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Abstract
The idea of culturing algae in closed systems by sealing the reactor rim tightly with plastic bubble
wraps material is being used here to harvest DiafuelTM (Biofuel from diatoms). In this manuscript,
microalgae such as diatoms are grown in �ask PBR sealed with bubble wrap material of low density, high
density and normal polyethylenes and compared to control �ask PBR which is kept open. It was observed
that low density polyethylenes (LDPE) bubble wrap sealed PBR harvested maximum Diafuel TM (37%),
lipid (35 µgmL -1 ), had highest cell count (1152 x 10 2 cells mL -1), 0% water loss, 0% nutrient uptake and
maximum CO2 absorbance (0.084) due to its permeability to gases until the 40th day compared to other
plastic bubble wraps. The LDPE bubble wrap was therefore tested on green microalgae Haematococcus
which showed coherent results and can be upscaled for astaxanthin production. 

1.0 Introduction
The age-old method of culturing algae at large scale requires closed (Bani et al., 2021), horizontal plate
(Cuaresma et al., 2011), Christmas tree (Legrand et al., 2021), open raceway ponds (Mohan et al., 2021),
foil, porous substrate bioreactor(Carbone et al., 2020), tubular(Bani et al., 2021), bubble column
photobioreactors (PBR) (Bose et al., 2021). However, these techniques have not succeeded at the
commercial level due to the expensive cost of production of lipids which includes the �nancial expenses
in photobioreactors being $3.36/liter for PBR and $8.35/liter for open ponds (Gordon et al., 2019a;
Richardson et al., 2012; Singh et al., 2016). Offsetting these costs, increasing demand for crude oil has
attracted biofuel from algae as one of the major alternative sources for liquid fuel (Ho et al., 2014; Leite et
al., 2013). Besides biodiesel feedstock, microalgae have been the focus of the production of various
secondary metabolites which are used in personal care, health and the food market (Paliwal et al., 2017).
Among many existing species of microalgae diatoms have great potential for contributing 30% of crude
oil globally as claimed by geoscientists (Ramachandra et al., 2009). Researchers have been trying to �nd
ways to culture diatoms at economic scales while simultaneously harvesting value added metabolites
from them (Khan et al., 2021; Vinayak et al., 2015). Fucoxanthin, is one of the most common high value
metabolites from diatoms and it along with chlorophyll-a/c, proteins and other metabolites has
anticancer, anti-in�ammatory, antioxidant, antiangiogenic, antidiabetic as well as antimicrobial properties
(Abu-Ghosh et al., 2021). Hence, growing of diatom and other microalgae in photobioreactors for their
cheap harvest to yield high biomass as well as value added metabolites is the need of the hour (Vinayak
et al., 2015). However, designing of such reactors requires continuous media supplements thus making
the overall harvest/extraction very expensive. On the other hand, if diatoms are cultured in open systems
the chances of contamination with spores, bacteria, fungi and other microalgae are very high (Xiang et
al., 2017). As a solution, the possibilty of Bubble Farming© (Gordon et al., 2019a) stemmed out of earlier
research on diatom solar panels for biofuel production (Gautam et al., 2016; Ghobara et al., 2019; Gupta
et al., 2018; Kumar et al., 2016; Kumar et al., 2018; Vinayak et al., 2014).

2.0 Materials And Methods
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2.1 Preliminary experiment at home
Pond water was �lled in a wide-mouth glass jars (50.8012° N, 98.9776° W) and sealed with bubble wrap
from packings of air pillows to avoid algal contamination. Water was initially at 5oC. Jars were set below
a west windowsill under a McKenzie Hydrofarm Inc. 24W Agrobrite Highoutput 553 cm �uorescent light
bulb, on a 12 hour on/off cycle starting 6 am (November/December). A single sheet of an AIRplus® air
pillow placed over the rim of the left jar was secured with two rubber bands. Ambient temperature was ~ 
21°C with a relative humidity of ~ 43%.

