
Contents lists available at ScienceDirect

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

Reductive capabilities of different cyanobacterial strains towards
acetophenone as a model substrate – Prospect of applications for chiral
building blocks synthesis
Ewa Żymańczyk-Duda, Agata Głąb, Monika Górak, Magdalena Klimek-Ochab,
Małgorzata Brzezińska-Rodak, Daniel Strub, Agnieszka Śliżewska⁎

Wroclaw University of Science and Technology, Poland

A R T I C L E I N F O

Keywords:
Cyanobacteria
Biocatalysis
Acetophenone
Reduction
Blue-green algae
Biotransformation

A B S T R A C T

Bioreductive capabilities of four morphologically different strains of cyanobacteria have been assessed in this
work. Arthrospira maxima, Leptolyngbya foveolarum, Nodularia sphaerocarpa and Synechococcus bigranulatus were
applied as catalysts for the reduction of acetophenone to the corresponding chiral phenylethyl alcohol. The
process was modified regarding substrate concentration, duration of pre-cultivation period, duration of bio-
transformation, light regime and glucose addition to the culture media. Obtained results clearly showed that
cyanobacteria were active towards acetophenone what resulted in the substrate reduction to (S)-1-phenylethanol
with high enantiomeric excess. The reaction efficiency increased with the biotransformation time, but the higher
concentration of substrate limited the process yield. Also, all tested strains performed reaction with the highest
efficacy under continuous light regime. The most active strains – N. sphaerocarpa and S. bigranulatus carried out
the conversion of 1 mM acetophenone with high efficiency of respectively 97.6% and 96.2% after 13 days of
biotransformation. A. maxima reached 45.8% of conversion after 13 days of biotransformation whereas L. fo-
veolarum did not exceed 20%. The enantiomeric excesses were respectively 98.8%- A. maxima, 91.7%- L. fo-
veolarum, 72.6%- S. bigranulatus and N. sphaerocarpa 16.2%.

1. Introduction

Cyanobacteria are widely distributed group of photosynthetic mi-
croorganisms, which are present in many terrestrial and aquatic en-
vironments. They are applied in many fields of biotechnology such as
pharmaceutical, cosmetic and food industry since they are a prolific
source of biologically active compounds with diverse chemical struc-
tures. Among these chemicals are anticancer, antibacterial, antifungal,
antiviral or algicidal factors [19,1,21]. Also, cyanobacteria are useful
tools in the biofuels production thanks to their supreme photosynthetic
capabilities [18]. Recently they have been identified as a promising
biocatalyst source [25]. However their full potential in this area re-
mains undiscovered [5].

Cyanobacteria are superior to other industrialized biocatalysts like
fungi or bacteria due to their photosynthetic abilities. First, they do not
require carbon source in the cultivation media, since light is their main
energy source for reductive CO2 assimilation. Secondly, their metabo-
lism is very flexible and can be a source of high value products.
Additionally, blue-green algae are very adaptable and can be easily

genetically modified, which further enlarges their biotechnological
potential as well as commercial applications possibilities [13].

Biocatalysis is a powerful tool in chemical synthesis because it offers
easier and environmentally friendly approach to synthesize optically
pure chemicals of high added value. Production of chiral compounds by
bacterial and fungal biocatalysts have been applied in industry due to
numerous advantages over classical chemical synthesis – it provides
cost-effective method of obtaining desired product, simultaneously re-
maining non-toxic and highly effective and selective.

Application of cyanobacteria in biocatalysis focused mainly on the
asymmetric reduction of aldehydes and ketones to corresponding chiral
alcohols [14,17,12,8]. However, they have also been shown to hydro-
xylate 4-androstenedione [2] or degrade side chain of hydrocortisone
[24]. Additionally, cyanobacteria have been applied in the bio-
transformations of monoterpene compounds [4]. Recently we dis-
covered the potential of cyanobacteria to enantioselective reduction of
diethyl esters of oxophosphonic acids using free [10] and immobilized
[11] cells.

Application of cyanobacteria in biocatalysis is limited to small

https://doi.org/10.1016/j.bioorg.2019.02.035
Received 13 December 2018; Received in revised form 13 February 2019; Accepted 16 February 2019

⁎ Corresponding author.
E-mail address: agnieszka.slizewska@pwr.edu.pl (A. Śliżewska).

