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Abstract

The objective of this paper is to present a newsctd polylactic acid (PLA) fibers containing cobbased
metal organic frameworks (MOF). The material used Wo-SIM-1, a cobalt-based substituted imidazolate
Composite mats were prepared by electrospinning Wit a suspension of polyvinylpyrrolidone-staledz
Co-SIM-1. MOF particles formed aggregate of a smathber of primary particles that, after electragpu
became completely embedded inside polymeric fibhe.dispersion of particles was better for lower
loadings, for which the relative amount of metd¢ased to culture media was also higher. The
antimicrobial activity of composite mats was asedassing SEM images, fluorescence microscopy, direc
plate reading of fluorescent stains and plate cotinblony forming units among other. The microangans
used in this study weifeseudomonas putida andStaphyl ococcus aureus. Fluorescence techniques allowed
recording viable and damaged cells directly on snatace and in the culture media embedding thedibe
The results showed higher sensitivityhureus to cobalt-containing fibers, with a reduction mlany
forming units of up to 60% with respect to PLA maitke results also showed the presence of vialile bu
non-culturable microorganisms, which fail to formlanies but yield a positive signal to viable cHining.
Cobalt-based MOF included in electrospun mats pieantibacterial activity suitable to be used &ppre
membranes for various biomedical applications.

Keywords: Electrospinning, Polylactic acid, Cobalt, Metalganic frameworks, Microbiocidal fibers.

1. Introduction New developments are increasingly focused on the
development of materials of complex chemical
functionalization in order to impart tailored cheatdiand

physical propertief/].

Metal-organic frameworks (MOF) are a remarkablescla
of materials in which organic bridging ligands are
connected by metal ions to form one-, two-, anddhr
dimensional coordination networks|. The key The release of metal ions contained in the streabéir
advantages of MOF compared to inorganic microporousMOF makes them attractive antimicrobial materials f
structures such as zeolites, is their highly tumabl applications in which a tunable antibiotic is requi

composition, which can be achieved by using differe
metals or changing the organic linker. The initdé&rest
on MOF came from their very high surface areas and
hence an extremely high capacity to capture gases i
energy-related technologig& 3]. Many other potential
applications have been proposed for MOF in fielkis |
heterogeneous catalysis, gas purification and sgnsi
[4,5]. The focus on gas-related processes has been
recently complemented with novel biological
applications based on the capacity of coordination
polymers for the controlled release of bioactive
molecules, either physisorbed within the pore stmacor
behaving themselves as linkers in pro-drug f8n

Silver ion releasing compounds are a well knownitiam
of antimicrobials and several silver containing Mdve
been reported up to date to this end. Berchel et al
reported a silver-based MOF with a 3-
phosphonobenzoate ligand that acts as a sourdeef s
ions and showed antibacterial activity against
Staphylococcus aureus, Escherichia coli and
Pseudomonas aeruginosa [8]. Liu et al. reported another
silver-based metal-organoboron framework with
antibacterial activity against Gram-negative andn®s
positive human pathogef@]. Hindi et al.[10] and
Slenters et a[11] prepared other silver-based
coordination compounds with proved or suggested
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biocidal capacity. Silver, however, is an expenshatal
and the indiscriminate use of it in many consunterds
is suspected to promote not only a general tozlc it
also bacterial resistan§&2]. Silver was also
incorporated in different types of nanofibers idarto
incorporate antimicrobial effect. Sheikh et al.gaesd
silver doped polyurethane nanofibers via electruspig
in which silver nanoparticles were obtained frohaegi
nitrate by in situ reduction with N,N-dimethylformade
[13]. Shi et al. prepared silver nanoparticle-filledamy6
nanofibers by electrospinning, the electrospinning
solvent behaving as reducing agent for in situ eosion
of AgNG:s into silver nanoparticled4]. Several groups
reported the use of electrospinning to prepareitiybr
nanomaterials for antimicrobial applications bydiveay
chitosan-based fibers with silver nanoparti¢ligs 16).