2.2 Testing different Bubble wraps for CO2 permeability and
physical parameters
Three different types of bubble wraps, low density polyethylene (LDPE) (Barentsen & Heikens, 1973), high
density polyethylene (HDPE) (Khonakdar et al., 2003) and normal polyethylene (NP) (INGRAHAM et al.,
1947) having size 20cm × 20cm, thickness 20um were used in triplicate test tubes. These bubble wrap
plastics materials were tested �rst for their CO  absorption in test tubes having only water. This was done
by sealing the rim of test tubes with bubble wrap of these different polyethylenes. About 1mL of calcium
hydroxide solution (30mM) was added in each culture test tubes containing about 100mL of distilled
MilliQ water (Holm & O'Brien, 1971). Nylon based bubble wrap was avoided, since it is manufactured to
be deliberately impervious to atmospheric gasses (Levy, 1998). Each of the above sets was also observed
for its quantity of water retention or loss, UV-Vis absorbance, humidity, pH, conductivity and Total
Dissolved Solids (TDS) after every 5th day for a period of 20 days at an ambient temperature of 22–
25°C.

2.3 Testing diatom growth in most permeable Bubble wrap
As hypothesized Bubble Farming© technique would grow microalgae without requirement of any post
nutrient feeding in a totally sealed bubble(Gordon et al., 2019b). To check if this works, at �rst it was
necessary to select bubble wrap/s which allowed e�cient exchange of gases, especially CO2 and O2.
Thereafter, diatoms would be added in the �ask PBR sealed with the bubble wraps which would be tested
as most permeable to gases. All experiments were done in triplicates The sealing of polyethylene bubble
wrap of the best permeability was done using elastic rubber bands at the rim of 250 mL conical �ask PBR
containing diatom cells. These �asks were inoculated with a �xed number of diatom cells (Nitzschia
palea), estimated at 4.79 ×104 cells mL− 1 added to 100 mL of modi�ed f/2 medium (Vinayak et al., 2014)
for all the test samples (Control, NP, LDPE and HDPE). All the samples were grown as per standard
laboratory conditions maintained in our laboratory to grow diatom cultures (temperature of 22°C and
light/dark duration for 8 h/16 h per day) (Vinayak et al., 2014).

2.4 Trans-esteri�cation of lipid into fatty acid methyl ester
(FAME)
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The lipid was harvested from control and test samples (5 mL) and transesteri�ed according to the
procedure described by Bligh and Dyer (Bligh & Dyer, 1959) per dry weight with some modi�cations. Both
the test and control samples were centrifuged and the pellets were dried. The biomass was weighed and
mixed in chloroform: methanol: water in a 1:2:0.9 ratio, vortexed and sonicated for 5 min. This was
followed by the addition of chloroform and deionized water to make a total ratio of chloroform:
methanol: water as 2:2:1.8. After that 1 mL of 0.5% NaCl solution was added and the samples were
mixed vigorously, centrifuged at 5000 g for 10 min and then kept at room temperature for 1 hour to allow
separation of clear organic and aqueous layers. The organic layer was transferred carefully into a fresh
tube. Solvent was removed from the extract using a speed-vacuum system and the fatty acid obtained
was weighed at a precision of 0.0001g.

2.5 Lipid estimation by sulpho-phospho vanillin (SPV)
method
The amount of lipid in diatom samples was estimated from the transestri�ed fatty acid methyl esters
(FAME) by the colorimetric sulfo-phospho-vanillin (SPV) method (Khan et al., 2019). Linseed oil was used
as a standard (Supelco, PA, USA; 1000 mg). In each sample, 100 µL of concentrated sulfuric acid was
added and incubated at 90 ºC for 10 min followed by cooling at 4°C for 5 min. After cooling, 2.4 mL of
phosphovanillin (PV) reagent was added (prepared by addition of 120 mg vanillin (Sigma-Aldrich, USA)
into 100 mL of hot 85% phosphoric acid). The mixture was then kept for 30 min at room temperature so
as to develop pink color. The absorbance was thereafter recorded at 530 nm with a UV-Vis
spectrophotometer (LabIndia, UV3000). Concentration of lipid was determined with the help of a standard
plot made at different concentrations of standard linseed oil. The neutral lipids in live diatoms were
stained with Nile red and imaged by confocal microscopy to con�rm the presence of neutral lipids.

