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Poly(ethyl@gne imine)s (PEls) have been widely studied for biomedical applications including

#

antimicrobi s against potential human pathogens. We studied the interactions of branched

d

PEls (B-PEI vironmentally relevant microorganisms whose uncontrolled growth in natural or

enginee vironments causes health, economic and technical issues in many sectors of water

M

manag . B-PEIs were shown as potent antimicrobials effective in controlling the growth of

environmentally relevant algae and cyanobacteria with dual-functionality and selectivity. Not only

I

they did e inhibit growth of both algae and cyanobacteria, mostly without causing cell

death (std ity), but they also selectively flocculated cyanobacteria over algae. Thus,

unmodifie provide a cost effective and chemically facile framework for the further

th

! Supportin ion ((bold)) is available online from the Wiley Online Library or from the author.
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development of effective and selective antimicrobial agents useful for control of growth and

separation of algae and cyanobacteria in natural or engineered environments.

e
1. B-PEls 2 Algae

Cvanobacteria

Dual-functionality and selectivity

1. Intr

Green algadtan nobacteria (also known as blue-green algae) are essential in providing oxygen and
food fo organisms. However, uncontrolled growth of these microbial species in natural or
enginee ronments causes health, economic and technical issues in many sectors of water

management including water distribution systems for industrial manufactures, agriculture and

drinking leies.“] The presence of algae and cyanobacteria in water creates nuisance

conditions insightly blooms (dense accumulations of cells), unpleasant taste and odors,

turbidity, and ging of filters. Moreover, cyanobacterial blooms in water reservoirs can produce

toxins, wh1£ represent ecological and human health hazards."” In addition, cooling water systems
such as,W, cooling towers used in power stations, provide a favorable environment for the

growth of cyanobacteria.”! If uncontrolled, the growth of algae and cyanobacteria leads to

formation ot robustbiofilms and causes fouling, which compromises equipment performance and

a <@ ion."! Thus, the prevention, management, and mitigation of uncontrolled growth of

algae and cyanobacteria have been of great concerns for public health and industrial sectors.

This article is protected by copyright. All rights reserved.

2



The natural growth of algal and cyanobacterial cells has been controlled by using mechanical,

physical, biological or chemical methods,

which directly inhibit their cell growth and/or remove
them froMnd artificial aquatic environments. Particularly, algae or cyanobacteria from
various typ @ er have been removed by algaecides and/or flocculation, which is also of extreme
importamcostesemsume continual maintenance of a high level quality of water.'® However, the growth
control ancL of algae and cyanobacteria have been challenging due to the low efficiency of

current methods, -target toxicity of traditional approaches, and alteration of ecosystems."*”

In this stuwe a step forward to address these concerns on uncontrolled growth of algae and
cyanobactemi emonstrate that a class of cationic synthetic polymers, branched poly(ethylene
imine)s (B ve dual-functionalities that can (1) inhibit growth of algae and cyanobacteria and

2 selectiv!ly flocculate one phototrophic microbial species over another one. A set of B-PEIs have

been reporte ibit potent antimicrobial activity against biomedically relevant bacteria including
Gram-posi rium Staphylococcus aureus (SA) and Gram-negative bacterium Escherichia coli
(EC).™ viously demonstrated that the B-PEIs displayed enhanced growth-inhibitory
activity o r £C,®™ indicating that the activity of B-PEIs may be dependent on the cell wall

structures of bacteria. On the other hand, PEIs are generally used for the flocculation of bacterial
sludge to in&rove the efficiency of dewatering in wastewater treatment processes.””’ PEIs have also

shown potteocculating agents as well as a retention and drainage aid in the paper industry.!"

Based on th ctionalities of PEIs through interactions with bacteria, we hypothesize that PEIs

would be étent antimicrobial and flocculating agents against algae and cyanobacteria.

To test the Iypo!Hesis, we examined the ability of B-PEIs with different molecular weights (MWs) to

interact with algae/dnd cyanobacteria. We selected freshwater green algae Chlamydomonas

3

reinhardtii (C Desmodesmus quadricauda (DQ) and cyanobacteria Synechococcus elongatus
(SE) an stis aeruginosa (MA) as model species for this study. Despite the broad range of
biomedical and industrial applications of PEIs,!"" the investigation on the antimicrobial and

flocculation activities of PEIs against algal and cyanobacterial species has been very limited so far.
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We assessed the B-PEIs for their ability to induce flocculation of these microorganisms in individual
cultures and in their mixture. The results in this study provide a new insight into the potential of
synthetic pl!yrners for their use in control of algae and cyanobacteria at homes, industrial settings,

and naturats.