In a recent paper Aguado et al. reported high aatésial
activity of a cobalt imidazolate MOR7]. The results
showed that the controlled release of cobalt gesesto a
long-lasting antibacterial activity with the advagé with
respect to silver that it is a relatively inexpamesi
element, still active for bacteria but less toxiart silver
[18]. Zhuang et al. also proposed a cobalt MOF with
tetrakis[(3,5-dicarboxyphenyl)-oxamethyl] methacala
as ligand, which demonstrated activity for the
inactivation ofE. coli [19]. Concerning other metals,
Sancet et al. prepared surface-anchored copper MOF
with dual functionality, intended to combine seigsand
controlled release of an antimicrobial metal [26]. The
material was tested using the marine bacteolaetia

based on polylactic acid (PLA). PLA is derived from
renewable resources and displays higher natural
hydrophilicity than conventional thermoplastic polkgrs
as a result of better access of water to the polggen
linkages in the backbone. This fact has been shiown
improve water fluxes and reduce the biofouling &y
of membranes made of PL&6]. PLA also displays a
good spinnability. The composite Co-—-MOF-—PLA
material is intended for use in antimicrobial apations
such as the preparation of antibacterial tissu¢iseor
production of membranes for water treatment.

2. Materials and methods
2.1 Materials

Transparent PLA (trade name: ‘PLA Polymer 2002D’)
was purchased in the form of pellets from Naturek&or
LLC, UK with a melt index of 5—7 g/10 min (at 210
°C/2.16 kg), a molecular weight 121,400 g/mol, a
melting temperature of 160 °C and a d-content of 4%
(96% I-lactide content). Polyvinylpyrrolidone (PV/P)
molecular weight 360,000 from Sigma—Aldrich wasdise
as dispersant. Dichloromethane (DCM, 99.5%), used a
solvent for PLA, and acetone (99.8%) were reagent
grade, obtained from Sigma—Aldrich and used as
received. The components of culture media were
biological grade reagents acquired from Conda-Rlisaa
(Spain). Fluorescein diacetate (FDA, CAS Number
25535-16-4) and propidium iodide (P1, CAS Number
596-09-8) acquired from Sigma—Aldrich were used as
cell viability stains. Live/Dead BacLight Bacterial

marina, and displayed good surface response to adheringability Kit was acquired from Molecular Probes.

microorganisms. It is interesting to point out thmainost
cases, the linker used in the preparation of MOF
reservoirs was not commercially available, the lsgsits

of it requiring several reaction-separation stépshis
work, we tested a cobalt-based MOF prepared using a
simple, relatively cheap and commercially available
ligand[21].

Electrospinning is a simple method for generating
nanofibers from a wide variety of materials, inchgl
many dissolved or melted polymers, using a highags
power supply. Electrospun fibers have been proven
useful in a number of fields such as water filoafithe
design of sensors, the manufacturing of specidhicig
and many biomedical applications such as wound
dressings or scaffolds for tissue engineefiig22]
Electrospun fibers have attracted considerablatadte
due to their remarkable properties, which incluceals
diameter and relatively high surface-to-volumeaati
even though the preparation of porous polymer
nanofibers with high surface areas is still a @raje
[23]. The incorporation of particles into electrospun
polymer nanofibers has also been explored by relsees
working in drug delivery applications and in water
treatment technologig24,25]

The purpose of this study was to prepare and test a
biocidal composite material consisting of a colbalsed
MOF embedded in an electrospun polymeric matrix

Chem. Eng. J.,

Co-SIM-1 (cobalt-based Substituted Imidazolate
Material) is a novel analogue of its zinc-basedpar
SIM-1[27,28] It consists of Coltetrahedra linked by
methyl-carboxyaldehyde-imidazolate, belongs to the
class of ZIF or ZMOF materials and is isostructtoal
ZIF-8 and ZIF-67. Co-SIM-1 was synthesized by
solvothermal procedure reported elsewh&re27,29]
Briefly, 0.199 g (0.68 mmol) of Co(N§R+6H,0O and
0.301 g (2.7 mmol) of 4-methyl-5-carboxyaldehyde-
imidazole were dissolved in 5 mL of DMF, the remsgt
solution being heated to 358 K for 72 h. The r@sglt
powder was washed three times with DMF and theh wit
ethanol and dried at 373 K overnight.

