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Abstract

In the present study, the biocidal activity of gndifferent metal organic frameworks (MOFs) basedo (Co-
SIM1), Zn (Zn-SIM1) and Ag (Ag-TAZ) has been evdkchtowards one green alga and two cyanobacteneser
organisms are present in fresh- and seawater &agtat in the early stages of the biofouling pssc& he biocidal
activity of these materials was evaluated by meagwhlorophyll a concentration and by inhibitioonz testing.
After 24 h of exposure the three different MOFsseali> 50% of chlorophyll a concentration inhibittomvards both
cyanobacteria, however, although the green algsepted a great sensitivity for Ag-TAZ (reaching 96£6
chlorophyll a concentration inhibition), it was niueore resistant to the rest of MOFs. Bioavailapibf these metals
was studied using ICP-MS, the chemical speciatiognam Visual MINTEQ, and a heavy metal bioreporter
bioanalytical tool. We have elucidated that theclulal activity presented by these MOFs was duaéalissolved
metals released from them and more exactly, it nidpe on the bioavailability presented by these hiata, which
was closely related with the free ion concentratidris article highlights the potential use of diint MOFs as
biocidal material towards photosynthetic organismd reveals important differences in the sensjtivétween these
organisms that should be taken into account inrdadicrease the biocidal spectrum of these nadteri

Keywords. Biocidal material; Heavy metal bioreporter; Metaavailability; MOFs; Photosynthetic organisms.

1. Introduction

Metal-organic frameworks (MOFs) are one of thedate
developments in nhanotechnology (Ferey, 2008;
McKinlay et al., 2010; Spokoyngt al., 2009). These
new porous inorganic-organic hybrid materials are
constructed by controlled crystallization, joinimgetal-
containing units with multifunctional organic ligas
Due to the inherent porous structure of MOFs,
changeable surface functional groups and different
choice of metal and ligands, different types of MOF
can be developed. Their structure give them great
potential for a wide range of applications, suclgas
storage, catalysis, chemical sensing, drug delivery
(Beget al., 2016; Furukawat al., 2013; Getmast al.,
2012; Horcajadat al., 2010; Krencet al., 2012;
Kuppleret al., 2009; Yaghet al., 2003) and the most
recent application as biocidal materials (Wyszogkad
et al., 2016). The use of some MOFs as biocide
material in water treatment and biomedical applicest
has been evaluated (Prireteal., 2014; Quirést al.,
2015). Some advantages of using MOFs based
materials instead of traditional chemical disinéets
are their high durability, wide antimicrobial spech,
high effectiveness and thermal-optical stabilities.

Other porous structures used as biocide materal ar
zeolites or silica based materials. Zeolites areys
crystalline alumina silicate minerals with uniform

molecular-sized pores. They contain metal ionsctvhi
can readily be exchanged by other metals suchvas,si
copper, and zinc ionga ion-exchange post-synthesis
treatment for their use as antimicrobial agentstdue
the easily metal ion extraction from the zeolites
(Donget al., 2014; Sanchea al., 2017; Zhowet al.,
2014). Many different kinds of silica-supported
materials have been proposed for antimicrobial
applications. Basic copper chloride structures sttep
on silica nanoparticles showed similar antibacteria
activity againstscherichia coli andStaphylococcus
aureus than copper-exchanged mordenite zeolite
microparticles (Palzet al., 2015). Reduced copper on
the surface of spherical silica nanopatrticles digpdl
significant antibacterial ability (Kinet al., 2006).
Mesoporous silica has also been used as support for
metals because thanks to its high surface area and
uniform pore distribution offers the possibility of
dispersing metal nanopatrticles inside a non-nano
support. Copper oxide and reduced silver have been
dispersed in the form of nanopatrticles inside allyig
ordered mesoporous SBA with antifungal and
antibacterial activities (Diezt al., 2017; Quirést al .,
2016). The mechanism of zeolite and silica-supporte
metals is different from that of MOF-based
antimicrobials. Whereas zeolites are cation-exceesng
and supported metals or oxides must change its
oxidation state or dissolve before becoming
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bioavailable, MOFs are constructed directly wita th
desired metal linked by covalent bonds. The strestu
of MOFs can be designed at the atomic scale by an
appropriate choice of metal and organic ligand cwhi
define their antimicrobial activity and allowinghgore
controlled release of the metal ions. Furthermibhrese
metals coordination polymers could provide some
advantages over the use of nanoparticles (NPs) as
biocidal material (Liet al., 2014).

In the last years, several MOFs have been sucdigssfu
tested as biocides materials, especially thosedbase
silver (Berchekt al., 2011; Liuet al., 2010; Luet al.,
2014; Rueffet al., 2015). Silver-based biocidal
materials are well known for their antimicrobial
properties (Eggest al., 2009; Laluezat al., 2011;
Lemireet al., 2013; Matsumuret al., 2003; Raket al.,
2009; Sondi and Salopek-Sondi, 2004). Howeveresilv
is an expensive metal and the indiscriminate useitof
many antimicrobial materials is suspected to premot
not only a general toxic risk but also bacterigisance
(Blaseret al., 2008; Merlino and Kennedy, 2010).

New MOFs based on different metals such as CorZn o
Cu have also emerged. In most cases, these MOIs hav

been successfully tested towards heterotrophic
organisms likéPseudomonas putida, E. coli,
Saccharomyces cerevisiae or S aureus (Aguadoet al .,
2014; Wanget al., 2015; Wojciechowsket al., 2012;
Zhuanget al., 2012) and to marine bacteria@abetia
marina (Sancett al., 2013). However, studies to
examine the biocidal effect of MOFs to photosyrithet
organisms as cyanobacteria or algae are lacking
(Wyszogrodzkaet al., 2016).

