% SE> Control). 331 

 

3.5. Characterization 332 

3.5.1. Bio-compositional analysis 333 

The bio-compositional analysis was performed to evaluate the quantitative changes in 334 

macromolecules (protein, lipids, and carbohydrates) of harvested microalgal biomass cultivated 335 

in 1% SE and 1% PE compared to control (Table:2).  336 

It has been studied that as the stationary stage of cell growth comes, nutrient depletion condition 337 

occurs which results in a shift of carbon to storage compounds like carbohydrates and lipids (35). 338 

An elevated CO2 concentration in microalgal cells could trigger the Calvin cycle, resulting in the 339 

conversion of available CO2 into biomolecule syntheses like carbohydrates and lipids. The 340 

pathways for biosynthesis of lipids and carbohydrates compete for the same carbon source, with 341 

carbohydrate synthesis requiring less energy than lipids (35). The carbohydrate content of 342 

microalgal biomass recovered from 1% SE and 1% PE was ~18.9% and 17.2% respectively, 343 

which was higher than control. Carbohydrates are the major synthetic products of carbon fixation 344 

metabolism. The finding suggests that an increase in the availability of CO2 to microalgal cells in 345 

cultivation media is the influencing factor of carbohydrate synthesis inside microalgal cells (50). 346 

Additionally, an increase in lipid content in algal biomass obtained from 1% SE (23.6 % ± 347 

0.848) and 1% PE (26.8%±0.848) with respect to control (18.05% ± 0.353). Interestingly, in both 348 

the nanoemulsions, the highest lipid content was observed in microalgal biomass harvested from 349 

1% PE.  350 
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The protein content was slightly enhanced in 1% SE cultivated microalgal cells (53.75% ± 351 

0.0707) compared to control, indicating they can be used as aquaculture feedstock, which desires 352 

protein content in the range of 35 to 60 wt%  (51). The protein content of microalgal biomass 353 

harvested from 1% PE (~47%) decreased compared with microalgal biomass of control (~51%) 354 

and 1% SE (~53%). The high concentration of CO2 affects the N metabolism of algal cells 355 

indirectly. As an outcome, the assimilation of nitrogen inside algal cells increases which create 356 

nitrogen limiting condition (52). Therefore, the concentration of protein, as well as chlorophyll 357 

decreases. This claim supports our experimental results obtained by 1% PE supplemented 358 

microalgal cultivation. 359 

However, efficient lipid and carbohydrate content obtained from microalgal biomass recovered 360 

from nanoemulsions is a valuable property and may help in steady microalgal biomass 361 

generation without changing operating conditions. The results revealed that 1% SE and 1% PE 362 

supplemented media are efficient in enhancing the synthesis of carbohydrate, protein, and lipid. 363 

 

3.5.2. FTIR Analysis 364 

The microalgal samples were observed by using Fourier Transform Infrared (FTIR) technique 365 

(Table:3). From last decades FTIR spectroscopy has proven a powerful tool in the study of the 366 

biochemical composition of biological samples. The identification of peak is based on a 367 

comparison of the bands of the recorded FTIR spectra of algae with reference literature (22). The 368 

FTIR transmittance of the C. pyrenoidosa showed the presence of Si-O, P=O, C-OH, -CO, -369 

COOH, functional groups (Figure. 9). IR spectra of C. pyrenoidosa showed higher intensity of 370 

lipid and carbohydrates functional groups from algal biomass of 1% SE and 1%PE. The strong 371 

peak at1652-1653 cm-1, 1266 cm-1, 1089 cm-1 representing amide I, protein, and nucleic acid 372 
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proteins were observed in microalgal biomass recovered from 1% SE. It supports the result 373 

obtained from biochemical characterization, suggesting biomass was rich in protein. The bands 374 

at 1200–950 cm-1 have shown absorption strength in biomass of both i.e., 1% SE and 1% PE 375 

which directs the presence of carbohydrate content compared to control. Two regions are 376 

commonly used for the assessment of lipid content. One is at 1740cm-1, conveying stretching of 377 

the ester bond and other between 2800-3000cm-1 having methyl and methylene group. The strong 378 

absorption bands observed at 1456,1744, 2852, 2922, 2924 cm-1clearly shows the presence of 379 

membrane lipids and lipids representing CH2, CH3, C=O groups in biomass obtained from 1% 380 

