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of cells), unpleasant taste and odors, tur-
bidity, and clogging of filters. Moreover, 
cyanobacterial blooms in water reservoirs 
can produce toxins, which represent eco-
logical and human health hazards.[2] In 
addition, cooling water systems such as, 
for example, cooling towers used in power 
stations, provide a favorable environment 
for the growth of algae and cyanobac-
teria.[3] If uncontrolled, the growth of algae 
and cyanobacteria leads to formation of 
robust biofilms and causes fouling, which 
compromises equipment performance 
and promotes corrosion.[4] Thus, the pre-
vention, management, and mitigation of 
uncontrolled growth of algae and cyano-
bacteria have been of great concern for 
public health and industrial sectors.

The natural growth of algal and cyano-
bacterial cells has been controlled by 

using mechanical, physical, biological, or chemical methods,[2,5] 
which directly inhibit their cell growth and/or remove them 
from natural and artificial aquatic environments. Particularly, 
algae or cyanobacteria from various types of water have been 
removed by algaecides and/or flocculation, which is also of 
extreme importance to ensure continual maintenance of a 
high level quality of water.[6] However, the growth control and 
removal of algae and cyanobacteria have been challenging due 
to the low efficiency of current methods, non-target toxicity of 
traditional approaches, and alteration of ecosystems.[2,7]

In this study, we take a step forward to address these con-
cerns on uncontrolled growth of algae and cyanobacteria. 
We demonstrate that a class of cationic synthetic polymers, 
branched poly(ethylene imine)s (B-PEIs) have dual-functional-
ities that can 1) inhibit growth of algae and cyanobacteria and 
2) selectively flocculate one phototrophic microbial species 
over another one. A set of B-PEIs have been reported to exhibit 
potent antimicrobial activity against biomedically relevant bac-
teria including Gram-positive bacterium Staphylococcus aureus 
(SA) and Gram-negative bacterium Escherichia coli (EC).[8] 
We have previously demonstrated that the B-PEIs displayed 
enhanced growth-inhibitory activity of SA over EC,[8b] indi-
cating that the activity of B-PEIs may be dependent on the cell 
wall structures of bacteria. On the other hand, PEIs are gener-
ally used for the flocculation of bacterial sludge to improve the 
efficiency of dewatering in wastewater treatment processes.[9] 

Antimicrobial Polymers

Poly(ethylene imine)s (PEIs) have been widely studied for biomedical 
applications, including antimicrobial agents against potential human patho-
gens. The interactions of branched PEIs (B-PEIs) with environmentally 
relevant microorganisms whose uncontrolled growth in natural or engineered 
environments causes health, economic, and technical issues in many sectors 
of water management are studied. B-PEIs are shown to be potent antimicro-
bials effective in controlling the growth of environmentally relevant algae and 
cyanobacteria with dual-functionality and selectivity. Not only did they effec-
tively inhibit growth of both algae and cyanobacteria, mostly without causing 
cell death (static activity), but they also selectively flocculated cyanobacteria 
over algae. Thus, unmodified B-PEIs provide a cost-effective and chemi-
cally facile framework for the further development of effective and selective 
antimicrobial agents useful for control of growth and separation of algae and 
cyanobacteria in natural or engineered environments.

1. Introduction

Green algae and cyanobacteria (also known as blue-green 
algae) are essential in providing oxygen and food for other 
organisms. However, uncontrolled growth of these microbial 
species in natural or engineered environments causes health, 
economic, and technical issues in many sectors of water man-
agement including water distribution systems for industrial 
manufactures, agriculture, and drinking water supplies.[1] The 
presence of algae and cyanobacteria in water creates nuisance 
conditions such as unsightly blooms (dense accumulations 
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PEIs have also shown potential as flocculating agents as well as 
a retention and drainage aid in the paper industry.[10] Based on 
these functionalities of PEIs through interactions with bacteria, 
we hypothesize that PEIs would be potent antimicrobial and 
flocculating agents against algae and cyanobacteria.

To test the hypothesis, we examined the ability of B-PEIs 
with different molecular weights (MWs) to interact with 
algae and cyanobacteria. We selected freshwater green algae 
Chlamydomonas reinhardtii (CR) and Desmodesmus quadri-
cauda (DQ), and cyanobacteria Synechococcus elongatus (SE) 
and Microcystis aeruginosa (MA) as model species for this 
study. Despite the broad range of biomedical and industrial 
applications of PEIs,[11] the investigation on the antimicrobial 
and flocculation activities of PEIs against algal and cyanobac-
terial species has been very limited so far. We assessed the 
B-PEIs for their ability to induce flocculation of these micro-
organisms in individual cultures and in their mixture. The 
results in this study provide a new insight into the poten-
tial of synthetic polymers for their use in control of algae 
and cyanobacteria at homes, industrial settings, and natural 
environments.

2. Results and Discussions

2.1. Chemical Structure and Properties of B-PEIs

We investigated the anti-algal and anti-cyanobacterial proper-
ties of B-PEIs (Figure 1E) with the number of average mole-
cular weights (Mn) of 470 (B-PEI0.5), 1100 (B-PEI1.1), and 12 000 
(B-PEI12) (Table S1, Supporting Information), which were 
experimentally determined by gel permeation chromatography 
(GPC).[8b] Mn and Mw  values were different from the MWs 
reported by the supplier (600, 1800, and 10 000, respectively). 
We have also previously determined the pKa values of primary 
and secondary (pKa1) and tertiary (pKa2) amine groups of these 
B-PEIs by potentiometric titration. Their pKa1 and pKa2 values 
are between 9.0 and 9.4 and 5.8 and 6.2, respectively.[8b] There-
fore, the primary and secondary amine groups of B-PEI were 
protonated or cationic (ammonium) in a neutral pH environ-
ment, while the tertiary amine groups were in a basic amine 
form.