Cyanobacteria and algae are photosynthetic, aquatic
organisms present in both freshwater and seawsder.
primary producers, they are relevant organismhése
environments; however, along with bacteria, theyeha
other implications also as organisms that takeipart
the early stages of the biofouling process (Briand,
2009; Mieszkiret al., 2013; Rosenhalwt al., 2010;
Saltaet al., 2013). Biofouling is the accumulation of
microorganisms, algae, plants or/and animals on
surfaces, mainly in the aquatic environments with a
great economic impact on shipping or water filtvati
(Nguyenet al., 2012; Schultet al., 2011). The
colonization of these structures by unicellular
microorganisms such us bacteria, cyanobacteria,
unicellular algae and protozoa is denominated
“microfouling” or “slime” and normally constitutdné
early stage of biofilm formation. For a deeper
understanding of the colonization process, see the
review by Dang and Lovell (2016) and Rosenhetiad.
(2010).

In the present article, we have evaluated the ti&bci
activity of two zeolite imidazolate frameworks (ZJR
sub-family of MOFs, consisting of transition metal
ions, C8*and Zi#t*, and imidazolate ligands,
denominated Co-SIM1 and Zn-SIM1, respectively
(Aguadoet al., 2010; Aguadet al., 2011;

Farrussengt al., 2009). Different to their MOF
analogues with carboxylates ligands, a number Bf ZI
exhibit exceptional thermal, hydrothermal and cleai
stability (Banerjeet al.,2009; Phamt al., 2010).
Furthermore, we analysed one silver-triazole
coordination polymer (Ag-TAZ) prepared with a
polyazaheteroaromatic compound, 1,2,4-triazole, a
well-known intermediate compound of industrial
relevance (Haasnoot, 2000), which is also widegdus
as ligand (Zhangt al., 2005).

The biocidal activity of these three different MOFs
towards potential biofouling photosynthetic orgamss
one filamentousAnabaena sp. PCC 7120,
hereinafterAnabaena), and one unicellular
(Synechococcus sp. PCC 7942,
hereinafteiSynechococcus) cyanobacteria, and one
unicellular green alga0hlamydomonas reinhardtii,
hereinafteiChlamydomonas) is reported.

The study of the antimicrobial mechanism of
nanomaterials has been of great interest by tleatsioc
community (Duraret al., 2016; Frankliret al.,

2007; Raiet al., 2009 ; Wyszogrodzket al., 2016).
Most of the literature has established that theitbad
activities of metallic nanomaterials are due to the
dissolved metal ions. In order to better understhrd
mechanism of action of these MOFs, three different

approaches were used. Metal released from thesesMOF

and bioavailability of these metals were studieidgis
ICP-MS, the chemical speciation program, Visual
MINTEQ, and a heavy metal bioreporter bioanalytical
tool, the cyanobacteriu®/nechococcus € ongatus
PPC7942 pBG2120 (hereinaft®mechococcus
pBG2120) (Martiret al., 2015). This bioreporter bears
a fusion of the promoter region of thet locus
(encoding the transcriptional repressor SmtB ard th
metallothionein SmtA) to theixCDABE operon

of Phatorhabdus luminescens and is able to detect six
different heavy metals (Zn, Ag, Cu, Co, Hg and @d)
medium but also in environmental water samples.

To our knowledge, this work is the first study that
reports the effects of these materials on photbsyiat
organisms.

2. Materials and methods
2.1. Synthesis and characterization of materials

Zn-SIM1, Co-SIM1 and Ag-TAZ were synthesized by
solvothermal procedure as reported elsewhere
(Banerjeeet al., 2008; Farrusserg al., 2009; Huangt
al., 2006). All of them were characterized by X-ray
diffraction (XRD) in order to assess their crystaty.

A brief description of each synthesis, the diffogram
and the scanning electron microscope (SEM)
micrographs of crystals can be seen in Supplementar
text S1 and Figs. S1 and S2.

2.2. Microorganism culture

In this study three different photosynthetic
microorganisms were used, two different cyanobadter
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strains, one filamentousnabaena sp. PCC 7120 and
one unicellularSynechococcus sp. PCC 7942 and one
unicellular green alga strai@hlamydomonas

reinhardtii Dangeard (strain CCAP 11/32A mt +). Each
strain was growth in its specific medium.

Anabaena cells were grown in AA/8 supplemented with
nitrate (5 mM) (Allen and Arnon, 1955),
Synechococcus in BG11 (Rippka, 1988) and
Chlamydomonas in Tris-minimal phosphate medium
(TAP-) (Hoober, 1989). All the media were adjusted
pH 7.5. The composition of these media are detailed
supplementary Table S1. All of them were grown on a
rotatory shaker set under controlled conditions*Q8
and 60umol photons ras? light intensity. For the free
metal detection assays, a modified cyanobacterium
based orBynechococcus sp. PCC 7942 was used,
Synechococcus elongatus PBG2120, this strain was
grown in BG11 medium supplemented with 3¢

mL~ ! of chloramphenicol (Cm) (Martiet al., 2015).

2.3. Antimicrobial activity tests
2.3.1. Zoneinhibition technique

The biocidal materials were subjected to an
antimicrobial experiment using the diffusion method
described by Fiebelkoret al. (2003). Agar plate
diffusion assay is the standardized method
recommended by the National Committee for Clinical
Laboratory standards, based on the method described
by Baueret al. (1966). Petri dishes were prepared with
20 mL of appropriate culture media plus 1% Agare Th
cellular concentration in inocula was adjusted to
ODv7sonm= 1 for cyanobacteria and @ghm= 0.5 for the
alga, using the corresponding culture medium. @00
of each microbial suspension were transferredatepl
for inoculation, spread and allowed to dry at room
temperature. The cells were allowed to grow during
five days under 20mol photons s ! before the
addition of the antimicrobials. All materials werged

in powder form by placing 1 and 10 mg directly onto
the inoculated agar plate. As a control of thedibyi
exhibited by the ligands individually, 1 and 10 ofg
each ligand were placed directly onto the inocudlate
agar plate at the same time. In all cases, the anudu
ligand in these experiments was higher than that
released by 1 or 10 mg of each MOF. Zone radius was
measured from the outermost part of the MOF to the
highest growth inhibition spot in the plates a#tep4
and 48 h. Control plates were incubated at the same
time without antimicrobial agents to check correct
microbial growth.