SE and 1% PE compared with control. It was clearly visible from the FTIR spectra of 381 

nanoemulsions recovered biomass of C. pyrenoidosa that distinct fingerprints of lipids, 382 

carbohydrates, and proteins exist in the biomass. FTIR spectroscopy appears as a viable 383 

analytical tool to evaluate the biofuel potential of algae. 384 

 

 

3.5.3 Microscopic Analysis: 385 

The 12th day biomass of C. pyrenoidosa was subjected to FESEM analysis to investigate the 386 

morphological variation in the cell structure. Figure: 10 a-1, 10 a-2, and 10 a-3 show the FESEM 387 

images of C. pyrenoidosa grown in BG11, 1% SE, and 1% PE. From all the three figures, it was 388 

evident that the cells were spherical and packed together. The size of the microalgal cells in 389 

control was 6 ±2 µm which was similar to the cell size in 1% SE and 1% PE (Figure: 10 a-2 and 390 

10 a-3). The microalgal cells in control possess a smooth cell surface, which indicated that cells 391 

were healthy. In the case of nanoemulsions, the cells grown kept their basic shape, but the edges 392 

of the cell wall were not similar to cells of control. Most of the cells in nanoemulsions were 393 
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found in aggregation. The results showed that the cells had outer covering in both 1% SE and 1% 394 

PE. It might be due to the release of recalcitrant Extracellular polymeric substance (EPS) in the 395 

case of nanoemulsion. The EPS is a sticky substance that algal cells release and is made of 396 

organic components. The presence of enhanced CO2 in 1% SE and 1% PE nanoemulsions might 397 

have triggered the microalgal cells to release this substance. It has been reported that the elevated 398 

CO2 concentration stimulates the metabolic carbon flux of algal cells and in order to maintain 399 

carbon balance, algae excrete organics like EPS (53). Also, figure 10 a-2 and 10 a-3 suggest that 400 

cells were morphologically intact with no cell damage, which indicates the good integrity of 401 

algal cells. 402 

 

3.6. Other possible mechanisms for improved algal growth in nanoemulsions: 403 

It should be noted that the nanoemulsions used in the proposed study possess higher solubility of 404 

CO2 compared with conventional growth media. However, it was not obvious that the higher 405 

solubility of CO2 was the only reason for increased microalgal growth in nanoemulsions 406 

substituted algal growth media. Based on literature several other factors could have resulted in 407 

greater microalgal biomass productivity in conjugation with nanoemulsions. Some of the 408 

possible mechanisms are summarized as follows:  409 

• In our preliminary investigations, a higher concentration of oil (1%, 2%, 3%, 4%, and 410 

5%) was used to observe the growth of C. pyrenoidosa. The high concentration of oil was 411 

supposed to enhance dissolved CO2 concentration in nanoemulsion, but microalgal cell 412 

concentration declined at a higher concentration of oil like 3%, 4%, 5%  (13). The results 413 

suggested that an increase in silicone oil concentration leads to a decrease in microalgal 414 
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growth. Hence, the inference was that diminished microalgal cell growth was probably 415 

due to the scattering of light which reduces the depth penetration of light in the 416 

microalgal culture. Therefore, lower concentration was used for the cultivation of 417 

microalgae in the proposed study.  418 

• Sawdon and Peng, 2014 has reported the use of perfluorocarbon (PFC) to improve algal 419 

photosynthesis by decreasing dissolved oxygen in a tubular photobioreactor (44). The 420 

mechanism proposed by the authors was the absorption of oxygen by the PFC suspended 421 

in the culture which was produced by the algal cells during photosynthesis. In the 422 

proposed study also, the organic compounds possess higher solubility of oxygen (54) 423 

compared to water or the conventional growth media. Therefore, these organic solvents 424 