2.2. Growth Inhibition by B-PEIs

We evaluated the antimicrobial activity of B-PEIs against 
algae (DQ and CR) and cyanobacteria (SE and MA) using the 
standardized optical density-based growth inhibition test.[12] 
The B-PEIs showed a concentration-dependent inhibitory 
effect against all species (Figure 1B–D). The concentration 
causing complete (100%) inhibition of algal or cyanobacte-
rial growth was found for all polymers and species, except 
for B-PEI12 against DQ, which showed maximal ≈40–47% 
growth inhibition (Table 1). The effective growth inhibitory 
concentrations of tested B-PEIs (Table 1) are comparable with 
those of other chemical agents with potent anti-algal or anti-
cyanocidal activity, such as copper sulfate, hydrogen peroxide, 
or phthalocyanines, which show the 72–96 hIC50 values of 0.1 to 

0.3 µg mL−1.[13] The IC50 values did not significantly change 
with the exposure time (Figure 1F and Table S2, Supporting 
Information).

Surprisingly, even though the tested microorganisms 
greatly differ[14] in the cell type (prokaryotic vs eukaryotic), cell 
structure (size, surface, volume, cell wall, and membrane com-
position), and cell doubling time (Table S3, Supporting Infor-
mation), the susceptibility (72hIC50 values = 0.1 to 0.6 µg mL−1) 
of algae CR and cyanobacteria SE and MA to the B-PEIs was 
well comparable (Table 1). On the other hand, algal DQ cells 
were more resistant to B-PEIs (from 4 to 20 times higher 
IC50 values than those for other species). The difference in 
sensitivity may be attributed to several factors including the 
cell wall structure or colony formation. The cell wall of DQ 
is primarily composed of several hemicellulosic and sporopol-
leninic layers,[15] which provide a robust biopolymer network. 
When B-PEIs bind to the cell surface of DQ, the cell wall may 
be a physical barrier which traps B-PEIs and prevents them 
to access to the cytoplasmic membranes or the inside of cells. 
The cell walls of other studied species consist of glycopro-
teins (CR),[16] peptidoglycans (SE, MA),[17] or lipopolysaccha-
rides (SE, MA)[17] which may in turn be more sensitive to the 
B-PEIs. Additionally, DQ cells form relatively large colonies of 
two to eight ellipsoidal cells joined laterally (so-called coenobia, 
Table S3 and Figure S1, Supporting Information). This is in 
contrast to other tested phototrophic microorganisms which 
are unicellular species and do not form colonies under the 
experimental conditions used in this study. Coenobium has 
a smaller surface-to-volume ratio which might reduce access 
of B-PEIs to the individual cells and increase their resistance 
compared to solitary cells.

Although the elucidation of molecular mechanism of B-PEIs 
for their growth-inhibitory effects is beyond the scope of this 
study, we hypothesize that the B-PEIs act by interacting with 
the cell wall and/or membranes as proposed for their effects 
on human pathogenic bacteria.[8] The pKa values of primary 
and secondary amine groups of the B-PEI used in this study 
are 9.0–9.4[8b] suggesting that the primary and secondary 
amine groups of B-PEI are protonated or cationic (ammonium) 
at a neutral pH of the assay medium. On the other hand, in 
general, the cell surfaces of algae and cyanobacteria are nega-
tively charged due to the de-protonation of carboxyl and/or 
sulfate groups in the algal cell walls[18] as well as the anionic 
components of peptidoglycan including murein in the cyano-
bacterial cell walls[17c] and/or extracellular polysaccharide gly-
cocalyx layer surrounding cell walls.[17d] Therefore, the B-PEIs 
are likely to bind to the algal and cyanobacterial cell surfaces by 
the electrostatic interactions. After interacting with the cell wall 
and crossing it, the B-PEIs might enter the cells for internal tar-
gets. Previous studies showed that cationic poly(amidoamine) 
dendrimers (PAMAM), which have branched structures with 
amine terminal groups similar to B-PEIs, interact with and 
cross cell wall,[19] bind to the cell membrane and subsequently 
internalize into the treated algal and cyanobacterial cells.[19c] 
While mitochondria were the most affected organelles by 
PAMAM in the green algae, a diffuse intracellular distribution 
was showed in cyanobacteria.[19c] Similarly, our data suggest 
that the B-PEIs are likely to exhibit their inhibitory effect by the 
similar way as PAMAM.
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2.3. Algicidal/Cyanocidal Activity of B-PEIs

To assess the ability of B-PEIs to cause a cell death, the auto-
fluorescence of intracellular photosynthetic pigments of algae 
and cyanobacteria was monitored during the exposure to the 
B-PEIs. In general, the autofluorescence intensity of viable algal 
and cyanobacterial cells increases with time as these cells pro-
liferate, and the number of fluorescent cells increases. In the 
presence of antimicrobial agents, no increase or reduction in 
the autofluorescence intensity relative to the value of initial 
inoculation is indicative of the significant cytotoxicity of agents 
to these cells causing a reduction of photosynthesis, a stoppage 

of proliferation (growth inhibition), and/or cell death.[20] Spe-
cifically, a reduction of autofluorescence intensity decreasing 
below the value of the initial inoculation suggests algicidal/cya-
nocidal effect.