2.3.2. MOF s suspensions bioassays

Microorganisms were exposed to 1 mg of each MOF in
a final volume of 20 mL of each specific medium

(50 mg L *final concentration). The procedure used
was as follows: the three organisms were allowed to
grow for five days, until they reached @Bmn= 1 for
cyanobacteria and GEnm= 0.5 for the alga. After the
organisms reached the indicated OD, they were wlashe

tree times with each appropriate culture medium and
4 mL of each culture were added to 16 mL of culture
media reaching Ofgonm= 0.2 forAnabaena and
Synechococcus and ODsonmOD = 0.1 for
Chlamydomonas. MOFs were added fresh in each test.
Before adding the microorganisms, 1 mg of each MOFs
was weighed, added to the medium and in order to
homogenize the MOFs in all the experiments, soedtat
using a Ultrasonic bath (Ultrasons) during 1 miheif,
the organisms were grown on a rotatory shaker durin
the experiments time with the same conditions as
described before. The initial cellular densitiesave
selected in order to maintain all microorganismthm
exponential growth phase during the entire time of
exposure (48 h). The pH was measured during the
whole incubation period (up to 48 h). In the cake o
AA/8 + N (Anabaena medium), the mean pH during the
whole experiment was 7.37 £ 0.02, 7.35 £ 0.04 and
7.35 + 0.05 for Ag-TAZ, Co-SIM1 and Zn-SIM1
exposure, respectively. In the case of BG11
(Synechococcus medium), the mean pH during the
whole experiment was 7.37 £ 0.05, 7.49 £ 0.05 and
7.43 £ 0.01, for Ag-TAZ, Co-SIM1 and Zn-SIM1
exposure, respectively. For TAREHamydomonas
medium), the pH evolution during the experimenttim
was 7.27 £ 0.03, 7.29 + 0.08 and 7.26 + 0.03 for Ag
TAZ, Co-SIM1 and Zn-SIM1 exposure, respectively.
Microbial growth as measured by increase in
ODvsonmcould not be used due to potential attachment
of MOFs to the microorganisms, for that, chloroplayl
concentration was used as endpoint as described for
diatoms (Bazest al., 2009; Briand, 2009; Tsoukatetl
al., 2002). As a control of the toxicity exhibited the
ligands individually, the microorganisms were exqubs
at the same time to 50 mg Lof each ligand. The
amount of the total ligand available from 50 nig bf
each MOF was 38.75 mg Land 39.75 mg 1 of

SIM1 ligand for Zn-SIM1 and Co-SIM1, respectively,
and 19.6 mg L! of TAZ ligand for Ag-TAZ. Thus, in

all cases, the amount of ligand in these experisneat
higher than that released by 50 nmg bf each MOF.
Specifically, 50 mg L* of SIM-1 ligand (Co-SIM1 and
Zn-SIM1 ligand) correspond to 1.25 and 1.3 fold enor
ligand than that released by 50 mg' bf Co-SIM1 and
Zn-SIM1, respectively. In the case of TAZ ligandyfA
TAZ ligand), the amount of TAZ is 2.5 times higher
than that available in the release of 50 mg &f Ag-
TAZ.

In addition, the biocidal activity of the pure miefalts
was also studied. The three microorganisms were
exposed to the equivalent metal ion concentration
presented in 50 mg Lt of each MOF, specifically, 11.
5mg L of Zr** [52.32 mg L ! of Zn(NG;).- 6H20],
10.65mg L of Co?*[52.5 mg ! of

Co(NGs),- 6H20] and 30.68 mg ! of Ag" (48 mg LU?
of AgNGQ:s). After 4, 24 and 48 h, chlorophyll was
extracted from 1 mL of each experiment in methatol
4 °C for 24 h in darkness and the chloroplyll
concentration of the cyanobacteria estimated agugrd
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to Marker (1972) and in a 90% acetone aqueous
solution for the alga according to Jeffrey and Haney

(1975). The absorbance was determined by measuring

the extract using a HITACHI U-2000
spectrophotometer at appropriate wavelengths. Two
replicates of 1 mL were used and the experiments we
performed in triplicate. The data are expressdateas
percentage of the chlorophwlconcentration of the
treated samples in function of the chloroplayll
concentration of the untreated samples.

2.3.3. MOFsfiltrate bioassays

In order to analyze which part of the MOFs toxicitgis
due to the dissolved metals released from the MOFs,
MOFs filtrate experiments were performed as follows
1 mg of each MOF was weighed, added to 20 mL of
each medium and sonicated during 1 min. MOF
sonicated suspensions were kept for 24 h and
centrifuged (4500 g 15 min) in 50 kDa molar mads cu
off VIVASPIN ultrafiltration membranes (Sartoriur
separating the ion released from the MOFs. 16 mL of
the filtrate were used as the experimental meditime.
organisms were prepared as in the Section 2.28. (s
above) and the chlorophylconcentration was
measured after 24 h in the same way as described
before. Each media without MOFs were also
centrifuged and used as controls.