Bioorganic Chemistry 93 (2019) 102810

Available online 26 February 2019
0045-2068/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00452068
https://www.elsevier.com/locate/bioorg
https://doi.org/10.1016/j.bioorg.2019.02.035
https://doi.org/10.1016/j.bioorg.2019.02.035
mailto:agnieszka.slizewska@pwr.edu.pl
https://doi.org/10.1016/j.bioorg.2019.02.035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2019.02.035&domain=pdf


number of strains, although widespread occurrence in environment and
diverse metabolic pathways. Therefore, this field of science is not fully
explored and developing it seems to be important. Four, morphologi-
cally different strains of cyanobacteria, were tested for their biocata-
lytic capability of acetophenone reduction (Fig. 1) to evaluate the
bioreductive potential of this photoautotrophic microorganisms. Acet-
ophenone is a convenient model – easily available and very well de-
scribed chemical compound. The optically active products of its re-
duction are used in large quantities in industry, being an interesting
building elements that can be used in chemical synthesis or as a
benchmarks for analysis. Additional advantage of work with this
compound is the availability of simple analytical methods of detection
and quantification both for substrate as well as for products.

2. Materials and methods

2.1. Chemicals

Acetophenone, (R)- and (S)-1-phenylethanol were purchased from
Sigma Aldrich. Media components were purchased from Sigma Aldrich,
Chempur, Avantor Performance Materials. Glucose and ethyl acetate
were purchased from Avantor Performance Materials.

2.2. Microorganisms

Cyanobacterial strains: Arthrospira maxima (CCALA 27),
Leptolyngbya foveolarum (CCALA 76), Nodularia sphaerocarpa (CCALA
114) and Synechococcus bigranulatus (CCALA 187) were obtained from
the Culture Collection of Autotrophic Organisms (CCALA) (Institute of
Botany, Academy of Sciences of the Czech Republic).

2.3. Cultivation

All microorganisms were cultivated in 250-ml conical flasks con-
taining 100mL of BG-11 medium [20] except from Arthrospira maxima,
which was grown on Spirulina medium [3]. Cultures were grown under
sterile, stationary conditions, at 25 °C, under continuous or periodic
illumination at 7–12 µm photons per m3, provided by fluorescent
SunGlo 8W (Hagen) lamp.

Optical density (OD750) of growing cultures were monitored by
absorbance measurements, performed on Perkin Elmer Lambda XLS
spectrophotometer at wavelength 750 nm compared to control, which
was non-inoculated cultivation medium.

2.4. Biotransformation procedure

After pre-cultivation period, appropriate substrate was added to the
cyanobacterial culture, using aseptic techniques. Biotransformation
procedure was performed under varying conditions regarding final
concentration of substrate (1–4mM), duration of the biotransformation
(1–13 days), optical density of pre-culture (OD750 0.5 – 4) and illumi-
nation system (continuous or periodic 16 h light: 8 h dark). In case of
periodic illumination system, the substrate – acetophenone was added

to the pre-culture alongside with the sterile glucose solution to final
concentration of 0.5 g/mL. Control experiments were carried out on
pure cultivation media and the growing cultures without addition of
substrate.

2.5. Products analysis

Experiments were terminated by centrifugation of the biomass
(2300g, 20min, 17 °C) and extraction of supernatant with ethyl acetate
(2×50mL). The organic layer was dried over anhydrous MgSO4 for
overnight, and then solvent was evaporated under reduced pressure.
Product of biotransformation was analyzed by gas chromatography
(Agilent Technologies Co. Ltd. 7890A), equipped with Chiralsil DEX CB
column 25m×0.25mm and flame ionization detector with nitrogen as
make-up gas and helium as carrier gas. Spilt ratio was 35/1. Column
was heated from 110 °C to 120 °C at the rate of 2.5 °C/min and subse-
quently to 200 °C at the rate of 10 °C/min. Inlet temperature – 250 °C.
Retention times: acetophenone – 4.11min; (R)-1-phenylethanol –
6.04min; (S)-1-phenylethanol – 6.28min.

Enantiomeric excess (e.e.) was calculated based on the GC spectra
with formula:

=
+
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where E1 and E2 were respective percentage fractions of enantiomers in
the mixture.