N
2. Results and Discussions

2.1. Qcal Structure and Properties of B-PEls

We investiw anti-algal and anti-cyanobacterial properties of B-PEIs (Figure 1E) with the
number of olecular weights (M,) of 470 (B-PElys), 1,100 (B-PEI, ;), and 12,000 (B-PEI,,)
(Supplemem:ble S1), which were experimentally determined by GPC.®™ M, and M,, values
were differgt from the MWs reported by the supplier (600; 1,800 and 10,000, respectively). We have
also previo rmined the pK, values of primary and secondary (pK,;) and tertiary (pK,,) amine
groups of tiiese Is by potentiometric titration. Their pK,; and pK,, values are between 9.0-9.4
and 5.8-67 ectively.®™ Therefore, the primary and secondary amine groups of B-PEI were
protona cationic (ammonium) in a neutral pH environment, while the tertiary amine groups were
in a basic amine form.

L

2.2, th Inhibition by B-PEls

We evaluat timicrobial activity of B-PEIs against algae (DQ and CR) and cyanobacteria (SE
and MA) ug g the standardized optical density-based growth inhibition test."'”! The B-PEIs showed a

concentratiln-dep’dent inhibitory effect against all species (Figure 1B-D). The concentration

causing 00200%) inhibition of algal or cyanobacterial growth was found for all polymers and

species, ex
1). The growth inhibitory concentrations of tested B-PEIs (Table 1) are comparable with
those of other cli€mical agents with potent anti-algal or anti-cyanocidal activity, such as copper

sulphate, hydrogen peroxide or phthalocyanines, which show the 7596 ,1Cs0 values of 0.1 to 0.3 ug mL"

-PEl,, against DQ, which showed maximal ~40-47% growth inhibition (Table
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' %1 The ICs, values did not significantly change with the exposure time (Figure 1F and

Supplementary Table S2).

Surprisingl ough the tested microorganisms greatly differ in the cell type (prokaryotic vs.
eukaryotic)s re (size, surface, volume, cell wall and membrane composition) and cell

I
doubling ti!e (Supplementary Table S3), the susceptibility (;2,1Cso values = 0.1 to 0.6 g mL™) of
algae CR a@bacteria SE and MA to the B-PEIs was well comparable (Table 1). On other hand,
algal DQ ce e

more resistant to B-PEIs (from four to twenty times higher ICs, values than those

for other speci€f). Bhe difference in sensitivity may be attributed to several factors including the cell

wall struct:ony formation. The cell wall of DQ is primarily composed of several

5] which provide a robust biopolymer network. When B-

hemicellul sporopolleninic layers
PEIs bind t@ the cell surface of DQ, the cell wall may be a physical barrier which traps B-PEIs and
prevents th ess to the cytoplasmic membranes or the inside of cells. The cell walls of other
studied spe@igs ist of glycoproteins (CR),!"" peptidoglycans (SE, MA),!"” or lipopolysaccharides
(SE, M. 1ch may in turn be more sensitive to the B-PEIs. Additionally, DQ cells form relatively

large co two to eight ellipsoidal cells joined laterally (so-called coenobia; Supplementary
Table S3 and Supplementary Figure S1). This is in contrast to other tested phototrophic
microorga@ch are unicellular species and do not form colonies under the experimental

conditions is study. Coenobium has a smaller surface-to-volume ratio which might reduce

access of B- o the individual cells and increase their resistance compared to solitary cells.

Althou;ation of molecular mechanism of B-PEIs for their growth-inhibitory effects is

beyond mthis study, we hypothesize that the B-PEIs act by interacting with the cell wall
and/or membranesfs proposed for their effects on human pathogenic bacteria.™ The pK, values of
primary and ry amine groups of the B-PEI used in this study are 9.0-9.4""! suggesting that the
primarymry 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
negatively charged due to the de-protonation of carboxyl and/or sulfate groups in the algal cell
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walls!'® as well as the anionic components of peptidoglycan including murein in the cyanobacterial

[17c [17d]

cell walls''™ and/or extracellular polysaccharide glycocalyx layer surrounding cell walls.
TherefoMIs are likely to bind to the algal and cyanobacterial cell surfaces by the

electrostati @ ions. After interacting with the cell wall and crossing it, the B-PEIs might enter

P

the cellsafommtenmal targets. Previous studies showed that cationic poly(amidoamine) dendrimers
(PAMAM)have branched structures with amine terminal groups similar to B-PEls, interact

with and ci@ss cellfvall"®, bind to the cell membrane and subsequently internalize into the treated

C

algal and c erial cells.'"” While mitochondria were the most affected organelles by PAMAM
ad

in the green diffuse intracellular distribution was showed in cyanobacteria.'”! Similarly, our

data suggest that ts B-PEIs are likely to exhibit their inhibitory effect by the similar way.