2.6 Estimation of Chlorophyll content
Diatom samples (5 mL) were taken on 1st 10th, 20th, 30th and 40th day. Absorbances of the samples
were recorded at 680 nm using a UV-Vis spectrophotometer (LabIndia UV-3000, India) (Ahirwar et al.,
2020). This gives estimates of biomass and chlorophyll content. The chlorophyll content indicates the
physiological state as well as growth of diatom cells. The chlorophyll contents in diatom samples were
evaluated spectrophotometrically for different time intervals as per Eq. (1) (Pruvost et al., 2011):

Chlorophyll (µg mL− 1) =  (1)

2.7 Testing the growth of other algae viz; Haematococcus
pluvialis in a bubble wrap
In order to test if bubble wrap could actually be used for in vitro culturing and be used for other algae we
took rapidly growing microalgae Haematococcus pluvialis in its red encyst stage (Han et al., 2013).
Bubble wrap made up of LDPE measuring 6” ×6” with each bubble having diameter of 0.25” was chosen.
.Each bubble was �lled with sterile algae via U-100 injection and sealed with clear cuticle hardener or nail
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paint (Bwambok et al., 2014). The maximum amount of H. pluvialis culture injected per bubble was 160
µL, having about 20 cells/µL. The cell density was analyzed via histograms of images against a white
background, split into red green and blue (RGB) (Vráblík et al., 2018) individually using ImageJ software
(Rasband, 1997) for a period of 21 days.

3.0 Results And Discussion
Glass jars �lled with pond water algae with their rim open as control and test with rim sealed with
AIRplus® pillow plastics showed some peculiar results. On day 1, the volume of pond water in both the
glass bottles was same. It was observed that even up to the 50th day, algae remained green in both the
closed glass bottle as well as open glass bottle. However, it was seen that there was no water loss in the
bottle sealed with bubble wrap plastic while about 50% water loss occurred in an open glass bottle
(Figure S1). However, there was full water retention in the sealed jar, with roughly equal algal growth in
both. This proved that the sealing of glass bottles' rims with bubble wrap plastic didn’t starve the algae
for exchange of gases (CO2 and O2) needed for photosyntehsis and respiration, nor let the water
evaporate. Since one of the major drawbacks of open raceways is water loss by evaporationa and
contamination (Gutiérrez et al., 2016; Moheimani & Borowitzka, 2006), the sealing of even an open
raceway by large sheets of bubble wrap plastic could probably reduce these problems, even without
putting the algae inside the bubbles.

Our quest was to quantitatively check the CO2 and O2 availability and water retention of different bubble
wrap plastic materials (NP, LDPE, HDPE) and control by recording physical parameters such as humidity,
pH, conductivity (µS), and TDS.

It was observed that the pH with all bubble wraps as well as control was alkaline, reaching ~ 12 at the
20th day and decreased a little in control on 20th day (11.3 ± 0.25 µS) (Fig. 1A). It was. however, seen that
there were only minor changes in the conductivity and TDS value in all bubble wrapped test samples.
Conductivity decreased in controls from 5.64 ± 0.02 µS to 2.42 ± 0.32 µS from the 1st to 20th day;
whereas in NP, LDPE and HDPE it increased from ~ 5.64 ± 0.10 µS on the 1st day reaching nearly 5.74 ± 
0.25 µS in NP, 6.95 ± 0.24 µS in LDPE and 7.23 ± 0.27 µS in HDPE (Fig. 1B). However, the control sample
without any bubble wrap showed constant decrease in its TDS value and reached from 5.64 to 1.61 ppt
from 1st day till 20th day respectively (Fig. 1C). This was possibly because of high availability of CO2

and other gases. This was unlike the NP, LDPE and HDPE samples where the water was turbid as there
was constant increase in TDS as seen in Fig. 1C. However, the TDS was near 0.07 ± 0.04 ppt on the 1st
day and increased to near ~ 2.5 ± 0.25 ppt on 20th day. Although it was least for LDPE bubble wraps at
2.12 ± 0.24 ppt.