2.2 Electrospinning

A NANON-01A electrospinning unit (Mechanics
Electronic Computer Corporation, MECC Co., Ltd.,
Japan) was used to prepare composite mats. 7 vt/ P
solution was prepared by dissolving the requiredwam
of PLA pellets in DCM under constant magnetic stgr
for 24 h. Co-SIM-1 was dispersed in a 2.5 wt.% PVP
solution in DCM by mechanical stirring followed by
sonication for 3 min in pulsed mode (30 s pulseb @0
s delay after every pulse in order to avoid sample
overheating) using an ultrasonic processor VC509 (5
W, 20%) from Sonics & Materials Inc. The conceritnat
of dispersed particles was typically 30% over thsickd
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final concentration in the mat. Subsequently, Cig-SI 0 to 6 wt.%). Subsequently, the liquid fractioreatch
1dispersion and PLA solution were mixed at 1:lorati  culture was separated from mats for independemirsta
Co-SIM-1 loadings were 2, 4.5 and 6 wt.% of thalfin  and microscopy observation. A Live/Dead BacLight
weight of electrospun composite mats. (From ICP Bacterial Viability Kit (Molecular Probes, Invitremp
measurements, the true Co-SIM-1 content of the Detection Technologies, Carlsbad, CA, USA) was used
electrospun fibers used in this work was 2.06 #04063 to evaluate bacterial viability. In this stainingsgeem,
+0.17 and 6.04 £ 0.10.) After vigorous magnetirisy  viable cells exhibit green fluorescence (SYTO 9),
the resulting dispersion fed the electrospinningimme  whereas nonviable bacterial cells display red
with the following parameters: voltage21 kV; feed rate fluorescence (PI) with dye uptake depending updin ce
~0.9 mL/h; distance between the tip of the needtt an membrane integrity so that dead bacteria can bly eas
drum collector~15 cm; and drum rotation spee&00 distinguished from viable bacteria. For the stagnmh
rpm. cultures, 1 mL of each sample was transferred to an

: Eppendorf tube and stained with 110 of BacLight stain
2.3 Analytical methods (a mixture of SYTO 9 and Pl in DMSO, accordinghie t
The morphology of fibers after was examined using a manufacturer’s recommendations). For mat stairthmy,
scanning electron microscope (SEM) from Carl Zeiss whole surface of each mat was covered with BacLight
(EVO MA15) at an accelerating voltage of 18 kV and  stain in a Petri dish, using an amount ofu2cm?. In
probe intensity of 120 pA. A process of dehydratima  both cases the incubation was performed in the fdark
drying with acetone and ethanol was carried out to 15 min at room temperature. After incubatioml1of
analyze mats in contact with microorganisms by SEM. each liquid sample or 1 éof mat was transferred to a
The morphology of pristine and composite mats Wss a glass slide, covered with a glass cover slip aatege
investigated using atomic force microscope (AFMhgs The results were immediately observed using a Leica
a Park NX10 equipment in non-contact mode. X-ray  Microsystems Confocal SP5 fluorescence microscope.
diffraction (XRD) measurements were recorded in the For green fluorescence (SYTO 9, live cells) eximtat
10-90° D range (scan speed = 20 s, step = 0.04°) by was performed at 488 nm (Ar) and emission was

powder XRD using a Shimadzu 600 Series recorded at 500-575 nm. For red fluorescence @2kl d
Diffractometer employing Curadiation { = 1.5418 cells), the excitation/emission wavelengths were &6
A). The zeta potential of Co-SIM-1 particles was (He—Ne) and 570-620 nm respectively. The overlap of

obtained using electrophoretic light scattering bovad  green and red appeared yellow.
with phase analysis light scattering in a Malvern
Zetasizer Nano apparatus. The measurements were
conducted at 25 °C and pH 7.0 using 10 mM KCI water
or the culture medium as dispersants. The size
distribution of particles (< 6000 nm) was obtainesihg
dynamic light scattering (DLS) using the same
instrument. Inductively Coupled Plasma-Mass
Spectrometry analyses (ICP-MS) were performed on a
NexION 300XX de Perkin-Elmer. Optical density was

gqeasure(:] at 600 nmu%STgog Shimadzu UV rotary shaker at 150 rpm for 20 h at 30 °C. After