2.3. ! Algicidal/Cyanocidal Activity of B-PEls

To assess t it of B-PEIs to cause a cell death, the autofluorescence of intracellular

photosynth: ents of algae and cyanobacteria was monitored during the exposure to the B-PEIs.
In general? utofluorescence intensity of viable algal and cyanobacterial cells increases with time
as thes roliferate, 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 inoch indicative of the significant cytotoxicity of agents to these cells causing a
reduction q @ nthesis, a stoppage of proliferation (growth inhibition), and/or cell death."*”!

Specifically, a teduction of autofluorescence intensity decreasing below the value of the initial

inoculationg;;;ests algicidal/cyanocidal effect.

In addition -inhibitory effect, the B-PEls acted as algicidal agents and reduced the
autofluore ifitensity of CR after 24-h treatment below the initial value before the treatment
(Figure 2 -PEI;,, Supplementary Figure S2A for B-PEI, s and B-PEI, ;) with minimal cidal
concentratio 2-h exposure 755MCC >1.3 ug mL™' (Table 1). Microscopic assessment also

revealed that the B-PEIs inhibited cell motility of CR immediately during the first hour of exposure to

concentrations > 2.5 ug mL™' (data not shown). The autofluorescence intensity decreased close to the
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level of culture medium within the first 24 hours and did not change up to 72 hours of exposure,
indicating that the B-PEIs caused a death of most CR cells within the first 24 hours. Fluorescent
images mw the autofluorescence of individual CR cells was significantly reduced
(chlorosis) to the controls after 72-h treatment (Figure 2B for B-PEI,,, Supplementary
Figure S2BafemB=sRFE |, s and B-PEI, ;). It was accompanied also with a significant cellular damage, as
many cellshormed and fragmented. These results suggest that the B-PEIs not only inhibited
the growth‘f alga,( 'R (algistatic activity), but also caused cell death. This algicidal effect occurred at
higher concent s than those causing significant growth inhibition (Table 1). The quick action and
cell deformmy indicate that the PEIs act by binding to the cell wall of CR and crossing it,
subsequently by d;tabilizing and permeabilizing the cell membrane, which leads to cell death. Our

suggestion ed by literature, because PElIs are the well-known permeabilizers of different

n

type cells i mg bacteria.*"!

In contrast,\ghe Is inhibited the growth of other phototrophic microorganisms mostly without

d

causing tatic activity) (Figure 2A for B-PEI,,, Supplementary Figure S2A for B-PEI

and B-PE ae DQ as well as cyanobacteria SE and MA exposed to B-PEIs remained mostly

M

intact and brightly autofluorescent (Supplementary Figure S1 and S3) although their growth was

inhibited, esting they are more resistant to cidal activity of B-PEIs. The mechanism responsible

[

for higher ility of CR to the B-PEIs than that for others studied species remains unclear.

0

Similarly to wth-inhibitory effect, the explanation might be in species-dependent differences in

cell wall and membrane composition (Supplementary Table S3).

q

2.4. MVe Aggregation and Flocculation of Cyanobacterial Cells

B-PEIs WitEMW (more than 10 kDa) were reported to intensively flocculate cyanobacterium
Anabaena ae,”* bacteria in sludges” as well as Gram-negative anaerobic bacteria
Schewane idensis MR-1.7*! However, the previous studies reported only on the flocculation of

individual 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
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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-PEI}, did effectively aggregate
and ﬂochanobacterial cells (Supplementary Figure S3), but did not the algal cells
(Figure 2B @ Supplementary Figure S1 for DQ). The cyanobacterial SE cells aggregated
immediate ymaftemardition of B-PEI;, and PEI, ;, and the aggregates became larger with time (Figure
3A for B-Phplementary Figure S4A for B-B-PEI, ). B-PEl, s induced only weak SE

aggregatiofl(Supplementary Figure S3 and S5A). The SE cells in the aggregates have no visible

€

damage, a acellular photosynthetic pigments were not depleted during 72-h exposure to B-
PEIs, suggesting ®at these cells remained viable. B-PEIs did not only aggregate SE cells, but also

effectively ﬂocculSed them and accelerated their settling down (Figure 3C). Similarly, B-PEI,, and

B-PEI, ; in egation of cyanobacterial M4 cells (Figure 3B for B-PEI,, and Supplementary
Figure S4 EIl, 1), but B-PEI 5 did not (Supplementary Figure S3 and S5B). B-PEI;, formed
large comp@ct gates of MA cells immediately after addition and the M4 cells aggregates were

autofluorescent without visible damages. In contrast to SE, the flocs of MA cells did not settle, but

they floated mE'um near to its surface (Figure 3C).