2.4. Detection of dissolved metals from MOFs by
ICP-MS

The concentration of the dissolved metals present i
MOFs filtrates in each medium (see above), and also
the concentration of the dissolved metals rele&sead
MOFs (50 mg L?) in distilled water was measured by
inductively coupled plasma-mass spectrometry (ICP-
MS; Perkin-Elmer Sciex Elan 6000 equipped with an
AS91 auto-samples), by the ICP-MS laboratory of the
Universidad Autbnoma de Madrid, after removing the
solids by 50 kDa VIVASPIN ultrafiltration membranes
(Sartorius) after 4, 24 and 48 h of exposure.

2.5. Detection of the dissolved metals from MOFs by
a heavy metal bioreporter

The bioluminescence straiBynechococcus pBG2120,
was prepared as described previously (Masttid .,
2015). Briefly, 50 mg L! of each MOF in distilled
water were centrifuged in 50 kDa VIVASPIN
ultrafiltration membranes after 24 h and the
concentration of the dissolved metal present isghe
filtrates measured by ICP-MS (see above). Thaafés
collected were diluted several times and g8DMmf
these dilutions were added to 12000f the
bioreporter culture in 24 well plates. The platesav
incubated at 28 °C in light (6@mol n? s ) on a
rotatory shaker up to 4 h. For the luminescence
measurements, 1QQ of cell suspensions were
transferred to an opaque 96-well microtiter platd a
luminescence was recorded every 5 min for 20 man in
CentroLB960 luminometer (Berthold Technologies
GmbH and Co. KG, Bald Wilbad, Germany).

Inhibition radius (mm)
o

2.6. Modeling of metal speciation

The chemical equilibrium model Visual MINTEQ was
used to predict the metal speciation in the threevth
media, BG11, AA/8 + N and TAP-. Assumptions of a
fixed pH, fixed potential redox (Eh), closed systand
no precipitation of solid phases were made during
computations. This chemical model was used
previously to predict metal speciation and lintoithe
response of the reporter str&ynechococcus pBG2120
(Martin et al., 2015).

2.7. Modeling of metal speciation

The test of statistically significant differencestleen
datasets was performed using One-Way Analyses of
Variance(ANOVA); also, to discriminate which
datasets were significantly different from the othe
thepost-hoc Tukey's HSD (honestly significant
difference) test was performed. All the tests were
computed using R software 3.0.2. (The Foundation fo
Statistical Computing).

3. Results and discussion
3.1. Antimicrobial activity tests
3.1.1. Inhibition zone testing bioassay

The three organisms were exposed to 1 and 10 mg of
each MOF up to 48 h. When exposed to 1 mg, both
cyanobacteria were more sensitive to Co-SIM,
presenting an inhibition radius of around 3 mm for
Synechococcus and 5 mm forAnabaena. In the case

of Synechococcus, Zn-SIM1 and Ag-TAZ produced an
inhibition radius of 2 and 1 mm, respectively.
Anabaena exhibited an inhibition radius of 1 mm and
3 mm for Zn-SIM1 and Ag-TAZ, respectively, after
24 h. In the case @hlamydomonas, nhone of the MOFs
caused any inhibition after 24 h of exposure (E)g.
and, after 48 h, only the MOF based on Ag, Ag-TAZ,
caused an inhibition radius of 4 mm to this algat (n
shown).

12

W Synechococcus :
[ Anabaena
B Chiamydomaonas

.iﬂ.lﬂiiﬂj

Co-5IM1 Zn-SiM1 TAZ-lig SIM1-lig
1 mg

Nl |

Ag-TAZ

Figure 1. Zone inhibition technique experiment to estimate
antimicrobial activity towardSynechococcus, Anabaena and
Chlamydomonas after exposure to 1 mg of Ag-TAZ, Co-
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SIM1 and Zn-SIM1 MOFs and TAZ-lig and SIM1-lig
(ligands) for 24 h. Inhibition radii (mm) and phetof the
agar plates showing the inhibition zones are inetlid’he
white circles indicate deposited material and #daircles
indicate inhibition zones. (For interpretation bétreferences
to color in this figure legend, the reader is reddrto the web
version of this article.)

When organisms were exposed to 10 mg of each MOF,
also Co-SIM1 was the most toxic MOF for both
cyanobacteriaSynechococcus andAnabaena, causing 8
and 6 mm of inhibition radius after 24 h of exp@asur
respectively. Again, Ag-TAZ was the only MOF that
caused growth inhibition t6hlamydomonas, around

5 mm of inhibition radius after 24 h of exposyiFég.

S3). Exposure to 1 or 10 mg of ligands did not exceed
1 mm or 2 mm of inhibition radius respectively.

As previously reported by Aguadbal. (2014) Co-
SIM1 showed a significant antimicrobial activityhdy
found that Co-SIM exhibited higher biocidal actyvit
towardsS cerevisiae, P. putida andE. coli than Ag-
TAZ, however, although a high biocidal effect todsr
both cyanobacteria was found, the results showagdtth
was not effective towards the green alga
Chlamydomonas at the concentration tested. Other
authors (Refagt al., 2008; Wojciechowsket al., 2012)
have investigated the biological activities of Zasbd
complexes, specifically, in the caseLdyrosinate
Zinc(Il) complex, Refatt al. (2008) found moderate
activity of this complex againé&t coli but strong
activity againsBacillus subtilis, Serratia and
Pseudomonas aeruginosa. Wojciechowskaet al.