In addition to growth-inhibitory effect, the B-PEIs acted as 
algicidal agents and reduced the autofluorescence intensity of 
CR after 24-h treatment below the initial value before the treat-
ment (Figure 2A for B-PEI12, Figure S2A, Supporting Infor-
mation, for B-PEI0.5 and B-PEI1.1) with minimal cidal concen-
tration after 72-h exposure 72hMCC ≥ 1.3 µg mL−1 (Table 1). 
Microscopic assessment also revealed that the B-PEIs inhib-
ited cell motility of CR immediately during the first hour of 
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Figure 1. The effects of B-PEIs on the growth of freshwater green algae and cyanobacteria. A) The specific growth curve of algae Chlamydomonas 
reinhardtii (CR) and Desmodesmus quadricauda (DQ) and cyanobacteria Synechococcus elongatus (SE) and Microcystis aeruginosa (MA) cultures. B–D) 
The effects of B-PEIs on the growth of algae (CR and DQ) and cyanobacteria (SE and MA) after 72-h exposure. Data are expressed as a percentage of 
a non-treated control and presented as means (SD). E) Chemical structure of B-PEIs. F) The growth inhibitory effect of B-PEIs did not change with the 
exposure time as presented for B-PEI12 and algae CR and cyanobacteria SE (p > 0.05, one-way ANOVA with Dunnett’s method). Data are presented as 
geo-mean of IC50 values of at least three independent experiments with 95% CI.
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exposure to concentrations ≥2.5 µg mL−1 (data not shown). 
The autofluorescence intensity decreased close to the level of 
culture medium within the first 24 h and did not change up 
to 72 h of exposure, indicating that the B-PEIs caused a death 
of most CR cells within the first 24 h. Fluorescent images 
confirmed that the autofluorescence of individual CR cells 
was significantly reduced (chlorosis) as compared to the con-
trols after 72-h treatment (Figure 2B for B-PEI12, Figure S2B, 
Supporting Information, for B-PEI0.5 and B-PEI1.1). It was 
accompanied also by a significant cellular damage, as many 
cells were deformed and fragmented. These results suggest 
that the B-PEIs not only inhibited the growth of algae CR 
(algistatic activity), but also caused cell death. This algicidal 
effect occurred at higher concentrations than those causing 
significant growth inhibition (Table 1). The quick action and 
cell deformation may indicate that the PEIs act by binding to 
the cell wall of CR and crossing it, subsequently by destabi-
lizing and permeabilizing the cell membrane, which leads to 
cell death. Our suggestion is supported by literature, because 
PEIs are the well-known permeabilizers of different type cells 
including bacteria.[21]

In contrast, the B-PEIs inhibited the growth of other photo-
trophic microorganisms mostly without causing cell death 
(static activity) (Figure 2A for B-PEI12, Figure S2A, Supporting 
Information, for B-PEI0.5 and B-PEI1.1). Algae DQ as well as 
cyanobacteria SE and MA exposed to B-PEIs remained mostly 
intact and brightly autofluorescent (Figures S1 and S3, Sup-
porting Information) although their growth was inhibited, sug-
gesting they are more resistant to cidal activity of B-PEIs. The 
mechanism responsible for higher susceptibility of CR to the 
B-PEIs than that for other studied species remains unclear. 
Similarly to the growth-inhibitory effect, the explanation might 
be in species-dependent differences in cell wall and membrane 
composition (Table S3, Supporting Information).

2.4. Selective Aggregation and Flocculation of Cyanobacterial 
Cells

B-PEIs with higher MW (more than 10 kDa) were reported 
to intensively flocculate cyanobacterium Anabaena flos-aquae 
(AF),[22] bacteria in sludges[9a] as well as Gram-negative anaer-
obic bacteria Schewanella oneidensis (SO) MR-1.[23] However, 
the previous studies reported only on the flocculation of indi-
vidual microorganism of interest, but the effects of B-PEIs on 
different cyanobacteria and algae, which have different cell 
sizes, cell wall composition, and surface properties, were not 
compared under the same conditions. Our study demonstrated 
that the aggregation and flocculation activities of B-PEIs were 
selective to the cyanobacteria over the algae tested. B-PEI12 
did effectively aggregate and flocculate the cyanobacterial 
cells (Figure S3, Supporting Information), but not the algal 
cells (Figure 2B for CR, Figure S1, Supporting Information, 
for DQ). The cyanobacterial SE cells aggregated immediately 
after addition of B-PEI12 and PEI1.1, and the aggregates became 
larger with time (Figure 3A for B-PEI12, Figure S4A, Sup-
porting Information, for B-PEI1.1). B-PEI0.5 induced only weak 
SE aggregation (Figures S3 and S5A, Supporting Information). 
The SE cells in the aggregates have no visible damage, and 
the intracellular photosynthetic pigments were not depleted 
during 72-h exposure to B-PEIs, suggesting that these cells 
remained viable. B-PEIs did not only aggregate SE cells, but 
also effectively flocculated them and accelerated their settling 
down (Figure 3C). Similarly, B-PEI12 and B-PEI1.1 induced 
aggregation of cyanobacterial MA cells (Figure 3B for B-PEI12 
and Figure S4B, Supporting Information, for B-PEI1.1), but 
B-PEI0.5 did not (Figures S3 and S5B, Supporting Informa-
tion). B-PEI12 formed large compact aggregates of MA cells 
immediately after addition and the MA cells aggregates were 
autofluorescent without visible damages. In contrast to SE, the 
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Table 1. Summary of anti-algal and anti-cyanobacterial activities of B-PEIs and PPI-DEN.