The conductivity and TDS changes with the change in carbon dioxide absorption and desorption were
concordant in pattern as explained by Hindi and Azizi(2020) in a bubble column reactor tank (Al-Hindi &
Azizi, 2020). However, there was minor or almost no changes in pH which is concordant with the earlier
reported studies for change of pH with CO2 absorbtion studies (Al-Hindi & Azizi, 2020). Increase in CO2
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absorption results in increase in salinities with the effect of different water types studied for CO2

absorption and desorption studies in bubble column reactors (Al-Hindi & Azizi, 2020). Lastly relative
humidity of the culture room where the experiment was conducted was stable for all days reaching
between 15–17% which is a signi�cant factor for the maintaining concentration of gases present in the
atmosphere throughout the experiment.

The UV-Vis spectroscopic observations for different bubble wrap/s (NP, LDPE and HDPE) test tubes and
control for CO2 absorption and desorption showed that the control test tube changed its turbidity after
addition of calcium hydroxide solution into it. Figure 2 illustrates that on 5th day, control test tubes
showed absorbance of 1.77 at 208 nm whereas NP, LDPE, and HDPE showed absorbance of 1.75, 1.73
and 1.72 at 212 nm respectively. As the time of exposure increased, absorbance of CO2 increased from
10th to 20th day. The highest absorbance (1.91) was reported in control sample on 20th day whereas
there were signi�cant changes in the absorbance in NP, LDPE and HDPE observed as 1.72, 1.68 and 1.67,
respectively. The high absorbance of CO2 in control was due to the fact that maximum CO2 was absorbed
forming CaCO3 precipitate (Gettens et al., 1974). This is clearly elaborated in Fig. 2D due to maximum
area under curve occupied by control compared to rest of the bubble wrap/s plastics sealed test samples.
It was further seen that the increase in CO2 absorption results in not only decrease in TDS but also
decrease in absorption coe�cient as is seen from the UV Vis spectral studies for control sample which is
concordant with earlier reported studies(Al-Hindi & Azizi, 2020). Even though LDPE bubble wrap showed
comparatively better absorption of CO2, all the bubble wrap/s were further tested for growth of diatom,
water loss, chlorophyll content, cell density via absorbance, lipids and biofuel from diatoms

Henceforth, �xed number of diatom cells (~ 479 x 102 cells mL− 1) were inoculated in 100 mL modi�ed
f/2 medium(Vinayak et al., 2014) contained in 250 mL conical �asks sealed with NP, LDPE and HDPE
bubble wraps alongwith control in triplicates. The experiment was run for 40 days which showed varied
diatom cell count as shown in Fig. 3A. It was observed that control showed fall in diatom growth on the
40th day (197 x 102 cells mL− 1). The diatom growth decreased on 40th day in �asks sealed with NP (429
x 102cells mL− 1) and HDPE (856 x 102cells mL− 1), however, only LDPE, showed a stable quasi-
exponential behaviour in growth of diatom cells until the 30th to 40th day (1152 x 102cells mL− 1). The
growth condition was further veri�ed by recording absorbance at 680 nm using UV-Vis spectrophotometer
(Fig. 3B). On 10th day, LDPE sample displayed a maximum absorbance of 0.4 and maximum cell count
(499 x102 cells mL− 1) in LDPE due to absorption of CO2 gases required for photosynthesis. However, at