3. Results and discussion

Biotransformation procedure was performed using four different
strains of cyanobacteria: unicellular Sunechocccus bigranulatus, fila-
mentous non-heterocystous Arthrospira maxima, Leptolyngbya foveo-
larum, as well as heterocystous Nodularia sphaerocarpa. The selection of
strains is caused by previously performed screening tests, which in-
dicated the strains with the highest activity. These strains differ re-
garding morphology and physiology what could be a contributing
reason of variation in obtained results - differences in process efficiency
and enantiomerical excesses of the products. The basic parameters of
process were modified, and the influence of such changes were mon-
itored to set the most effective protocols of bioconversion, starting from
the examination of the pre-culture cultivation, before adding the acet-
ophenone. Best results were obtained after addition the substrate into
the microbial culture being in optimal growth phase, during which
metabolism is most robust. Thus, the cells are relevant to perform the
process with the highest yield. Table 1 shows, that the differences be-
tween the activities of different pre-cultures are not so big, but for the
next experiments pre-culture of OD750: 1.8. was chosen as the best
average result for all strains, because the results of bioconversion with
this pre-culture were repeatable. Also, the older pre-cultures probably
contain more not viable and as a consequence non-active cells. Ad-
ditionally, cultures of high density are self-shadowing, resulting with
less light amount reaching live microorganisms, so slowing dawn the
metabolic rate. The duration of the culturing ranges between 15 and

Fig. 1. Reduction of acetophenone to (R)-1-phenylethanol and (S)-1-phenylethanol.
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25 days, but the point of the substrate addition was set every time re-
garding the OD value.

The elaboration of the optimal biotransformation conditions also
included the adjusting concentration of substrate – acetophenone,
which varied in the range of 1–4mM (Fig. 2) in process carried out for
seven days, employing the pre-culture (OD750: 1.8). Results indicate

that the increase substrate concentration had a negative impact on the
process efficiency and in most cases, on enantioselectivity of the reac-
tion. Only in case of one biocatalyst – N. sphaerocarpa, the enantiomeric
excess increased alongside with the increased concentration of sub-
strate, but, this was the catalyst of the poorest selectivity and even the
best selectivity achieved by this strain was worse than in case of all

Table 1
Bioconversion of acetophenone carried out with different cyanobacteria pre-cultures.

Microorganism OD750 Conversion [%] e.e. [%] Configuration

Synechococcus bigranulatus 1 6.3 (± 0.6) 72.2 (±7.6) S
1.8 7.1 (± 0.6) 66.9 (±8.8) S
2.5 7.5 (± 0.1) 66.2 (±4.0) S

Arthrospira maxima 1 20.3 (±5.9) 89.1 (±8.3) S
1.8 23.7 (±7.9) 87.2 (±9.7) S
2.5 24.7 (±3.6) 87.7 (±2.6) S

Nodularia sphaerocarpa 1 89.4 (±3.2) 45.3 (±5.7) S
1.8 85.7 (±10.2) 45.3 (±7.1) S
2.5 84.5 (±5.4) 36.9 (±4.3) S

Leptolyngbya foveolarum 1 27.8 (±10.5) 95.7 (±0.3) S
1.8 31.3 (±16.4) 95.0 (±0.4) S
2.5 25.0 (±4.8) 92.7 (±3.3) S

Fig. 2. Influence of substrate concentration on efficiency and enantioselectivity (e.e.) of acetophenone 7- days reduction.
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other strains. This phenomenon can be ascribed to the toxicity of
acetophenone towards viable cells, including cyanobacterial ones.

Described above preliminary results achieved after 7- days of bio-
conversion, indicate that by monitoring the progress of bioreduction,
the optimal duration of the process can be selected. Therefore, the
particular bioconversions were carried out in the time range varying
between 1 and 13 days, adding the substrate (1Mm, after the pre-cul-
ture – 21 days under continuous illumination, until OD750 1.8) pre-
culture of Under the same conditions, except the bioconversion dura-
tion, the next results, were as follows: In case of S. bigranulatus and A.
maxima, longer bioconversion process increased the product yield
(Fig. 3) while efficiency of N. sphaerocarpa bioconversion exceeded 80%
after the three day of biotransformation, L. foveolarum allowed to
achieve conversion of around 20% just after one day of growth at the
presence of acetophenone. Surprisingly, such dependency was not no-
ticed in the terms of enantioselectivity. For A. maxima and L. foveo-
larum, enantiomeric excess was close to 100% after 1 day of bio-
conversion and the value remained quite table with time extending. In
case of S. bigranulatus, after first day of bioconversion conversion de-
gree was up to only 2% with 65% of e.e. While the efficacy of the
process increased gradually within 11 days, e.e. reached 85% after three
days and further improvement was not observed. Surprisingly, in case
of N. sphaerocarpa, conversion reached 90% after third day but with
poor e.e. (about 40%), which started decreasing with time extending.
This results can be a consequence of increasing concentration of

phenylethyl alcohol, which is known for its toxic impact of some or-
ganisms [6].