Species Environmental relevance Activity B-PEI12 B-PEI1.1 B-PEI0.5 PPI-DEN

Green algae—

eukaryotic cell type

CR

Volumec) = 113–904 µm3

DT d) = 19 h

A common species of 

extensive water blooms

A model organism for anti-

algal tests and biofouling

72hIC50/72hIC100
a)(µg mL−1) 0.6/2.5 0.2/1.3 0.1/1.3 0.2/2.5

72hMCCb) (µg mL−1) 2.5 1.3 1.3 2.5

Aggregation/flocculation −−− −−− −−− −−−

DQ

Volume = 64–462 µm3

DT = 24 h

A common species of 

extensive water blooms

A model organism for anti-

algal tests and biofouling

72IC50/72hIC100 (µg mL−1) 2.5-40e)/>40 3.4/40 2.6/20 2.7/10

72hMCC (µg mL−1) >40 >40 >40f) 10

Aggregation/flocculation −−− −−− −−− −−−

Cyanobacteria—

prokaryotic cell type

SE

Volume = 0.1–2 µm3

DT = 14 h

A common species in 

freshwater sources

A model organism for 

anti-cyanobacterial tests

72hIC50/72hIC100 (µg mL−1) 0.4/0.6 0.3/0.6 0.4/1.3 0.2/0.6

72hMCC (µg mL−1) >40g) >40h) >40 >40

Aggregation/flocculation +++ ++ + +

MA

Volume = 22–113 µm3

DT = 27 h

A bloom-forming species 

capable of producing the 

cyanotoxins (microcystins)

72hIC50/72hIC100 (µg mL−1) 0.2/1.3 0.3/1.3 0.2/1.3 0.3/2.5

72hMCC (µg mL−1) >40i) >40 >40 >40

Aggregation/flocculation +++ ++ −−− −−−

a)The concentration causing 50% or 100% inhibition after 72-h exposure; b)Minimal cidal concentration after 72-h exposure; c)Calculated based on geometric models for 
phytoplankton,[14] the size parameters from Protist Information Server (http://protist.i.hosei.ac.jp/); d)Doubling time (DT) under the conditions of this study; e)A clear con-
centration-dependent effect at the concentrations of 0.3–2.5 µg mL−1 was followed by a plateau value of growth inhibition of about 40–47% observed along the concentra-
tion range from 5 to 40 µg mL−1; f)Algicidal effect at the highest concentrations of 20 and 40 µg mL−1 after 96 h; g)Cyanocidal effect at the concentrations of ≥5.0 µg mL−1 
after 96 h; h)Cyanocidal effect at the concentrations of ≥2.5 µg mL−1 after 96 h; i)Cyanocidal effect at the concentrations of ≥2.5 µg mL−1 after 96 h.

http://protist.i.hosei.ac.jp/


© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800187 (5 of 11)

www.advancedsciencenews.com www.mbs-journal.de

flocs of MA cells did not settle, but they floated in medium 
near to its surface (Figure 3C).

Selective aggregation activity of B-PEIs to cyanobacterial 
cells over algal cells remained also in their mixed culture. 
In the mixed culture of cyanobacteria SE and algae CR, the 
cyanobacterial SE cells were aggregated, but the algal CR cells 
remained dispersed (Figure 4), suggesting that B-PEIs are spe-
cies-selective aggregating and flocculating agents. Similar to 
the individual cultures, only the CR cells were deformed, frag-
mented, and less autofluorescent in response to polymer treat-
ment, suggesting that B-PEIs are also selective cidal agents.

One possible mechanism of the B-PEIs to induce aggre-
gation is that the B-PEI polymer chains bridge two or more 
cyanobacterial cells. However, because the MWs of B-PEIs 
used in this study are relatively low, the polymer chains may 
be too short for bridging cells. Alternatively, the PEIs may 
cause aggregation of cyanobacteria by the electrostatic patching 
mechanism.[24] When B-PEIs bind to the surfaces of SE or MA 
cells, they may form cationic patches or zones, which attract 

the anionic surfaces of other cells and cause cell aggregation, 
ultimately leading to flocculation.[6a] The results indicated that 
B-PEIs with higher MW induce aggregation of SE cells more 
effectively. We speculate that the high MW B-PEIs have larger 
numbers of cationic ammonium groups per molecule, which 
provides more contact points or more cationic charges for elec-
trostatic binding to anionic bacterial surfaces. Therefore, the 
high MW B-PEI polymer chains were likely to create highly 
cationic patches on the cell surfaces, thus inducing cell attach-
ment more effectively.