(2012) incorporated ligand maodifications to these
tyrosinate complexes, as a molecule of secondary
ligand such as 2:bipyridine or imidazole. They found
that only the complexes based on imidazole ligands
presented large antibacterial activity, suggedtiad

the biocidal activity was strongly correlated wilie
presence of the imidazole molecule in its structure
However, the results reported in this study didstaw
toxicity of the imidazole, suggesting that the luiat
activity of Zn-SIM1 and Co-SIM1 against the
cyanobacteria might be due to the dissolved métsd.
biocidal effects of Ag based MOFs are well-
documented, Lt al. (2014) showed that two silver
carboxylate MOFs, [AgO-IPA)(H-0)- (H:0)] and
Ags(PYDC)(OH)] exhibited excellent antibacterial
activities toward<. coli andS. aureus. Berchelet al.
(2011) presented a silver MOF material based on a 3
phosphonobenzoate ligand which placing 1 mg onto an
agar plate resulted in a strong growth inhibitigom

six different strains o%. aureus, E. coli andP.
aeruginosa. All these previous studies studied the
antimicrobial properties of these materials on
heterotrophic organisms. Our experiments showed tha
all MOFs used were able to diffuse in the
cyanobacterial media and inhibit their growth.
However, only the Ag-TAZ was able to inhibit the
growth of the alga at the tested concentration. The
inhibition zone in each plate remained at leasahr

months so that the biocidal activity was kept dirae
(not shown).

-
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Figure 2. Chlorophyll a concentration inhibition caused by
exposure to Ag-TAZ, Co-SIM1 and Zn-SIM1 MOFs and
TAZ-lig and SIM1-lig (ligands) of (ABynechococcus, (B)
Anabaena and (C)Chlamydomonas to 50 mg L% Data
represent the mean * standard deviation of at thes
independent experiments.

3.1.2. MOF suspension bioassays

To further study the mechanism of action of these
MOFs, we also performed tests to determine the
biocidal effect of the tested materials in susp@msi

The three microorganisms were exposed to 50 Mg L
of each MOF. As controls, the microorganisms were
also exposed to 50 mgiof each organic ligand and to
the equivalent metal ion concentration presentdiin
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mg L of each MOF as metal salts (see Materials and
Methods). Chlorophyll a concentration was measured
after 4, 24 and 48 h of exposure. All the experiteen
were performed in the culture medium specific facte
organism (Table S1) and with the organisms in their
exponential growth phase. Fig. 2 shows the resiilts
these experiments.

As observed in Fig. 2A, fdBynechococcus all MOFs
caused around 50% of chlorophyll a concentration
inhibition after 24 h of exposure. After 48 h of

exposure, both Co-SIM1 and Zn-SIM1, reached 80% of

chlorophyll a concentration inhibition and Ag-TAZaw
slightly more toxic, exceeding 85% of inhibition.
Anabaena was more sensitive to Ag-TAZ and Zn-

SIM1, exposure to these MOFs resulted in around 80%

of chlorophyll a concentration inhibition after B4bf
exposure. In the case of Co-SIM1, it provoked 50% o
chlorophyll a concentration inhibition after 24 ida
near 80% of inhibition after 48 h of exposure (F28).
Unlike the results observed according to the irtiibi
zone testing, in liquid media all MOFs caused

practically the same degree of inhibition towardthb
cyanobacteria. In fact, in the caseAoBbaena, toxicity
caused by Ag-TAZ and Zn-SIM1 was higher than that

caused by Co-SIM1. These results showed an inatease

biocidal activity in liquid medias. agar plate
suggesting an increase in the release of dissohetdls
or an increase in the cell contact with these radter
This fact has a very important implication whensthe
materials are designed to be in contact with agsieou
media.Chlamydomonas presented high sensitivity to
Ag-TAZ, causing 90% of chlorophyll a concentration
inhibition after 24 h of exposure, as observedhay t
inhibition zone method (Fig. 1 and Fig. S1). Howeve
Co-SIM1 and Zn-SIM1 were much less toxic, causing
40 and 30% of inhibition after 48 h, respectivéhig.
2C). As observed above, in general, both ligands di
not show a significant toxicity, only TAZ ligand
towardsAnabaena, (Fig. 2B), showed a significant
inhibition of 35%. However, this concentration of
ligand was 2.5 fold higher than that released byng0
L™ of Ag-TAZ (see Materials and Methods); implying
that the ligand actually released from the MOFs mats
relevant for toxicity.

Regarding the activity of pure metal salts, incalses,
we obtained a highest antimicrobial action of tregah
salts compared to the biocidal action exhibitedHay
MOFs, which can be attributed to the immediate
bioavailability of these metal ions (Fig. S4).

3.1.3. MOFsfiltrate bioassays

Most of the literature has established that theibal
activities of metallic nanomaterials are due to the
dissolved metal ions (Aruoj al., 2009; Liet al.,

2015; Navarrat al., 2008; Wyszogrodzket al., 2016),
however, in some cases, direct contact between the
organism and the material could be also responeible
the observed toxicity (Rodea-Palomaeeal .,

2011; Zhuangt al., 2012). To determine the
contribution of dissolved metals to MOFs toxicity,
MOF filtrates experiments were performed. The
dissolved metal present in each MOF filtrate was
designed as GpZng or Agu.

First of all, the dissolved metal concentratioreasied
from these three different MOFs in distilled waaed

in each culture medium along time was measured by
ICP-MS(Fig. 3. In all cases, a rapid increase of the
metal concentration was observed during the fiosiré,
probably due to the release of surface metals,whic
occurs first. Then, the metal concentration lingarl
increased within 48 h. In general, all MOFs showed
similar quantity of metal released in the different
media(Fig. 3, being Co-SIM1 which released more
guantity of metal, achieving concentrations of @@nd
12 mg L= of Cayin AA/8+N, BG11 and TAP- after

24 h, respectively. However, it is remarkable Dat
SIM1 released lesser quantity of cobalt in digdille
water than in the other media (Fig. 3). Zn-SIM1
released around 2 mg Lof Zny in all media after 24 h;
Ag-TAZ was by far the MOF which released less metal
amount, reaching 0.0128, 0.1896 and 0.3158 nigt.
Agqin AA/8 + N, BG11 and TAP- after 24 h,
respectively.
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Figure 3. Time evolution of dissolved metal (@& \gd, Znd)
released from Co-SIM1, Ag-TAZ and Zn-SIM1 MOFs,
respectively in (A) distilled water, (B) AA/8 + NC) BG11
and (D) TAP- (MOF initial concentration 50 mgL.