Selective aggregation activity of B-PEIs to cyanobacterial cells over algal cells remained also in their
mixed cult&. In the mixed culture of cyanobacteria SE and algae CR, the cyanobacterial SE cells
were aggre t the algal CR cells remained dispersed (Figure 4), suggesting that B-PEIs are

species-sele ggregating and flocculating agents. Similarly to the individual cultures, only the CR

cells were gformed, fragmented and less autofluorescent in response to polymer treatment,

suggestWIs are also selective cidal agents.

One possible mec;nism of the B-PElIs to induce aggregation is that the B-PEI polymer chains bridge
two or more ¢ acterial cells. However, because the MWs of B-PEIs used in this study are
relative@olymer chains may be too short for bridging cells. Alternatively, the PEIs may
cause aggregation of cyanobacteria by the electrostatic patching mechanism.**! When B-PEIs bind to

the surfaces of SE or MA cells, they may form cationic patches or zones, which attract the anionic
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surfaces of other cells and cause cell aggregation, ultimately leading to flocculation.®” The results
indicated that B-PEIs with higher MW induce aggregation of SE cells more effectively. We speculate
that the W-PEIS have larger numbers of cationic ammonium groups per molecule, which
provides points or more cationic charges for electrostatic binding to anionic bacterial
surfacess Timesefore, the high MW B-PEI polymer chains were likely to create highly cationic patches

on the cell L thus inducing cell attachment more effectively.

C

The electrostati@@Patching mechanism also requires a close contact between cell surfaces for

aggregatiofll Indeed the SE cells in the flocs were connected, and the flocs were compact as

S

confirmed :scopy (Figure 3A). The SE flocs settled by gravity after addition of the B-PElISs,
and the mol ppear to be settled down (clear supernatant with no green color; Figure 3C). In

contrast, c@inpact flocs of MA cells with the similar size as those of SE cells (Figure 3) floated near

N

the surface ¢ medium (Figure 3C), which may be attributed to the presence of gas vesicles in

d

MA cells™ {gal the MA flocs buoyant. B-PEI-induced aggregation and flocculation appears to
mimic occurred formation of free-floating bloom (dense aggregates of cells) in the

environm ch is well known for this harmful cyanobacterium.**

M

As discussed above, B-PEIs act most likely directly by interacting with individual cells which leads,

I

in the case acterial species, to cell clustering. This cell aggregation may be related to

observed g @ ibitory effects of B-PEIs on studied species. The cell aggregation is frequently

observed i otosynthetic microorganisms and represents one of their important adaptive

N

reactio ight by self-shading.”® For example, chemically-induced aggregation of CR cells

|

by glyco- rimer coated gold nanoparticles decreased light absorption due to enhanced cell packing

and self-shading, tlhis subsequently decreased photosynthesis.””” Therefore, the aggregation of SE and

J

MA cells ind the B-PEIs might also reduce their photosynthesis, leading to growth inhibition.

Moreover, ar aggregation is also likely to decrease cellular exchange of nutrients and wastes

A

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™ Therefore, it is possible that the PEI-
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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
betweenﬁggregation activity and growth-inhibitory effects of B-PEIs. Low MW B-PElIj s did not
cause cell @ gation of MA cells, but the ICs, values were similar to those of higher MW B-
PEI, ; and BsRElgsathat induced significant aggregation. Thus, the cellular aggregation may contribute

to the grohion, but not likely to be a primary mode of action for B-PEIs.

2.5. anl and Anti-cyanobacterial Activities & Polymer Structure

It has beenwmat the antibacterial property of synthetic polymers including hydrophilic

polycationﬂrs increases with MW when the MW is lower than 50 kDa.* However, in this
study, the 1Csy values of all B-PEIs against CR, MA, and SE were within a narrow range (0.1-0.6 ug
mL™), althEMWs were significantly different (M, = 0.5, 1.1, and 12 kDa). Although the
apparent a each molecule was higher for the B-PEIs with higher MWs (the ICs, values given
in molarity afe staller for them — Supplementary Table S2B), the similar ICs, values in pg mL™
sugges§1 number of cationic groups in solution is important for the growth inhibition of
these ¢ an the size of polymers, similarly to their bacteriostatic activity against Gram-
positive bacterium S4."* The cidal activities of B-PEIs against algae CR did also not increase with

increasing hle 1). In contrast, the aggregation and flocculation activities were highly

dependent of B-PEIs. The ability of B-PEI with low MW to aggregate both cyanobacterial
species and ently flocculate them appeared rather limited as also reported for B-PEIs and
cyanobﬁ;baena flos-aquae *** or Gram-negative bacterium Schewanella oneidensis MR-
1.2 ThMc existence of a minimum MW or charge density for cyanobacterial aggregation

and flocculation toiccur, a feature usually related to a physical patching mechanism.>"!