The electrostatic patching mechanism also requires a close 
contact between cell surfaces for aggregation. Indeed, the SE 
cells in the flocs were connected, and the flocs were compact as 
confirmed by microscopy (Figure 3A). The SE flocs settled by 
gravity after addition of the B-PEIs, and most cells appear to be 
settled down (clear supernatant with no green color, Figure 3C). 
In contrast, compact flocs of MA cells with the similar size as 
those of SE cells (Figure 3) floated near the surface of culture 
medium (Figure 3C), which may be attributed to the presence 
of gas vesicles in MA cells[25] making the MA flocs buoyant. 
B-PEI-induced aggregation and flocculation appear to mimic 
the naturally occurred formation of free-floating bloom (dense 
aggregates of cells) in the environment, which is well known 
for this harmful cyanobacterium.[26a]

As discussed above, B-PEIs act most likely directly by inter-
acting with individual cells which leads, in the case of cyano-
bacterial species, to cell clustering. This cell aggregation may 
be related to observed growth-inhibitory effects of B-PEIs on 
studied species. The cell aggregation is frequently observed 
in many photosynthetic microorganisms and represents one 
of their important adaptive reactions to excess light by self-
shading.[26] For example, chemically induced aggregation of CR 
cells by glyco-dendrimer coated gold nanoparticles decreased 
light absorption due to enhanced cell packing and self-shading, 
thus subsequently decreased photosynthesis.[27] Therefore, the 
aggregation of SE and MA cells induced by the B-PEIs might 
also reduce their photosynthesis, leading to growth inhibi-
tion. Moreover, cellular aggregation is also likely to decrease 
cellular exchange of nutrients and wastes with the external 
environment due to limited diffusion of these molecules in 
the aggregates and induce the formation of an anoxic zone 
within large aggregates[28] Therefore, it is possible that the PEI-
induced aggregation of cyanobacterial cells prevents efficient 
photosynthesis and cell metabolism, which contributes to the 
growth-inhibitory effect of B-PEIs. However, there is no direct 
correlation between the aggregation activity and growth-inhibi-
tory effects of B-PEIs. Low MW B-PEI0.5 did not cause cellular 
aggregation of MA cells, but the IC50 values were similar to 
those of higher MW B-PEI1.1 and B-PEI12 that induced signifi-
cant aggregation. Thus, the cellular aggregation may contribute 
to the growth inhibition, but not likely to be a primary mode of 
action for B-PEIs.

2.5. Anti-Algal and Anti-Cyanobacterial Activities and Polymer 
Structure

It has been reported that the antibacterial property of synthetic 
polymers including hydrophilic polycationic polymers increases 
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Figure 2. Cidal activity of B-PEIs to algae CR, but not to algae DQ and 
cyanobacteria SE and MA. A) B-PEI12 effects against algae Chlamydomonas 
reinhardtii (CR) and Desmodesmus quadricauda (DQ) and cyanobacteria 
Synechococcus elongatus (SE) and Microcystis aeruginosa (MA) as assessed 
by autofluorescence at different time points. Data are expressed as a per-
centage of fluorescence units (FLUs) for initial inoculum and presented 
as means (SD). B) CR cells after treatment with B-PEI12. Representative 
bright field, fluorescence, and overlaid images of non-treated CR cells 
(naïve and solvent controls) and CR cells treated with B-PEI12 at the con-
centration of 20 µg mL−1 for 72 h. Scale bar = 20 µm.
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with MW when the MW is lower than 50 kDa.[29] However, in 
this study, the IC50 values of all B-PEIs against CR, MA, and 
SE were within a narrow range (0.1–0.6 µg mL−1), although the 
MWs were significantly different (Mn = 0.5, 1.1, and 12 kDa). 
Although the apparent activity of each molecule was higher for 
the B-PEIs with higher MWs (the IC50 values given in molarity 
are smaller for them—Table S2B, Supporting Information), the 
similar IC50 values in  µg mL−1 suggest that the total number 
of cationic groups in solution is important for the growth inhi-
bition of these cells, rather than the size of polymers, similar 
to their bacteriostatic activity against Gram-positive bacterium 
SA.[8] The cidal activities of B-PEIs against algae CR did not 
increase with increasing MW either (Table 1). In contrast, the 
aggregation and flocculation activities were highly dependent 
on the MW of B-PEIs. The ability of B-PEI with low MW to 
aggregate both cyanobacterial species and subsequently floccu-
late them appeared rather limited as also reported for B-PEIs 

and cyanobacterium AF[22a] or Gram-negative bacterium SO 
MR-1.[23] This implies the existence of a minimum MW or 
charge density for cyanobacterial aggregation and floccula-
tion to occur, a feature usually related to a physical patching 
mechanism.[30]