As shown in Fig. 4, dissolved metals can explai th
biocidal activity of the tested MOFs. There were no
significant differences for the three organisms mwhe
performing MOF suspensions (M@Mbioassays or
when using MOF filtrates (MQ}; except for Ag-TAZ.
RegardingSynechococcus, Ag-TAZ filtrate (Ag-TAZ)
caused significantly (p < 0.05) more toxicity thhae
toxicity exhibited by Ag-TAZ suspensions (Ag-TAZS).
However, in the case @fhabaena and

Chlamydomonas, Ag-TAZs was significantly (p <
0.001 and p < 0.01, respectively) more toxic thgn A
TAZ:. These differences may be due to slight
differences in dissolved metals released from MidFs
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the presence of the organisms as has been reported
before (Aguadet al., 2014; Navarret al., 2008).

All together the results present evidences that the
toxicity of these MOFs is strongly mediated by the
dissolved metals leaked from them. These resudts ar
consistent with other studies (Aguagtal., 2014;
Berchelet al., 2011; Luet al., 2014). These authors
found that these MOFs could act as a reservoim i
and the slow release of these metal ions leads to a
excellent and long-term microbial activity. In orde
elucidate how long the different MOFs might be
releasing these metals, we calculated the reladsenr
distilled water. The initial time point of the exprent
was not included in the calculations to disregaed t
initial surface metal released from the MOFs. k& th
case of Co-SIM1, the rate of £@lease was equal to
0.68 + 0.20 mg Cog MOF ' h L. Zn-SIM1 and Ag-
TAZ, presented a metal release rate of 0.48 £ g7
Zngg MOF *h™land 0.50 + 0.18 of mg Ag MOF !

h™1, respectively. Taking into account the total metal
concentration present in the different MOFs, the Co
release would remain 314 h, 1235 h in the casegef A
release from Ag-TAZ and 482 h for Zreleased from
Zn-SIM1. This can ensure the biocidal capacityhef t
MOFs over time as observed in the inhibition zone
testing bioassays.

As reported by other authors (etal., 2014; Ruyraet
al., 2015), there is a correlation between the atrect
and the biocidal activity of the MOFs. The diffeten
frameworks may have discriminating capacities to
release metal ions, which lead to differences betwe
their biocidal activities. In addition, those thaleased
sufficiently high amounts of soluble metal ions Wmo
to be moderately or highly toxic in their free formil
exhibit a greater biocidal capacity. While, thos®©R
that release significant amounts of soluble meias
but whose constituent metal ion is not toxic in fitee
form will show little or no biocidal capacity. Hower,
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[ MW s o e = Ml
A [ MOF;
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Figure 4. Chlorophyll a concentration inhibition of (Aynechococcus, (B) Anabaena and (C)Chlamydomonas exposed to 50 mg
L™ of Co-SIM1, Zn-SIM1 and Ag-TAZ MOFs. Comparisortleen MOFs suspensions (MEnd MOFs filtrates (MOfF
bioassays are shown. Statistically differencesratieated by “*” = p < 0.05, “**” = p < 0.01 and **” = p < 0.001. Data
represent the mean * standard deviation of at thest independent experiments.

the biocidal capacity may also be influenced by the
speciation of these metals in the different medihthe
sensitivity of the microorganism tested. Althoupbkde
previous studies have related the toxicity with the
dissolved ions, speciation of these dissolved métal
the different media used for the toxicity assaysewet
performed.

As metal speciation is a relevant issue determitfieg
availability and therefore the toxicity of metals
(Campbell, 1995; Campbedt al., 2002; Paquiet al .,
2002), the chemical speciation program, Visual
MINTEQ, was used in order to elucidate if these
differences between organisms’ sensitivity to the
different MOFs are due to differences in bioavaiigb
of the dissolved metals released from these MOFs in
the different media. In Table S2, the percentagéiseo
main species predicted by Visual MINTEQ for the
dissolved metals released from 50 mg bf MOFs in
each medium after 24 h are shown.

As can be seen, each medium presented different
percentages of free ion, which has been describéuka
main bioavailable specie according to the Free lon

Model (FIM) (Campbelkt al., 2002). In accordance
with the speciation modeling, the €available is
significantly higher than the other ions due to liigh
release capacity of this MOF in the media and ¢o th
high predicted Cb" percentage in all media. The
percentage of Zn and Co free ion in the green alga
medium (TAP-) was slightly higher than in the other
media. However, only 2% of the total Ag dissolved i
this medium was presented as"Ag comparison with
57% and 49% presented in BG11 and AA/8 + N,
respectively.