(silicone and paraffin oil) might help to decrease oxygen content in the continuous phase 425 

of nanoemulsions which indirectly promotes photosynthesis. However, more controlled 426 

experiments need to be carried out to observe the impact of reduced oxygen in the algal 427 

cultivation systems.  428 

• Earlier studies have been reported that nanosuspension can also enhance the mass transfer 429 

of solutes (55). In a quiescent fluid, diffusion is the main mechanism for mass transfer. For 430 

the case of nanosuspensions, in addition to diffusion, due to the Brownian motion of the 431 

suspended particles/droplets local disturbance velocity fields are also generated (56). The 432 

resultant microscale convection of the fluid can enhance the mass transfer rates of solutes 433 

in a suspension. In the present study also, the droplets of oil could be contributing to 434 

improved mass transfer of nutrients, dissolved gases, etc. from the bulk growth media to 435 

the algal cells.  436 
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• Scattering and absorption of light by the suspended particles in a suspension reduces the 437 

availability of light in a media and can lower the rate of photochemical reactions (57). 438 

However, the nature of suspended particles is transparent and used in a small volume, we 439 

observed that the residence time of light inside the suspension can increase (manuscript 440 

under preparation). Both the oils used in the proposed work were used in a small volume 441 

and transparent, which suggests that the increase in the residence time of light inside 442 

nanoemulsions. This might improve the light availability in the nanoemulsions 443 

supplemented media and the microalgal cells can efficiently utilize light to carry out 444 

photosynthesis. 445 

• Paraffin components were found as a stimulant for algal growth at lower concentrations 446 

(58,59). In general, the lower carbon content oil phase can work as a source of carbon to the 447 

algal cells.  This could be the possible reason for the phenomenal increase in microalgal 448 

growth in 1% PE along with enhanced CO2 availability for microalgal growth.   449 

 

4. Conclusions: 450 

The present study proved that oil-in-water based colloidal system offers a possibility of 451 

increasing microalgae production and volumetric productivity in batch systems without 452 

compromising the microalgae cellular structure. A significant enhancement in pigment synthesis 453 

(chl-a) and biomass was observed. Also, the substantial increase in lipid content was obtained 454 

during nanoemulsion-based microalgal cultivation. The absorption of CO2 in emulsions is the 455 

possible mechanism by which biomass productivity was increased. Moreover, the biomass 456 

productivity achieved in the present study is excellent using Chlorella species in different 457 
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nanoemulsions supplemented growth media. Therefore, 1% SE and 1% PE nanoemulsions are 458 

projected as efficient support mediums that could significantly boost microalgal productivity.  459 

This research gave us the option to explore various biocompatible oils for the mass cultivation of 460 

algae. The next step would be to check the recyclability of the emulsion and testing it with actual 461 

sources of CO2 such as flue gas. The integration of the engineering approach with biotechnology 462 

might help in making the algal cultivation process more feasible at a large scale in the future. 463 

 

Abbreviations:  464 

SE=1% Silicone oil nanoemulsion; PE= 1% Paraffin oil nanoemulsion; Alg-1% SE = Algal cells 465 

in 1% Silicone oil nanoemulsion; Alg-1% PE = Algal cells in 1% Paraffin oil nanoemulsion; chl-466 

a = Chlorophyll-a; OD 680 = Optical Density at 680nm, Deionized water =DI, Dissolved CO2 467 

concentration = DCC 468 
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 Figure 1: (a) DLS study of oil droplet size of 1% Silicone Oil Nanoemulsion 0th day and 15th 

day (b) DLS study of oil droplet size of 1% Paraffin oil nanoemulsion at 0th day and 15th day 
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Figure 2: Growth profile of C. pyrenoidosa cultivated in 1% SE and 1% PE compared with 