We further assessed how is the presented activity of 
B-PEIs specific to their chemical structure (ethylene 
imine:CCN). Low MW PPI-DEN (MW = 317, propylene 
imine structure: CCCN, Figure 5A) showed similar 
anti-cyanobacterial and anti-algae effects as low MW B-PEI0.5 
(Mn = 470, ethylene imine structure: CCN). PPI-DEN 
inhibited the growth of both algae and cyanobacteria with 
similar IC50 values to those for B-PEIs (Table 1, Figure 5B) and 
induced a weak aggregation of SE cells, but not those of other 
species (Figure 6) similar to B-PEI0.5. Interestingly, PPI-DEN 
was cidal against all tested species except for SE (Figure 5C), 
while B-PEIs showed a cidal effect against CR only. The 
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Figure 3. Aggregation and flocculation activity of B-PEI12 inducing clustering of cyanobacterial cells. A,B) Time-dependency of aggregation activity. 
Representative bright-field, fluorescence, and overlaid images of cyanobacteria Synechococcus elongatus (SE) (A) and Microcystis aeruginosa (MA) 
(B) treated with B-PEI12 at the concentration of 20 µg mL−1 for 0.5, 2, 5, 24, and 72 h. The aggregated cells (flocs) were still autofluorescent, sug-
gesting the presence of live cells with intact photosynthetic pigments in the aggregates. Scale bar = 20 µm (SE)/50 µm (MA). C) Flocculation activity 
of B-PEI12 at the concentration of 20 µg mL−1 inducing clustering of cyanobacterial cells. The flocs of SE cells settled down while the flocs of MA cells 
floated close to the culture medium surface.
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differences in a cidal activity between PPI-DEN and B-PEI may 
suggest that not only cationic charges, but also the chemical 
structures or overall molecular properties are important deter-
minants for anti-cyanobacterial and anti-algae activities of poly-
mers. Comparing the chemical structures of PPI-DEN and 
B-PEI molecules, the striking difference is that PPI-DEN has a 
well-defined structure and lacks secondary ammonium groups. 
It has been reported that the formation of global cationic 
amphiphilic structures is important for antimicrobial activity of 
small molecules.[31] PPI-DEN has a chemical structure with cat-
ionic amphiphilicity consisting of peripheral cationic primary 
ammonium (pKa ≈ 10.0) groups and internal tertiary amines 
(pKa ≈ 6.0)[32] which may act as non-ionic groups and interact 
well with the hydrophobic domains of cell membranes. In con-
trast, B-PEI does not have such a defined cationic amphiphilic 
structure due to undefined branched structures in which the 
cationic (primary and secondary ammoniums) and non-ionic 
(tertiary amine) groups are not segregated well. The cationic 
amphiphilic structure of PPI-DEN may facilitate the insertion 
to cell membranes, thus causing membrane disruption more 
efficiently than B-PEI.

Algicidal activity of PPI-DEN against CR was similar to 
that of B-PEIs, inhibiting quickly cell motility during the first 
hour of exposure (data not shown) and later on decreasing the 
number of compact fluorescent cells and increasing that of less 
autofluorescent, permanently deformed, and fragmented cells 
(Figure 6A). Algicidal activity of PPI-DEN against DQ and MA 
was slower (Figure 5C). Exposed DQ and MA (Figure 6) cells 
were less autofluorescent suggesting a decrease of an amount 

of photosynthetic pigments, but remained intact. PPI-DEN may 
target photosynthesis leading to chlorotic cells lacking photo-
synthetic pigments such as chlorophylls, carotenoids, or phy-
cobiliproteins. We suggest that a mechanism of cidal activity of 
PPI-DEN involves binding and internalization into the treated 
algal and cyanobacterial cells similar to the cationic PAMAM 
dendrimers.[19c] The cationic PAMAM dendrimers also modu-
late photosynthesis probably by an oxidative breakdown of 
photosynthetic pigments due to the generation of reactive 
oxygen species.[19] Similar mechanism may also be relevant for 
PPI-DEN.

3. Conclusions

In this study, we investigated the anti-algal and anti-cyanobacte-
rial activities of B-PEIs against selected algae (CR and DQ) and 
cyanobacteria (MA and SE) and their ability to induce aggrega-
tion and flocculation of these aquatic phototrophic microorgan-
isms. We demonstrate that B-PEIs selectively interact with algal 
and cyanobacterial cells and have dual-functionality and selec-
tivity (Scheme 1). The B-PEIs caused selective cell death to algal 
species CR (cidal activity), but they inhibited growth of other 
phototrophic microorganisms without causing death (static 
activity). The B-PEIs selectively induced cellular aggregation 
and flocculation of cyanobacteria MA and SE, but not algae CR 
and DQ. Interestingly, the growth-inhibitory and cidal effects 
were not related to MW, but the ability to aggregate and floc-
culate cyanobacteria was.

Macromol. Biosci. 2018, 18, 1800187

Figure 4. Selective aggregation activity of B-PEI12 to cyanobacterial cells over algal cells. Representative bright-field, fluorescence, and overlaid images 
of cyanobacterium Synechococcus elongatus (SE) and Chlamydomonas reinhardtii (CR) treated with B-PEI12 at the concentration of 20 µg mL−1 for 72 h. 
B-PEI12 selectively aggregated SE cells as well as selectively deformed and fragmented CR cells. The aggregated cells (flocs) of SE cells were still auto-
fluorescent, suggesting the presence of live cells with intact photosynthetic pigments in the aggregates. CR cells were damaged and less autofluorescent 
than control cells. Scale bar = 20 µm.
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B-PEIs have been widely studied for biomedical applica-
tions including DNA-delivery carriers and antimicrobial agents 
against biomedically related microorganisms (EC, SA, etc.). 
Our study indicates that B-PEIs are potent antimicrobials effec-
tive in controlling the growth of environmentally relevant algae 
and cyanobacteria and may be useful as effective and selec-
tive chemical flocculants of cyanobacteria in water treatment 
operations and biotechnological processes. The cyanobacte-
rial cells were found intact at low concentrations of B-PEIs 
(<20 µg mL−1), therefore, the target cyanobacteria can be likely 
removed without causing a release of intracellular toxins. In 
addition, the flocs of SE cells by B-PEIs settled down, but that 
of MA cells floated (Figure 3C). Thus, SE cells can be separated 
or harvested by using B-PEIs to force them to form lumps and 
settle down and MA cells to make them float on the surface of 
medium and be removed as a scum.