One of the most important factors determining the efficiency of
growth and therefore biocatalytic activity of phototrophic organisms is
light regime. The impact of light regime on the biotransformation ef-
ficiency and enantioselectivity of cyanobacteria towards ketones has
been already described in the literature and identified as an meaningful
parameter [9]. In this study, pre-cultured cyanobacteria (21 days, until
OD750 1.8, light regime 16:8 dark) were applied for the conversion of
1Mm of the substrate under different light conditions: continuous and
periodic ones (16 h light: 8 h dark – mimic the natural conditions)..
Thus, continuous illumination may lead to overheating of the culture
and as a consequence, photoinhibition can be occurred. In the experi-
ment, previously tested fluorescent lamps were applied (not harmful to
the cells) [10]. Obtained results show, that under continuous light re-
gime cyanobacterial strains performed the bioconversion process with
higher or the same efficiency as under periodic illumination. The most
significant difference can be noted for unicellular strain Synechococcus
bigranulatus – conversion degree was nearly four times higher under
continuous illumination. In case of Arthrospira maxima, periodic illu-
mination regime decreased the reaction efficacy twofold and the e.e.
was poor up to 8.5% (Table 2). Two remaining strains did not behave
differently under particular illumination regime, either in case of re-
action yields nor the enantioselectivity.

Illumination conditions for photobiocatalysts are crucial ones not

Fig. 3. Influence of duration time of biotransformation on its efficiency and enantioselectivity.
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only as an energy source but also due to the interactions between light
reactions and redox balance (e.g., NADP+/NADPH) inside the cells.
Cyanobacterial enzymes, which are responsible for the anabolic CO2

reduction, depend on the presence of reduced form of cofactor – nico-
tinamide adenine dinucleotide phosphate (NADPH). Light phase of
photosynthesis is a source of NADPH, which is also utilized for reduc-
tion of exogenous ketones and production of appropriate alcohols, what
was noticed in previous works [15,16,22] (see Fig. 4). Thus in discussed
case of acetophenone reduction, light phase of photosynthesis seemed
to be crucial, considering the substrate as a part of hydrogen flow in
cofactor regeneration systems, especially that cyanobacterial, photo-
synthetic, enzymatic system is used to work with exogenous carbon
sources.

Another important factor is the presence of glucose in the cultiva-
tion media. It influences photosynthesis processes by affecting the
growth of cyanobacteria, especially in case of heterotrophic or mixo-
trophic strains [7]. The meaning of glucose for the bioconversion of
acetophenone was therefore investigated. Sterile glucose solution was
added alongside with the acetophenone to cyanobacterial pre-cultures
growing under cyclic light regime. The final glucose concentration was
0.5 g/L. Based on the obtained results (Table 2), it can be concluded,
that the efficiency of studied bioreduction is not sensitive to the pre-
sence of glucose (in the frame of using solutions) and the activity of
photobiocatalysts remained more than less stable [23]. It is under-
standable because the glucose impact is further more spectacular in

case of heterotrophic organisms, they, in many cases depend on the
organic carbon source and the manipulations of its concentration can
switched on the alternative (e.g., secondary) metabolic pathways.
Presented study proved that in case of light-dependent organisms ap-
plied for bioconversion purposes, the presence of glucose is not im-
portant.

4. Conclusions

A comparative research on the reductive abilities of different pho-
tobiocatalytic systems towards model compound (acetophenone) was
performed. According to obtained results, cyanobacterial enzymatic
systems are active towards applied compound, however, the efficiency
and enantioselectivity of processes differ depending on the growth rate
of biocatalyst, substrate concentration, and light regime. This reductive
activity is in a correlation with the natural process of hydrogen bor-
rowing cycle during the cofactors regeneration, which is crucial for
photosynthesis and also other pathways in viable cell. Applied ketone
can be considered as an exogenous electron and proton acceptor until
the concentration of phenylethyl alcohol remain non-toxic to the cells.
Finally, our knowledge about the correlation between the external
conditions impacting the viability of the cyanobacterial cells and their
photobiocatalytic activity towards different substrates is still very
narrow. That is why this work is an important contribution to this field
of biotechnology.