We fuﬁ@ how is the presented activity of B-PEIs specific to their chemical structure
(ethylene imine;“@C-N-). Low MW PPI-DEN (MW = 317; propylene imine structure: -C-C-C-N-;
Figure 5A) showed similar anti-cyanobacterial and anti-algae effects as low MW B-PElIj 5 (Mn =470;

ethylene imine structure: -C-C-N-). PPI-DEN inhibited the growth of both algae and cyanobacteria
This article is protected by copyright. All rights reserved.
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with similar ICs, 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) similarly to B-PEI, 5. Interestingly, PPI-DEN was
cidal agmw species except for SE (Figure 5C), while B-PEIs showed a cidal effect against
CR only. @ ences in a cidal activity between PPI-DEN and B-PEI may suggest that not only
cationicsehangesmbut also the chemical structures or overall molecular properties are important
determinarLi—cyanobacterial and anti-algae activities of polymers. Comparing the chemical
structures @N and B-PEI molecules, the striking difference is that PPI-DEN has a well-
defined strugtu d lacks secondary ammonium groups. It has been reported that the formation of
global catmmphilic structures is important for antimicrobial activity of small molecules.”"

PPI-DEN has a chsmcal structure with cationic amphiphilicity consisting of peripheral cationic

primary at (pKa ~ 10.0) groups and internal tertiary amines (pKa ~ 6.0)!

21 which may act as

non-ionic d interact well with the hydrophobic domains of cell membranes. In contrast, B-
PEI does n such 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 segregateE The cationic amphiphilic structure of PPI-DEN may facilitate the insertion to
cell me s causing membrane disruption more efficiently than B-PEL

Algicidal a&'vitx of PPI-DEN against CR was similar to that of B-PEls, inhibiting quickly cell
motility du irst hour of exposure (data not shown) and later on decreasing the number of
compact flu t cells and increasing that of less autofluorescent, permanently deformed and
fragmente&ells (Figure 6A). Algicidal activity of PPI-DEN against DQ and M4 was slower (Figure
5C). Exwd MA (Figure 6) cells were less autofluorescent suggesting a decrease of an
amount of mthetic pigments, but remained intact. PPI-DEN may target photosynthesis leading

to chloroti cking photosynthetic pigments such as chlorophylls, carotenoids or

s. We suggest that a mechanism of cidal activity of PPI-DEN involves binding and

internalization int0%he treated algal and cyanobacterial cells similarly to the cationic PAMAM

[19¢

dendrimers.!"* The cationic PAMAM dendrimers also modulate photosynthesis probably by an
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oxidative breakdown of photosynthetic pigments due to the generation of reactive oxygen species."'”!

Similar mechanism may also be relevant for PPI-DEN.

. ogm
. ms

In this stU estigated the anti-algal and anti-cyanobacterial activities of B-PEls against
selected alg amydomonas reinhardtii, CR and Desmodesmus quadricauda, DQ) and
cyanobact ocystis aeruginosa, MA and Synechococcus, aeruginosa, SE) and their ability to

induce aggwand flocculation of these aquatic phototrophic microorganisms. We demonstrate

that B-PEls iwely interact with algal and cyanobacterial cells and have dual-functionality and
selectivity 1). The B-PEls caused selective cell death to algal species CR (cidal activity), but

they inhibigd growth of other phototrophic microorganisms without causing death (static activity).

The B-PEls ly induced cellular aggregation and flocculation of cyanobacteria MA and SE, but
not algae CR%&n . Interestingly, the growth-inhibitory and cidal effects were not related to MW,
but the abl gregate and flocculate cyanobacteria was.

B-PEIs have been widely studied for biomedical applications including DNA-delivery carriers and
antimicrobs: agents against biomedically related microorganisms (EC, SA4, etc.). Our study indicates
that B-PEIs ent antimicrobials effective in controlling the growth of environmentally relevant
algae and chria and may be useful as effective and selective chemical flocculants of
cyanobeﬂter treatment operations and biotechnological processes. The cyanobacterial cells
were foun*’ntact ’ low concentrations of B-PEIs (<20 pg mL ™), therefore the target cyanobacteria

can be like d without causing a release of intracellular toxins. In addition, the flocs of SE

cells by B- ed down, but that of M4 cells floated (Figure 3C). Thus, SE cells can be
separatqfsted by using B-PEIs to force them to form lumps and settle down and M4 cells to
make them float"9fithe surface of medium and be removed as a scum.

This article is protected by copyright. All rights reserved.