Since B-PEIs act as cidal agents only with CR, the selective 
activity of B-PEIs may also allow the selective control of growth 
of target phototrophic microorganisms. In addition, the cati-
onic polymer analog PPI-DEN with similar growth-inhibitory 
effects as B-PEIs was cidal to the most of phototrophic micro-
organisms, while the B-PEIs only to CR. Although they have 
similar branched cationic chemical structures, the difference in 
the chemical structure or overall molecular properties appears 
to result in the different cell selectivity of their cidal activity. We 
envision that use of a combination of different polymers may 
allow the selective growth control and removal of algae and 

cyanobacteria, which has a great potential for treating health, 
environmental, and technical issues of phototrophic microor-
ganisms and can be applicable in many systems during water 
treatment operations and biotechnological processes. However, 
because B-PEIs are likely relatively stable and slowly biodegrad-
able, anti-algal and anti-cyanobacterial activities of more envi-
ronmentally friendly B-PEI analogs, such as grafting chitosan 
with PEIs, should be evaluated along with the effects of impor-
tant external environmental factors, such as the pH, dose, ionic 
strength, and temperature, on dual-functionality of B-PEIs 
and their analogs. Specifically, high monovalent (Na+, NaCl 
>100 mm) and divalent (Ca2+ or Mg2+, CaCl2 or MgCl2 > 1 mm) 
salt concentrations have been reported to interfere with anti-
microbial activity of cationic peptides or polymers[33] because 
high ionic strength reduces the electrostatic to microbial cells. 
Natural or industrial waters contain a broader range of different 
ions and concentrations. It would be of our future interest to 
determine the anti-algal and anti-cyanobacterial activities of 
B-PEIs under conditions related to their potential applications.

Experimental Section
Materials: B-PEIs such as B-PEI0.5 (cat. no. 02371, lot no. 55832), 

B-PEI1.1 (cat. no. 06089, lot no. 559792), and B-PEI12 (cat. no. 19850, lot 
no. 579738) were purchased from Polysciences, Inc. (Warrington, PA). 
They were previously characterized by potentiometric titration, GPC, 
reverse-phase HPLC, dynamic light scattering, and NMR analysis[8b] 
(polymer characteristics in Table S1, Supporting Information, polymer 
structure in Figure 1E). Low MW PPI-DEN (cat. no. 460699), a 
dendrimer of first generation with a diaminobutane core, four primary 
amine end groups, and two interior tertiary amines, was purchased from 
Sigma-Aldrich (Prague, Czech Republic). All polymers were used without 
further purification.

Algal and Cyanobacterial Cultures: Freshwater green algae CR and 
DQ which are commonly used as model organisms for anti-algal and 
biofouling studies were selected.[12,34] These species are ubiquitous in 
natural or industrial water systems and commonly occur in extensive 
water blooms.[34] Cyanobacteria SE and MA were used as common 
freshwater cyanobacteria and typical model species. MA is a globally 
occurring major bloom-forming cyanobacterium and also a producer 
of potent cyanotoxins microcystins, which pose human health and 
ecological risks[35] (cell structures and environmental relevancies of all 
tested species in Table 1 and Table S3, Supporting Information).

The cultures of green algae CR CCALA 928 and DQ CCALA 463 and 
those of cyanobacterium SE CCALA 187 were provided from Culture 
Collection of Autotrophic Organisms (CCALA, Trebon, Czech Republic). 
The culture of cyanobacterium MA PCC 7806 was provided by the Pasteur 
Culture Collection of Cyanobacteria (Institute Pasteur of Paris, Paris, 
France). All cultures were continuously cultivated in Erlenmayer flasks 
in 50% Zehnder Bold’s basal (ZBB) medium (freshwater-based medium, 
pH 7.1, salinity < 0.05%, conductivity 725 µS cm−1, Na+: 2.3 mm, Ca2+: 
0.1 mm, Mg2+: 0.1 mm). The ZBB medium was prepared by mixing a 
medium Z (Zehnder[36]) with BB medium (Bold’s basal medium[37]) in 
a ratio of 1:1, autoclaving, and subsequent diluting by sterile ultrapure 
water to 50%. The algal and cyanobacterial cultures were grown under 
permanent illumination provided by cool white fluorescent tubes 
(Philips 36 W/33, 1500 lx) at a temperature of 21 ± 1 °C and aerated 
with sterilized air by passing through 0.22 µm PES filter (Labicom, 
Olomouc, Czech Republic). Once a week, one half of the volume of a cell 
suspension was replaced by fresh sterile 50% ZBB medium.