40th day, lowest absorbance (0.052) was found in the NP samples having lowest cell count of 429 x102

cells mL− 1. In LDPE at 40th day, though there was maximum absorbance (0.084) with maximum cell
count of 1152 x102 cells mL− 1. However, it was low in HDPE (0.018) with cell count of 856 x102 cells
mL− 1on 40th day as seen in Fig. 3B. The results were in concordance with the theory that cell growth is
directly proportional to the absorbance of light getting absorbed due to scattered particles in the cuvette
(Ritchie & Sma-Air, 2020). Also the cell growth in LDPE was linearly proportional to the CO2 gases
absorbed in LDPE samples as seen in Fig. 2.
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On the offset the chlorophyll concentration at 10th day was highest for control sample (0.835 µg mL− 1)
as compared to NP (0.456 µg mL− 1), LDPE (0.752 µg mL− 1) and HDPE (0.555 µg mL− 1) test samples
inoculated with �xed number of diatom cells (Fig. 3C). The chlorophyll concentration of control increased
till 20th day and decreased thereafter. On 20th day, chlorophyll concentration of control sample
decreased to 0.735 µg mL− 1. Decrease in chlorophyll concentration in control sample after 20th day is
because of water loss and microbial contaminations concordant with open raceway culturing results
(Borowitzka & Moheimani, 2013). The chlorophyll concentration in LDPE and HDPE at day 40 reached to
3.34 µg mL− 1 and 2.5 µg mL− 1 respectively. The amount of chlorophyll content is also directly
proportional to cell growth and the results obtained were in accordance with the cell count in each set.
This was also in concordance with earlier research demonstrating a direct correlation between the
chlorophyll content and cell count/growth(Groß et al., 2021; Myers & Kratz, 1955). The chlorophyll
content constitutes the major carotenoids which are a group of high value metabolites being synthesized
in a plant. The water content was measured for each sample on the 0, 10th, 20th, 30th and 40th day and
it was found that there was no remarkable water loss in bubble wrap/s closed samples except control
which displayed signi�cant water loss (~ 37%) (Fig. 3D) and obvious microbial contamination. This is the
reason closed system photobioreactors are superior to open raceway ponds but due to their high
operational cost they have limited use(Gordon et al., 2019a).

Further it was found that the amount of lipid at day 10 was 26.17 µgmL− 1, 22.40 µgmL− 1, 25.09 µgmL− 1

and 25.97 µgmL− 1for control, NP, LDPE and HDPE respectively (Fig. 4A). Lipid content further increased
substantially in LDPE 31.21 µgmL− 1 on 20th day. The control sample showed decrease in lipid contents
(2.33 µgmL− 1) on 40th day which is possibly due to decrease in cell count and contaminations in open
culture �ask which was not wrapped with bubble wrap at its mouth rim. The fall in lipid was also
observed in NP (10.24 µgmL− 1) and HDPE (15.83 µgmL− 1) on 40th day. However, lipid yield continued to
rise in LDPE and was 33.88 µgmL− 1 and 34.89 µgmL− 1 on 30th and 40th day. Comparing these results
showed that the maximum amount of lipid was found in LDPE on 10th day but thereafter HDPE showed
a decline on 40th day in coherence with low cell count in HDPE. This was probably also due to the fact of
scarcity in CO2 and thus decline in photosynthesis. Hence even though CO2 plays an important role in
photosynthesis to synthesize carbohydrates required for its �xation by ribulose-1,5-bisphosphate
carboxylase/oxygenase (RUBISCO) enzyme in C4 pathway of cell photosystem(Riebesell, 2000). Its
de�ciency may ultimately result in failure to synthesize carbohydrates required for further energy
generating pathways. Further when these lipids were transesteri�ed they showed the formation of
Diafuel™ (Biofuel from diatoms) i.e. fatty acid methyl esters (FAME)(Fig. 4B). Maximum Diafuel™
percentage was 37.27% per DW for the LDPE sample, less in 28.1 % per DW in HDPE and minimum for
NP 2.35% per DW and least in control sample (1.6%) per DW on 40th day.

On the other hand, the diatoms stained with Nile red dye for neutral lipids on 0 and 40th day in LDPE
showed neutral lipids stained diatoms by confocal microscopy (Figure S2). The optical images clearly
showed that lipid in diatoms increased on 30th day when cultured in the LDPE sealed conical �ask
without requiring any extra post nutrient feed. Nile red staining has been used in analyzing neutral lipids
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in Phaeodactylum tricornutum and is one of the most reliable method for insitu testing for amount of
neutral lipids in cells(Wu et al., 2014). The three dimensional plot of amount of neutral lipids stained in
diatoms on 0 and 40th day as seen in Fig. 4C and D clearly shows increase in amount of neutral lipids in
diatoms cultured in LDPE �ask PBR. It indicates it to be the most e�cient plastic bubble wrap material to
seal PBR while simultaneously maintaining a closed microcosm avoiding contamination and water loss.