12



Since B-PEls act as cidal agents only with CR, the selective activity of B-PEls may also allow the
selective control of growth of target phototrophic microorganisms. In addition, the cationic polymer
analoguMHvith similar growth-inhibitory effects as B-PEls was cidal to the most of
phototrop nisms, while the B-PEls only to CR. Although they have similar branched
cationic-chiqﬁlcasructures, the difference in the chemical structure or overall molecular properties

combinatio erent polymers may allow the selective growth control and removal of algae and

appears towthe different cell selectivity of their cidal activity. We envision that use of a
cyanobactwh has a great potential for treating health, environmental and technical issues of
phototrop rganisms and can be applicable in many systems during water treatment
operations echnological processes. However, because B-PEls are likely relatively stable and
slowly bio!éradable, antialgal and anticyanobacterial activities of more environmentally friendly B-
PEl analog as grafting chitosan with PEls, should be evaluated along with the effects of
important eXte environmental factors, such as the pH, dose, ionic strength, and temperature, on
dual—funcUE‘ of B-PEIs and their analogues. Specifically, high monovalent (Na*, NaCl > 100 mM)
and div Zer Mg”*, CaCl, or MgCl, > 1 mM) salt concentrations have been reported to
interfere with antimicrobial activity of cationic peptides or polymers® because high ionic strength

reduces their !He electrostatic to microbial cells. Natural or industrial waters contains a boarder

range of dins and concentrations. It would be of our future interest to determine the anti-

algal anﬂbacterial activities of B-PEls under conditions related to their potential
applica qui. '

4, Experimesal Sections

4.1. terials
B-PEls such as B-PEly s (cat. no. 02371, lot no. 55832), B-PEl, ; (cat. no. 06089, lot no. 559792) and B-

PEl,, (cat. no. 19850, lot no. 579738) were purchased from Polysciences, Inc. (Warrington, PA). They

This article is protected by copyright. All rights reserved.
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were previously characterized by potentiometric titration, gel permeation chromatography (GPC),
reverse-phase HPLC, dynamic light scattering and NMR analysis[sb] (polymer characteristics in
Supplemm S1; polymer structure in Figure 1E). Low MW PPI-DEN (cat. no. 460699), a
dendrimer ration with a diaminobutane core, four primary amine end groups and two

interior?er@nes, was purchased from Sigma-Aldrich (Prague, Czech Republic). All polymers

were used @urther purification.

4.2, m Cyanobacterial Cultures
We selecte siwater green algae CR and DQ which are commonly used as model organisms for

antialgal and biofoiling studies.!'> ** These species are ubiquitous in natural or industrial water
systems anCnly occur in extensive water blooms.”* We used SE and M4 as common

freshwater

cyanobact also a producer of potent cyanotoxins microcystins, which pose human health

. . 3

teria and typical model species. MA is globally occurring major bloom-forming

and eco *I (cell structures and environmental relevancies of all tested species in Table 1

and Suppleme Table S3).

The cultures of green algae CR CCALA 928 and DQ CCALA 463 and those of cyanobacterium SE
CCALA 1Wrovided from Culture Collection of Autotrophic Organisms (CCALA, Trebon,
Czech Rep e culture of cyanobacterium MA4 PCC 7806 was provided by the Pasteur Culture
Collection o obacteria (Institute Pasteur of Paris, Paris, France). All cultures were continuously
cultivated ! Erlenmayer flasks in 50% ZBB medium (freshwater-based medium, pH 7.1, salinity
<0.05%My 725 pS/cm, Na™: 2.3 mM; Ca®": 0.1 mM; Mg*": 0.1 mM). The ZBB medium

was preparwing a medium Z (Zehnder®) with BB medium (Bold’s basal medium®”) in a

ratio of 1:1, autoclaying and subsequent diluting by sterile ultrapure water to 50%. The algal and

cyanob @ ultures were grown under permanent illumination provided by cool white fluorescent

tubes (Philips 36 W/33; 1500 Ix) at a temperature of 21+1°C and aerated with sterilized air by passing

This article is protected by copyright. All rights reserved.

14



through 0.22 pum PES filter (Labicom, Olomouc, Czech Republic). Once a week, a half of volume of a

cell suspension was replaced by fresh sterile 50% ZBB medium.

T

The popul ling time of each algal and cyanobacterial culture was estimated from the growth
curve unde 'onditions (Figure 1A) and was 19 h for CR, 26 h for DQ, 14 h for SE, and 27
I

h for MA. SC growth of phototrophic microbial species was slower than that of potentially human

pathogenicQSA and EC (doubling time < 1 h), reflecting the longer incubation times (up to 96

h) for all ex tal assays.