The population doubling time of each algal and cyanobacterial 
culture was estimated from the growth curve under the assay conditions 
(Figure 1A) and was 19 h for CR, 26 h for DQ, 14 h for SE, and 27 h 
for MA. The growth of phototrophic microbial species was slower than 
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Figure 5. Anti-algal and anti-cyanobacterial activities of PPI-DEN. A) 
Chemical structure of PPI-DEN. B) The effects of PPI-DEN on the growth 
of algae Chlamydomonas reinhardtii (CR) and Desmodesmus quadricauda 
(DQ) and cyanobacteria Synechococcus elongatus (SE) and Microcystis 
aeruginosa (MA) after 72 h. Data are expressed as a percentage of a non-
treated control. C) PPI-DEN against algae CR and DQ and cyanobacteria 
SE and MA as assessed by autofluorescence at different time points. Data 
are expressed as a percentage of fluorescence units (FLUs) for initial inoc-
ulum and presented as means (SD).
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Figure 6. Algae CR and DQ and cyanobacteria SE and MA after treatment with PPI-DEN. Representative bright-field, fluorescence, and overlaid images 
of non-treated cells (solvent control) and cells treated with PPI-DEN at the concentration of 20 µg mL−1 for 72 h. CR, Chlamydomonas reinhardtii, DQ, 
Desmodesmus quadricauda, MA, Microcystis aeruginosa, SE, Synechococcus elongatus. Scale bar = 20 µm for CR, DQ, MA/10 µm for SE.
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that of potentially human pathogenic bacteria SA and EC (doubling 
time < 1 h), reflecting the longer incubation times (up to 96 h) for all 
experimental assays.

Growth Activity: To evaluate antimicrobial activity of tested polymers, 
the growth inhibition assay was conducted in sterile 96-well microplates 
(cat. no. 655201, Greiner Bio-One, Kremsmünster, Austria) made from 
polypropylene minimizing the risk of possible non-specific adsorption 
of studied polymers. Suspensions of microbial cells that reached the 
exponential growth phase were taken and diluted by freshly prepared 
sterile 50% ZBB medium. Working solutions of polymers were prepared 
from the stock solutions by diluting with 0.01% acetic acid. A range of 
experimental polymer concentrations varied from 0.08 to 40 µg mL−1. 
The inoculum of both algal species was ≈1 × 106 cells mL−1, the initial 
concentration of both cyanobacterial species was tenfold higher, that 
is, ≈1 × 107 cells mL−1 (because of lower cell surface and volume of 
tested cyanobacterial species than those of algal species,[14] Table S3, 
Supporting Information). On each microtiter plate, three different 
controls were included: 1) only polymer solution in medium, 2) microbial 
growth control in medium without polymer, and 3) microbial growth 
control in solvent control (final concentration of acetic acid: 0.001 
vol%). The microorganisms were grown under permanent illumination 
provided by cool white fluorescent tubes (Philips 36 W/33, 1500 lx) at 
a temperature of 21 ± 1 °C without shaking. Once a day, content of all 
wells was manually aerated by mixing with multichannel pipette. The 
optical density (λ = 680 nm) was measured at the beginning of the 
experiments (T0′) as well as after 24, 48, 72, or 96 h (T24′, T48′, T72′, 
T96′) by Synergy MX microplate reader (Biotek, Winooski, Vermont). 
T24′ was not evaluated for DQ and MA cultures because of their 
relatively slow growth (Figure 1A).

Algicidal/Cyanocidal Activity: The experimental setup was the same as that 
for the assessment of growth-inhibitory activity. To assess a decline of cell 
numbers below initial inoculum—indicating algicidal or cyanocidal activity—
autofluorescence of photosynthetic pigments (λex = 485 nm/λem = 675 nm 
for green algae and λex = 590 nm/λem = 675 nm for cyanobacteria) was 
monitored using Synergy MX microplate reader (Biotek).

Aggregation/Flocculation Activity and Morphology Assessment: 
Aggregation and flocculation of algal or cyanobacterial cells in the 
presence of polymers and possible morphological changes were 
assessed by microscopy using upright fluorescence microscope Zeiss 
Axio Observer Z1 coupled to digital camera AxioCam 503 Mono (Zeiss, 
Jena, Germany). Non-stained samples were observed in the bright field 
or in fluorescence regime using Zeiss filter set No. 05 (consisting of a 
395-440-nm band-pass excitation filter, a 460-nm beam splitter, and a 
470-nm long-pass emission filter BPem−1. 470 LP).

Data Analysis and Statistics: Each experiment was repeated at 
least three times. In the growth inhibition assays, optical readings 
were normalized so that untreated control has 100% growth and the 
readings at T0′ were considered as 0% growth. A growth of the treated 
microorganisms was compared to that of non-treated control for each 
exposure time and data are expressed as a percentage of a non-treated 

control. In algicidal/cyanocidal activity assays, fluorescence readings 
were normalized to the autofluorescence of inoculated cells at T0′and 
data are expressed as a percentage of fluorescence units (FLUs) for the 
initial inoculum.

Non-linear curve fitting to calculate IC50 values was done using 
GraphPad Prism 6 software. The IC50 values (the concentration of 
polymer causing a 50% inhibition of the algal or cyanobacterial growth) 
were derived for each experiment, and the final IC50 value was calculated 
as geo-mean with 95% CI (confidence interval). Minimum cidal 
concentration (MCC) was determined as the lowest concentration which 
significantly decreased autofluorescence below that of initial inoculation. 
One-way ANOVA with Dunnett’s method (multiple comparisons vs 
control group) or with Tukey’s method (multiple comparison) and two-
tailed unpaired t-test were done in GraphPad Prism 6. In all statistics, 
p-values less than or equal to 0.05 were considered significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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