Since one of the major drawbacks of open raceways is water loss by evaporation and airborne and exotic
species contaminations(Ashokkumar & Rengasamy, 2012). Therfore, sealing of open raceways by bubble
wrap/s plastic sheets could alleviate these problems economically and in a facile manner.

Not limiting to our study on diatoms we wanted to study its on ground application on a LDPE bubble
wrap material measuring 6” ×6” with each bubble having diameter of 0.25” was chosen measuring was
chosen as a whole. Hence one of the green microalgae Haematococcus pluvialis rich in astaxanthin and
on high demand in pharmaceutical and nutraceuticals industry was tested and inoculated in the LDPE
bubble wrap for 21 days. However, using bubble wrap having a bubble diameter of 0.25” made cell
counting cumbersome due to frequent puncturing of the bubble wrap. Hence cell density was measured
by histogram of each photographed image spilt into red, green and blue processed via Image J software.
Figure 5 shows the blue channel of the image shifted towards a hike in its mean value of 143 ± 7.77 at
day 1 to 155 ± 11.17 at 21st day. This method gave concordant analysis as given for yeast biomass
concentration where cell counting is not possible (Acevedo et al., 2009). However, this was just a small
scale check and the same could be done using bigger air pillows of LDPE plastic wrap material whereby
the main aim was to keep the system closed, have enough permeability for CO2 and other gases while
simultaneously preventing water loss, avoiding contamination and frequent inputs of nutrient media.

4.0 Conclusion
The results demonstrated that enough gas exchange occurs through LDPE bubble wrap to support
diatom growth without loss of water and any extra nutrient uptake. The LDPE had highest diatom cell
count on the 30th (1033 x 102 mL− 1) and 40th day (1152 x 102 mL− 1). The chlorophyll contents was
highest for LDPE compared to that in control, NP and HDPE. NP and HDPE also exhibited no signi�cant
water loss as the plastic wrap prevented the loss of water. The lipids and Diafuel™ had the highest values
in LDPE at the 40th day, 34.89µg mL− 1, and 37.27% per 1152 x 102 cells mL− 1 respectively whereas a fall
in lipid content in the control and rest of the test samples occurred. This not only demonstrates a facile
way of making a diatom solar panel for Diafuel™ production growing but also a economical way to
bridge the gap between the cost of operating expensive photobioreactors which in turn increase the cost
of high value metabolites from them. Since these experiments were on a small scale, algal Bubble
Farming© should be tested on �elds under natural, uncontrolled weather conditions.
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Figure 1

Physical parameters of CO2 absorption and desorption in different test tubes at temperature 25± 0.237
°C for 20days.
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Figure 2

Absorbance of water mixed with Calcium hydroxide in test tubes marked as Control, NP, LDPE and HDPE
bubble wrap/s on 5th; 10th; 15th and 20th day of exposure to atmospheric CO2.
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Figure 3

Diatom samples in different bubble wrap® plastics sets at different time periods showing their A: Cell
count mL-1; B: Absorbance of diatom cells at 680 nm, C: Extracted Chlorophyll content and D: Water
retention.
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Figure 4

Diatoms cultured in different bubble wrap plastics at different time periods producing A: Lipids; B:
DiafuelTM percentage and 3 Dimensional surface plot of Nile red stained diatoms (via confocal
microscopy retaining true colors) in LDPE bubble wrap showing lipid accumulation at C: 0 day and D:
30th day
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Figure 5

Histogram segregation of red, green, blue (R,G,B) images of Haematococcus pluvialis inoculated in LDPE
bubble plastic wrap of size 6” x 6” into A1 (R ), A2 (G), A3 (B) on day 1 and B1 (R ), B2 (G) and B3 (B) on
20th day by ImageJ software.
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