4.3. roWth Activity

To evaluat imi€robial activity of tested polymers, the growth inhibition assay was conducted in

sterile 96—mla‘[es (cat. no. 655201; Greiner Bio-One, Kremsmiinster, Austria) made from

polypropyl izing the risk of possible non-specific adsorption of studied polymers.
Suspension§ o obial cells that reached the exponential growth phase were taken and diluted by
freshly ile 50% ZBB medium. Working solutions of polymers were prepared from the

stock solution, iluting with 0.01% acetic acid. A range of experimental polymer concentrations
varied from 0.08 to 40 pg mL™". The inoculum of both algal species was ca. 1x10° cells mL™', the
initial concStration of both cyanobacterial species was ten-fold higher, i.e. ca. 1x10 cells mL™
(because of ell surface and volume of tested cyanobacterial species than those of algal species;
Suppleme ble S3). On each microtiter plate, three different controls were included: 1. only

polymer si‘uon in medium; 2. microbial growth control in medium without polymer; 3. microbial

growth congrol in sglvent control (final concentration of acetic acid: 0.001 vol%). The

microorgaﬁe grown under permanent illumination provided by cool white fluorescent tubes

(Philips 36 00 Ix) at a temperature of 21+1°C without shaking. Once a day, content of all
wells wa; ly aerated by mixing with multichannel pipette. The optical density (A = 680 nm)
was measure 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 (Fig. 1A).
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4.4, Algicidal/Cyanocidal Activity

The experimental set-up was the same as for the assessment of growth-inhibitory activity. To assess a
decline of ce bers below initial inoculum - indicating algicidal or cyanocidal activity -
autofluore tosynthetic pigments (Aex = 485 nm/A.,,, = 675 nm for green algae; A, = 590

nm/Aep, -6Er cyanobacteria) was monitored using Synergy MX microplate reader (Biotek).

4.5. @ation/ Flocculation Activity & Morphology Assessment

Aggregatiomcculation of algal or cyanobacterial cells in the presence of polymers and possible
C

morpholog ges were assessed by microscopy using upright fluorescence microscope Zeiss

Axio Observer Z1 d@upled to digital camera AxioCam 503 Mono (Zeiss, Jena, Germany). Non-stained

samples w ved in the bright field or in fluorescence regime using Zeiss filter set No. 05 (ex.
395-4408B : LP).

4.6. nalysis & Statistics

Each expenEas repeated at least three times. In the growth inhibition assays, optical readings
were n i that untreated control has 100% growth and the readings at TO’ were

considered as 0% growth. A growth of the treated microorganisms was compared to that of non-
treated coheach exposure time and data are expressed as a percentage of a non-treated
control. In @ cyanocidal activity assays, fluorescence readings were normalized to the
autofluore inoculated cells at TO’and data are expressed as a percentage of fluorescence

units (FLUs) for thejinitial inoculum.

Non-IinearEing to calculate 1C5o values was done using GraphPad Prism 6 software. The 1Cs
values (the con ration of polymer causing a 50% inhibition of the algal or cyanobacterial growth)
were d@ch experiment, and the final ICs, value was calculated as geo-mean with 95% ClI
(confidence interval). Minimum cidal concentration (MCC) was determined as the lowest

concentration which significantly decreased autofluorescence below that of initial inoculation. One-
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way ANOVA with Dunnett's method (multiple comparisons versus control group) or with Tukey's
method (multiple comparison) and two-tailed unpaired t test were done in GraphPad Prism 6. In all

statistics, * s less than or equal to 0.05 were considered significant.

Suppthrmation

L

SupportinghUtion is available from the Wiley Online Library.
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Table 1. S @ anti-algal and anti-cyanobacterial activities of B-PEls and PPI-DEN

Environmental relevance B- B- PPI-
Species Activity B-PEl,;
PEl; PElys DEN
A common species of 2nlCso/72n1C100” | 0.6/2. | 0.2/1. | 0.1/1. | 0.2/2.
CR extensive water blooms | (ug mL") 5 3 3 5
b)
Volum 72nMCC
2.5 1.3 13 2.5
113-9 A model organism for (ng mL?)
DT?=19h antialgal tests and
Aggregation/
biofouling - -
flocculation
A common species of 2.5-
: ICso/72n1C100 (Mg | 20!
extensive water blooms 72150/ 72h1~100 40/
. 3.4/40 | 2.6/20 | 2.7/10
mL")
>40
3 A model organism for MCC (ug
64-462 pm 72h >40 >40 >407 | 10
antialgal tests and mL™)
bT= ZL
biofouling
Aggregation/
O flocculation
o r A common species in 7201Cs0/ 7201 C100 0.4/0. | 0.3/0. | 0.4/1. | 0.2/0.
o
E’ SE freshwater sources (ng mL™) 6 6 3 6
]
3 H
B | Volumggs 72nMCC (ng ) B
S >40% >40 >40 >40
& | 0.1-2 um’ mL™Y)
§ A model organism for
S
| | DT=1 anticyanobacterial tests | Aggregation/
8 +++ ++ + +
8 flocculation
[8)
©
]
c A bloom-forming species
g | MA lCso/7nlCi00 | 0.2/1. | 0.3/1. | 0.2/1. | 0.3/2.
(@)
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Volume = 22- | capable of producing the | (ug mL™) 3 3 3 5
113 pm’ cyanotoxins
‘ ; MCC (ue ,