Table 2
Effect of continuous light regime and glucose addition on the reduction of acetophenone.

Microorganism Illumination regime Conversion [%] e.e. [%] Configuration

Synechococcus bigranulatus Continuous 38.9 (±3.5) 82.0 (± 1.1) S
Periodic 9.5 (± 1.0) 88.3 (± 10.2) S
Periodic+ glucose 6.4 (± 0.3) 61.1 (± 3.7) S

Arthrospira maxima Continuous 28.4 (±2.8) 100.0 (±0.0) S
Periodic 12.9 (±1.6) 91.5 (± 0.1) S
Periodic+ glucose 16.6 (±8.0) 92.9 (± 3.2) S

Nodularia sphaerocarpa Continuous 91.9 (±2.5) 27.1 (± 7.1) S
Periodic 89.6 (±0.7) 31.0 (± 8.6) S
Periodic+ glucose 88.4 (±2.6) 27.9 (± 2.3) S

Leptolyngbya foveolarum Continuous 18.8 (±1.5) 96.0 (± 0.7) S
Periodic 18.5 (±8.4) 98.3 (± 2.4) S
Periodic+ glucose 22.4 (±7.4) 78.5 (± 2.1) S

Fig. 4. Reduction of exogenous ketones using NADPH [22] as a part of electron borrowing system in photosynthetic cells.

E. Żymańczyk-Duda, et al. Bioorganic Chemistry 93 (2019) 102810

5



References

[1] R.M.M. Abed, S. Dobretsov, K. Sudesh, Applications of cyanobacteria in bio-
technology, J. Appl. Microbiol. 106 (2009) 1–12.

[2] Y.J. Abulhajj, X.D. Qian, Transformation of steroids by algae, J. Nat. Prod. 49
(1986) 244–248.

[3] S. Aiba, T. Ogawa, Assessment of growth yield of a blue-green Alga,
SpirulinaPlatensis, in Axenic and Continous Culture, J. Gen. Microbiol. 102 (1977)
179–182.

[4] L. Balcerzak, J. Lipok, D. Strub, S. Lochynski, Biotransformations of monoterpenes
by photoautotrophic micro-organisms, J. Appl. Microbiol. 117 (2014) 1523–1536.

[5] A. Beygmoradi, A. Homaei, Marine microbes as a voluable resource for brand new
industrial biocatalysts, Biocatal. Agric. Biotechnol. (2017) 131–152.

[6] J. Corre, J.J. Lucchini, G.M. Mercier, Antibacterial activity of phenylethyl alcohol
and resulting membrane alterations, Res. Microbiol. 141 (4) (1990) 483–497.

[7] E.A. Egorova, N.G. Bukhov, A.G. Shugaev, D.A. Los, Effect of exogenous glucose on
electron flow to photosystem I and respiration in cyanobacterial cells, Russ. J. Plant
Physiol. 53 (2006) 298–304.

[8] M.A. Faramarzi, M.T. Yazdi, H. Ghostinroudi, M. Amini, Y. Ghasemi, H. Jahandar,
H. Arabi, Nostoc muscorum: a regioselective biocatalyst for 17-carbonyl reduction
of androst-4-en-3,17-dione and androst-1,4-dien-3,17-dione, Ann. Microbiol. 56
(2006) 253–256.

[9] A. Głąb, B. Szmigiel-Merena, M. Brzezińska-Rodak, E. Żymańczyk-Duda,
Biotransformation of 1- and 2-phenylethanol to products of high value via redox
reactions, BioTechnologia 97 (2016) 203–210.

[10] M. Gorak, E. Zymanczyk-Duda, Application of cyanobacteria for chiral phosphonate
synthesis, Green Chem. 17 (2015) 4570–4578.

[11] M. Gorak, E. Zymanczyk-Duda, Reductive activity of free and immobilized cells of
cyanobacteria toward oxophosphonates-comparative study, J. Appl. Phycol. 29
(2017) 245–253.

[12] K. Itoh, H. Sakamaki, K. Nakamura, C.A. Horiuchi, Biocatalytic asymmetric re-
duction of 3-acetylisoxazoles, Tetrahedron-Asymmetry 16 (2005) 1403–1408.