As detailed before, at the same concentrationdeste
both cyanobacteria presented over 50% of
chlorophylla concentration inhibition for the three
MOFs after 24 h of exposure, however, the greea alg
only showed a clear sensitivity to Ag-TAZ, reaching
90% of chlorophylla concentration inhibition after
24 h. In order to explain the different sensitivstyown
by the three microorganisms, it has to be consijers
previously described faChlamydomonas, that for this
alga silver internalization is very rapid (Fortinca
Campbell, 2000; Leet al., 2005). On the other
hand, Macfiest al. (1994) and Macfie and Welbourn
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(2000) studied the effect of the cell wall of
Chlamydomonas as a barrier towards heavy metals
uptake such us Cd, Co, Cu and Ni. They concludad th
the algal cell wall offered some protection from
potentially toxic concentrations of certain metaishe

case of Co*, this tolerance appeared to be related to the

binding of this metal to the cell wall (Macfie and
Welbourn, 2000), although the protection variechwit
each metal and was limited to a specific range of
concentration. Therefore, if Zn and Co-MOFs
concentrations exposed towards the alga were ipetea
(Fig. 5), cell wall might no longer have a proteeti
effect leading to the occurrence of toxicity. As de
seen in Fig. 5, at 200 mg £, Zn-MOF cause 20% of
inhibition and Co-SIM 40% after 24 h of exposure
while after 48 h, both MOFs caused nearly 80% of
chlorophylla concentration inhibition. As highlighted
by other authors (Lét al., 2015), it is very important to
take into account the diversity in cell wall comipios
or surface architecture in studies of algal inteoac
with nanomaterials.

=
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—— Co:SIM1
i Zn- B
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Figure 5. Time evolution of dissolved metal (&g, Znd)
released from Co-SIM1, Ag-TAZ and Zn-SIM1 MOFs,
respectively in (A) distilled water, (B) AA/8 + NC) BG11
and (D) TAP- (MOF initial concentration 50 mg?L.

Summarizing, Ag-TAZ was the most toxic MOF for the
three microorganisms with a metal ion released rate
slower than Co-SIM1, which showed the highest ion
released rate.

3.2. Heavy metal bioreporter detection assays

In order to complete the information about the
bioavailability of the dissolved metals releasamir
these MOFs, a new approach using a heavy metal
whole-cell bioreporter was implemented. In conttast
chemical methods, heavy metals whole-cell
bioreporters measure the bioavailable metal, wisich
the fraction that interacts with the cell and cousntly
is detected by the organisms. Usually, this fractio
corresponds to the free ion specie, capable ofngass
through cellular membranes. For that, bioavailabof
the dissolved metals (AgZns and Cq) released from
MOFs was compared between the free ion

concentration predicted by Visual MINTEQ and a
heavy metal bioreporter based on a cyanobacterium,
Synechococcus elongatus pBG2120. As shown in Table
1, in the case of Agand Caq the concentration detected
by the bioreporter was very close to the free ion
concentration predicted by Visual MINTEQ program.
However, regarding Znthe concentration detected by
the bioreporter was much higher than the free ion
concentration predicted by the program. One pléaisib
explanation of that, as reported by other authsrte
uptake of a metal-ligand complex across the bialalgi
membrane (Kronet al., 2000; Zhaet al., 2016).
Besides, Errecaldet al. (1998) have elucidated that the
toxicity of Cc?* and Zi# * is enhanced in the presence
of citrate against the green aldseudokirchneriella
subcapitata. They have concluded that the
bioavailability of divalent metals in the presemte
citrate may well diverge from the predictions of th
Free ion model (FIM). As can be seen in Table 82, i
the bioreporter medium assay (BG11) the 54% of the
total Zny appeared as Zn-citrate complex, which could
be increasing the concentration of Zn detectinghiey
bioreporter.

Table 1L Comparison between free ion predicted
concentration by Visual MINTEQ and the bioreporter

output.

Metal Free-ion predicted | Bioreporter

dissolved | by Visual MINTEQ | output
(mgL™?) (mgL™%

Zng 0.007 N.D.
0.01¢ N.D.
0.02¢ 0.132+0.01:
0.05¢ 0.20¢+ 0.12(
0.11% 0.44€+ 0.03¢

Agd 0.007 N.D.
0.01« 0.02(+ 0.001
0.02¢ 0.027+ 0.01:
0.05¢ 0.04Z+ 0.01C
0.11: N.D.

Coy 0.01« N.D.
0.02¢ N.D.
0.05¢ 0.06¢ + 0.00¢
0.11- 0.11Z+ 0.00¢
0.22¢ 0.18¢+ 0.001

N.D. Not detected.

We can conclude that the free ion metal is mostylik
the species available and detected by photosyatheti
microorganisms and it is probably the chemical Ezec
responsible of the toxicity shown by these MOFs
although some metal-complexes could interact with
these organisms as well.

4. Conclusions

In summary, these Co, Zn and Ag-MOFs presented
high antimicrobial activity towards photosynthetic
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organisms such as cyanobacteria or algae afterya ve
short time of exposure. These characteristics make
these materials suitable for use as antimicrobial
materials against biofouling process, specifically,
“slime” constitution.

Also, a combined analytical chemistry, chemical
modeling and bioanalytical strategy was used ttebet
understand the antibiofouling properties of these
materials. Based on these different approachesawe h
elucidated that the biocidal activity presentedhsse
MOFs was due to the dissolved metals released from
them and more exactly, it depended on the
bioavailability presented by these metal ions, Wwhic
was closely related with the free ion concentration

Bioavailability and toxicity of the free ions as lvas

the release rate of these ions from the MOFs daterm
the biocidal capacity of each MOF. Thus, due to the
slower release rate of Adrom Ag-TAZ and the toxic
capacity of this metal ion, Ag-TAZ presents thetbes
characteristics for practical applications. However
taking into account the metal release capacithef t
different MOFs and the sensitivity of the target
microorganisms, MOFs based on other metals such as
Co and Zn can be also designed and used as biocides
The different sensitivities between species hau®eto
taken into account, especially, if these mateaads
designed to prevent colonization of surfaces by
different organisms. Furthermore, the gradual sees
the metal ions would provide a sustained long-term
biocidal activity towards photosynthetic organisms.
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Supplementary text. Preparation of materials.