control (BG11) in terms of OD680 and Chl- a content. Errors bars are shown ± SD. 
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Figure 3: % pH change observed during cultivation of C. pyrenoidosa in 1% SE and 1% PE 

compared with control (BG11). Errors bars are shown ± SD. 
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Figure 4: Comparison of biomass concentration of C. pyrenoidosa in 1%SE and 1%PE 

compared with control (BG11). Errors bars indicated are shown ± SD. 
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Figure 5: Cell count of C. pyrenoidosa cultivated in 1% SE, 1% PE and BG11(Control) on 12th 

day. Errors bars are shown ± SD. 
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Figure 6: % Cell viability observation of C. pyrenoidosa performed by MTT Assay in 1% SE 

and 1% P E. Errors bars are shown ± SD in MTT analysis. 

 

 

 

 

Control Alg-1%SE Alg-1%PE

0

20

40

60

80

100



42 

 

 

 

 

 

 

 

 

Figure 7: Live/dead discrimination of C. pyrenoidosa on 8 th day in (a) control. (b) 1% SE. (c) 

1% PE. Live /dead discrimination of C. pyrenoidosa by SYTOX® Green staining. Live cells 

appear red (autofluorescence) while dead cells (SYTOX® Green stained) appear green or yellow 

color (scale bar: 100 μm). 
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Figure 8: MTT cell viability assay of C. pyrenoidosa on 8th day in (a) Control. (b) 1% PE. (c) 

1% SE 
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Figure 9:  FTIR spectra of C. pyrenoidosa biomass cultivated in BG 11 (control), 1% SE and 

1% PE. 
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Figure 10. Field-emission scanning electron microscopy (FESEM) images of C. pyrenoidosa. 

(a-1) The image of cluster of cells of C. pyrenoidosa cultivated in BG11 i.e, control at 800x 

magnification; (a-2) The image of single cells of C. pyrenoidosa cultivated in BG11 i.e, control 

at 5000x magnification;( (b-1)The image of cluster of cells of C. pyrenoidosa grown in 1% 

Silicon oil emulsion (SE) at 800x magnification; (b-2)The image of single cells of C. 

pyrenoidosa grown in 1% Silicon oil emulsion (SE) at 5000x magnification;  (c-1) The image of 

cluster of cells of C. pyrenoidosa grown in 1% Paraffin oil emulsion (PE) at 800x 

magnification;(c-2) The image of single cells of C. pyrenoidosa grown in 1% Paraffin oil 

emulsion (PE) at 5000x magnification. 
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Table 1: Comparison of biomass yield of Chlorella sp.in different cultivation media 

Growth Medium Biomass yield (gL-1) References 

Bold Basal, Modified BG-11 1. 42 ± 0.012, 0.9±0.01 (42)  

Carbonate Based Media at 0.5 

and 0.7 loading concentration 

1.63 ±0.10 and 1.77 ± 0.02 (3) 

Urea +K2HPO4 + 

MgSO4·7H2O and Ammonium 

ferric citrate 

1.37 g/L (60) 

Tap-water 0.98 ± 0.11 (23) 

1% SE and PE amended with 

BG-11 

2.75 ± 0.07 gL-1 and 3.2± 

0.07gL-1 

Proposed study 

 

 

 

 

Table 2: Biomass (biochemical) composition of C. pyrenoidosa (represented as mean ± SD). 

Biochemical 

composition  

Control SE PE 

Carbohydrates 13.6 ± 0.565 

 

18.9±0.282 17.2 ±0.565 

Proteins 51.75±0.777 53.75 ± 0.0707 47.1±0.141 

Lipids 18.05 ± 0.353 23.6±0.848 26.8±0.848 
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Table 3: Monitoring macromolecular changes in C. pyrenoidosa by FTIR analysis 

Wavenumber 

range (cm-1) 

Assignments Functional groups Peak (cm -1) 