[13] T.J. Johnson, J.L. Gibbons, L.P. Gu, R.B. Zhou, W.R. Gibbons, Molecular genetic

improvements of cyanobacteria to enhance the industrial potential of the microbe: a
review, Biotechnol. Prog. 32 (2016) 1357–1371.

[14] F. Juttner, R. Hans, The reducting capacities of cyanobacteria for aldehydes and
ketones, Appl. Microbiol. Biotechnol. 25 (1986) 52–54.

[15] K. Nakamura, R. Yamanaka, Light-mediated regulation of asymmetric reduction of
ketones by a cyanobacterium, Tetrahedron-Asymmetry 13 (2002) 2529–2533.

[16] K. Nakamura, R. Yamanaka, Light mediated cofactor recycling system in biocata-
lytic asymmetric reduction of ketone, Chem. Commun. (2002) 1782–1783.

[17] K. Nakamura, R. Yamanaka, K. Tohi, H. Hamada, Cyanobacterium-catalyzed
asymmetric reduction of ketones, Tetrahedron Lett. 41 (2000) 6799–6802.

[18] A. Parmar, N.K. Singh, A. Pandey, E. Gnansounou, D. Madamwar, Cyanobacteria
and microalgae: a positive prospect for biofuels, Bioresour. Technol. 102 (2011)
10163–10172.

[19] O. Pulz, W. Gross, Valuable products from biotechnology of microalgae, Appl.
Microbiol. Biotechnol. 65 (2004) 635–648.

[20] R. Rippka, J. Deruelles, J.B. Waterbury, M. Herdman, R.Y. Stanier, Generic as-
signments, strain histories and properties of pure cultures of cyanobacteria, J. Gen.
Microbiol. 111 (1979) 1–61.

[21] C.H.T. Vu, H.G. Lee, Y.K. Chang, H.M. Oh, Axenic cultures for microalgal bio-
technology: establishment, assessment, maintenance, and applications, Biotechnol.
Adv. 36 (2018) 380–396.

[22] R. Yamanaka, K. Nakamura, A. Murakami, Reduction of exogenous ketones depends
upon NADPH generated photosynthetically in cells of the cyanobacterium
Synechococcus PCC 7942, Amb. Express 1 (2011).

[23] Z.H. Yang, L. Luo, X. Chang, W. Zhou, G.H. Chen, Y. Zhao, Y.J. Wang, Production of
chiral alcohols from prochiral ketones by microalgal photo-biocatalytic asymmetric
reduction reaction, J. Ind. Microbiol. Biotechnol. 39 (2012) 835–841.

[24] M.T. Yazdi, H. Arabi, M.A. Faramarzi, Y. Ghasemi, M. Amini, S. Shokravi,
F.A. Mohseni, Biotransformation of hydrocortisone by a natural isolate of Nostoc
muscorum, Phytochemistry 65 (2004) 2205–2209.

[25] L. Zheng, X. Zhang, Y. Bai, J. Fan, Using algae cells to drive cofactor regeneration
and asymmetric reduction fot the synthesis of chiral chemicals, Algal Res. 35 (2018)
432–438.

E. Żymańczyk-Duda, et al. Bioorganic Chemistry 93 (2019) 102810

6

http://refhub.elsevier.com/S0045-2068(18)31467-6/h0005
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0005
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0010
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0010
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0015
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0015
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0015
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0020
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0020
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0025
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0025
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0030
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0030
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0035
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0035
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0035
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0040
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0040
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0040
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0040
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0045
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0045
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0045
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0050
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0050
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0055
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0055
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0055
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0060
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0060
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0065
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0065
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0065
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0070
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0070
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0075
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0075
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0080
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0080
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0085
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0085
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0090
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0090
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0090
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0095
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0095
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0100
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0100
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0100
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0105
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0105
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0105
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0110
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0110
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0110
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0115
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0115
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0115
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0120
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0120
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0120
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0125
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0125
http://refhub.elsevier.com/S0045-2068(18)31467-6/h0125

	Reductive capabilities of different cyanobacterial strains towards acetophenone as a model substrate – Prospect of applications for chiral building blocks synthesis
	Introduction
	Materials and methods
	Chemicals
	Microorganisms
	Cultivation
	Biotransformation procedure
	Products analysis

	Results and discussion
	Conclusions
	References