Zn-SIM-1 synthesis.In a typical synthesis a solid mixture of 0.17Ddg8 mmol) of Zn(NG)2:- 4H0 and
0.301 g (2.7 mmol) of 4-methyl-5-imidazolecarboxadgde is dissolved in 5 ml of DMF. Afterwards the
solution is poured into a vial and heated in amaae373 K for 72 h. After the synthesis, the rasgl
powder is washed 3 times with DMF then with EtOlHeBamples are dried at 373K overnight. Empirical
formula GoH10ZNN4O:

Co-SIM-1 synthesis.n a typical synthesis a solid mixture of 0.199D¢g8 mmol) of Co(NG).- 6HO and
0.301 g (2.7 mmol) of 4-methyl-5-imidazolecarboxadgde is dissolved in 5 ml of DMF. Afterwards the
solution is poured into a vial and heated in amaae358 K for 72 h. After the synthesis, the rasgl
powder is washed 3 times with DMF then with EtOlHeTBamples are dried at 373K overnight. Empirical
formula GoH10CoNsO2

AgTAZ synthesis.A mixture of AQNQ (1.70 g, 10 mmol), aqueous ammonia (25%, 20 g, H2,4-
triazole (0.69 g, 10 mmol) was sealed in a 45 milohelined reactor and heated in an oven at 37860
h. After the synthesis, the resulting powder isiveak3 times with EtOH. The samples are dried akK373
overnight. Empirical formula £1,AgNs

Table S1 Composition of media for culture 8fnechococcus (BG11),Anabaena (AA/8 + N) and
Chlamydomonas (TAP-).

BG11* AA/8 + N* TAP-*
Compound Concentration (uM) Compound Concentrgfidv) | Compound Concentration (LM)
NaNCs 1800( MgSC4 12t NH4CL 701t
MgSC4 20c CaC; 62.5 MgSC4 831
CaC, 24C NaCl 50C CaC; 454
KaHPO, 230 KeHP Oy 250 KeHPOy 0.62
EDTA 2.80 NaNQ@ 2500 KHPOy 0.39
Citric acic 31 KNOs 250( NO3 211
Ammorum 20 NaEDTA 9.59375 PG 17.72
Na.CGCs 19C FeSG 8.64¢ Fe 10.6¢
H3BOs 46 MnCl; 1.1362! Zn 0.47
MnCl; 9.1 MoQOs 0.1562! Mn 0.47
ZnSGy 0.77 ZnSCy 0.09562! Mo 0.3¢
Na:MoO4 1.€ CuSG 0.039¢ Ca 0.0t
CuSQ 0.32 HBOs 5.78125 Cu 0.047
Co(NGs), 0.17 NH4VOs 0.024¢ Thiamine HCI 0.02¢
MOPS 2 (mM) CoClh 0.021 Biotin 0.00z

Cyanocobalamil 0.0003¢

*Adjusted to pH 7.5
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Table S2.Metal dissolved concentration released from 50.mi@f each MOF calculated by ICP-MS after

24 h of exposure in each medium and percentagenf species predicted by VISUAL MINTEQ.

Figure S1.XRD patterns of Ag-TAZ, Zn-SIM1 and Co-SIM1. Th&kRK measurements on the materials

26[°]

Medium BGl11 AA/S+N TAP-
Metal dissolved | Main species predicted by | Metal dissolved | Main species predicted by Metal dissolved Main species predicted by
MOFs calculated by VISUAL MINTEQ (%) calculated by VISUAL MINTEQ (%) calculated by VISUAL MINTEQ (%)
ICP-MS (mg LY ICP-MS (mg LY ICP-MS (mg LY
57.439 Ag" 49.016 Ag* 2,187 Ag’
40.040 AgCl 47.489 AgCl 41.251 AgCl
Ag-TAZ 0.1896 2.001 AgCly 0.0128 2.984 AgCly 0.3158 55.498 AgCly
0.119 AgSOy 0.403 AgSOy 1.025 AgCl*
0.399 AgNO; 0.104 AgNO; 0.039 AgCL*
26.287 Zn** 43.571 Zn** 68.542 Zn?*
0.020 ZnCI 0.051 ZnCI 1.425 ZnCl"
11.150 ZnOH" 21.291 ZnOH" 28.479 ZnOH"
0.237 Zn(OH): 0.475 Zn(OH). 0.590 Zn(OH):
0.338 ZnSO4 0.018 ZnOHCI 0.468 ZnOHCl
Zn-SIM1 2.4073 0.031 ZnH,POs~ 2.556 2.696 ZnSO, 2.4033 0.464 ZnHPO,
2.699 ZnHPO, 0.077 ZnH,PO4~ 0.021 ZnNO;*
0.679 ZnNO;* 7.024 ZnHPO,
0.311 ZnHCO;* 0.378 ZnNO;*
0.677 ZnCOs 0.015 Zn(SO4),*
54.503 Zn-CITRATE 24.402 Zn-EDTA™
3.046 Zn-EDTA*
98.324 Co** 95.380 Co’* 100.000 Co**
Co-SIM1 8.4586 1.676 Co-EDTA™ 10.7365 4.620 Co-EDTA™ 12.2019
AgTAZ
S pattern
S,
>
=
g Zn-SIM-1 o rm—
€ _JJ_MA_A_L
c pattern A SOV Y VR
Co-SIM-1
pattern
— T T T T T T T T T T
-5 0 5 10 15 20 25 30 35 40

were recorded in the 10-909 éange (scan speed = 20 s, step = 0.04°) by poM«Ray diffraction
(PXRD) using a Shimadzu 600 Series Diffractometepleying Cuka radiation §=1.5418 A).

2 um
—

2 um

Figure S2.SEM pictures of Ag-TAZ, Zn-SIM1 and Co-SIM1. Themhology of the as-synthesized
materials was examined by scanning electron mioms¢(SEM) using a DSM-950 (Zeiss) microscope.
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