1064-880 ------- Carbohydrate 965 

1090-1030   P=O or 

 Si-O 

Nucleic acids 1089 

1150-1000 C-O/v Si-O Polysaccharides/Siloxane 

(Carbohydrate peak/siloxane 

shoulder at 1200 cm-1) 

1072 

1263 C-O Ester 1260 

1275 C-O-H Carbohydrates, proteins, 

DNA, and RNA 

1266 

1398-1370  CH3, CH2, C-O Proteins, Carboxylic Groups 1394 

1456-1450 CH2, CH3 Lipid, Protein 1456 

1550-1640 N-H bending Amide 1558 

1655-1638 C=O Protein (Amide I) 1652-1653 

1745-1734 C=O of esters Membrane Lipids, Fatty acids 1744 

2875-2850 CH2, CH3 Lipids 
 

 

2852 

2930-2920 CH2 Lipids 2922,2924 

 

 



Figures

Figure 1

A schematic representation of dissolved free CO2 analysis

Figure 2

Comparison of droplet size distribution obtained from DLS for (a) 1% Silicone oil nanoemulsion (1% SE)
on 0th day and 15th day (b) 1% Para�n oil nanoemulsion (1% PE) on 0th day and 15th day



Figure 3

Growth pro�le and pigment synthesis of C. pyrenoidosa cultivated in 1% Silicone oil nanoemulsion (1%
SE) and 1% Para�n oil nanoemulsion (1% PE) compared with control (BG11) in terms of OD680 and Chl-
a content. Solid lines in the �gure represent optical density and broken lines display Chl- a synthesis. The
microalgal growth and pigment synthesis were measured every 48 hours up to 12 days. The cultures were
operated at 25 ± 1 °C with ~ 46.5 to 50 μmol m−2 s−1 light intensity for 12 days. The data shown are the
average of two data points, and error bars represent standard deviation. Data followed by an asterisk (*)
are signi�cantly different from control (p< 0.005, analyzed by t-test).



Figure 4

Growth pro�le of C. pyrenoidosa was observed in terms of biomass yield (g L-1) in 1% Silicone oil
nanoemulsion (1% SE), 1% Para�n oil nanoemulsion (1% PE), and control (BG11). The cultures were
operated at 25 ± 1 °C with ~ 46.5 to 50 μmol m−2 s−1 light intensity for 12 days. The data shown are the
average of two data points, and error bars represent standard deviation. Data followed by an asterisk (*)
are signi�cantly different from control (p < 0.005, analyzed by t-test).



Figure 5

Microalgal cell viability analysis using MTT assay and SYTOX ® Green method (a) MTT result
comparison of control (BG 11), 1% Silicone oil nanoemulsion (1% SE) and 1% Para�n oil nanoemulsion
(1% PE) in terms of optical density at 570 nm with corresponding vials showing purple formazan during
the MTT Assay. Dark purple color represents greater cell viability. Errors bars are shown ± SD in MTT
analysis. (b) SYTOX ® Green stained �uorescent micrographs of C. pyrenoidosa to differentiate live and



dead cells (b1) control (BG 11) (b2) 1% Silicone oil nanoemulsion (b3) 1% Para�n oil nanoemulsion. Live
cells appear red while dead cells appear green in color.

Figure 6

FTIR spectra of C. pyrenoidosa biomass obtained from control (BG 11), 1% Silicone oil nanoemulsion (1%
SE), and 1% Para�n oil nanoemulsion (1% PE) with different functional groups.



Figure 7

Field-emission scanning electron microscopy images of C. pyrenoidosa. Micrographs of BG 11 (control)
cultivated C. pyrenoidosa at (a1) 800x magni�cation; (a2) 5000x magni�cation. Micrographs of 1%
Silicone oil nanoemulsion (1% SE) cultivated C. pyrenoidosa at (b1) 800x magni�cation; (b2) 5000x
magni�cation. Micrographs of 1% Para�n oil nanoemulsion (1% PE) cultivated C. pyrenoidosa at (c1)
800x magni�cation; (c2) 5000x magni�cation.
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