DT# (microcystins) 72h He | Sa0? 40 >40 540
mL‘l)
Aggregation/

p— +++ ++ -
! flocculation

“ The concepffati ausing 50 or 100% inhibition after 72-h exposure; ®’ Minimal cidal concentration after 72-
h exposure; @ Calculated based on geometric models for phytoplankton[14], the size parameters from Protist
Information Server, URL: http://protist.i.hosei.ac.jp/; 9 Doubling time (DT) under the conditions of this study; &

A clear congéntratioftdependent effect at the concentrations of 0.3-2.5 ug mL" was followed by a plateau
value of gro n LA

tion of about 40-47% observed along the concentration range from 5to 40 pg mL;
Algicidal eff highest concentrations of 20 and 40 pg mL" after 96 h; 9 Cyanocidal effect at the
concentrations of > ng mL" after 96 h; # Cyanocidal effect at the concentrations of 22.5 g mL* after 96 h;

) . . -1
) Cyanocida the concentrations of 22.5 ug mL™ after 96 h.
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Figure 1. The effects of B-PEls 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)
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The effects of B-PEls 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-PEls. (F) The growth inhibitory effect of B-PEls did not change with the
exposurHesented for B-PEl;; and algae CR and cyanobacteria SE (P > 0.05; one-way ANOVA

with Dunng aethod). Data are presented as geo-mean of ICs, values of at least three
independe @ ents with 95% Cl.
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gainst algae Chlamydomonas reinhardtii (CR) and Desmodesmus quadricauda (DQ)
ria Synechococcus elongatus (SE) and Microcystis aeruginosa (MA) as assessed by
autofluorescence™at different time points. Data are expressed as a percentage of fluorescence units
(FLUs) for initial inoculum and presented as means (SD). (B) CR cells after treatment with B-PEl,.

Representative bright field, fluorescence and overlaid images of non-treated CR cells (naive and
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solvent controls) and CR cells treated with B-PEl;, at the concentration of 20 pg mL " for 72 h. Scale
bar =20 um.

Bright-field
Ay

TSR
© =

Fluorescence

Overlay B. Bright-field Fluorescence
: T 3

Control B-PEl, Control B-PEl,,

Figure 3. A on and flocculation activity of B-PEl;, inducing clustering of cyanobacterial cells.
(A-B) Tim
overlaid i es of cyanobacteria Synechococcus elongatus (SE) (A) and Microcystis aeruginosa (MA)
(B) treated with B-REI12 at the concentration of 20 ug mL™ for 0.5, 2, 5, 24, and 72 h. The aggregated
cells (fl still autofluorescent, suggesting the presence of live cells with intact

photosyntments in the aggregates. Scale bar = 20 um (SE)/ 50 um (MA). (C) Flocculation

ency of aggregation activity. Representative bright-field, fluorescence and

activity of the concentration of 20 ug mL™ inducing clustering of cyanobacterial cells. The

flocs of SE cells sfed down while the flocs of MA cells floated close to the culture medium surface.
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Overlay

Solvent

A\

SE aggregates

Figure 4. Mcﬂe aggregation activity of B-PEl;, to cyanobacterial cells over algal cells.
Represent ht-field, fluorescence and overlaid images of cyanobacterium Synechococcus
elongatus Chlamydomonas reinhardtii (CR) treated with B-PEl;, at the concentration of 20
pug mLt f B-PEl,, selectively aggregated SE cells as well as selectively deformed and
fragmentedlCR cells. The aggregated cells (flocs) of SE cells were still autofluorescent, suggesting the
presence s with intact photosynthetic pigments in the aggregates. CR cells were damaged

and less &Mcent than control cells. Scale bar = 20 um.
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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

This article is protected by copyright. All rights reserved.

25



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

differen ts. Data are expressed as a percentage of fluorescence units (FLUs) for initial
inoculum amnted as means (SD).
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Figure 6. Algae 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)
with PPI-DEN at the concentration of 20 pg mL™ for 72 h. CR, Chlamydomonas
Desmodesmus quadricauda; MA, Microcystis aeruginosa; SE, Synechococcus

elongatus. Scale =20 um for CR, DQ, MA/ 10 um for SE.
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Algae Cyanobacteria

DQ CR SE MA
() 0 o}
- @ » ° )
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[ ] . G
\ " “‘ ; : 3 -
Static Cidal Static
(growth inhibition) (cell death) (growth inhibition)
No aggregation/flocculation Aggregation/flocculation

Scheme 1. Selectiv€ interactions of B-PEls with algal and cyanobacterial cells.
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