pectrophotometer UV- : incubation, the liquid fraction of cultures wasiséerred
2.3 Microbial bioassays to 96-well microplates by triplicate. A concentoatiof
0.02% (w/w) in DMSO was used for FDA and Pl in all
cases. L of fluorescent stains were added to 1@5of
medium in 96-well plate. For fluorescence readaftgr
15 min of incubation at 25 °C, FDA was excited 85 4
nm, and emission recorded at 538 nm. Pl excitatrah
emission wavelengths were 530 nm, 645 nm respégctive
Concerning mats, 3Q6L of the fluorescent stains was
carefully extended over the whole mat surface. Héiei
dishes with mats were placed inside the Fluoroskan
holder. The fluorescence emitted was measuredin to
: : mode, using an integration time of 60 ms. Thiseplat
anq, for solid media, agar powder 15 g. The pH was reader metﬁod permgits to obtain 320 data poin?; ove
adjusted to 7.2. - :

each surface as indicatedriy. S1 (Supplementary

Bacterial viability was assessed using fluorescence information)
microscopy as follows. Cells & aureus or P. putida
were incubated overnight for reactivation. Approately
1 x 10 cells were inoculated and incubated during 24 h
on mats containing different amounts of Co-SIM+bifi
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Bacterial viability was also tested using fluoresce
diacetate (FDA), a fluorogenic substrate, whichpesr

the detection of enzymatic activity and PI. The
fluorescence was measured in a fluorometer/lumiteme
Fluoroskan Ascent FL. A plate adapter specifically
designed to accommodate two 59 mm Petri dishes was
used. For this test, 4 mL of the growth mediumtdiito
approximately 6 x 0cell/mL was transferred to a Petri
dish in contact with electrospun mats and mainthinea

The microorganisms used in this study were
Pseudomonas putida (ATCC 12633) an@®aphyl ococcus
aureus (ATCC 6538P). The microorganisms were
maintained at —80 °C in glycerol (50% v/v) untikeus
Reactivation was performed by culture in 50 mL
Erlenmeyer’s flask and tracked by measuring optical
density (OD) at 600 nm. Microorganisms were grown a
30 °C, 150 rpm during 24 h to reach stationary phas
The culture medium used was, for 1 L solution in
distilled water, beef extract 5 g, peptone 10 gCN&ag

Samples from supernatant in contact with mats were
taken to carry out a standard plate count. Fab0t.2-
was inoculated with serial dilutions 1/100 and 1&bd



incubated for 24 h at 37 °C. A countable plate was
considered that containing between 25 and 300 mson
We also performed digital image analysis of Pasies
inoculated with microorganisms. Every image was
digitally treated to convert it into a B&W imageing the

electrospun mats was assessed using ICP-MS. ICP-MS
was also used to determine the loss of metal itacbn
with culture media. In all cases the amount of ineta
released was very similar during the first 24 hthwi
average cobalt percent loss of 40.6 £ 2.5 (%).tithe

public domain Java image processing software ImageJ profile for metal release is displayedfig. 1, which also

Counting black (pixel with colour 0-5) and whitexgls
with colour 250-255) pixels yielded the percentdree
of bacterial growth.

The disk diffusion method was also used to test the
antibacterial behaviour of Co-SIM-1 as described by
Driscoll et al. [30]. Petri dishes were preparethwi
culture media as indicated before, the cellular
concentration in inoculums adjusted to OD = 1. pDO
of each microbial suspension were transferredatepl
for inoculation and allowed to dry at room tempereat
before the addition of antimicrobials. Insteadlaf t
standard filter paper disks, 13 mm Whatman anodic
alumina discs with Co-SIM-1 deposited on their scef
were placed onto the inoculated agar plate. Zone
diameters in the disk diffusion assay were meastared
the nearest millimeter after 24 h at 37 °C. Conptates
were incubated under the same conditions to check
correct microbial growth. Sterile plates without
inoculation were also incubated to detect possataple
contamination.

3. Results and discussion
3.1Characterization of mats

Cobalt metal-organic Co-SIM-1 was characterized by
XRD in order to assess their crystallinifig. S2
(Supplementary information, S$hows a typical
diffractogram, which is good agreement with the
corresponding patterkig. S3 (Sl)is an image of Co-
SIM-1 particles showing that most of them have a
primary particle size below im.

70 A

60 -

50 A

40 A

30 A

Metal released (%)

20 1

10 A

40 60
Time (h)

20 80
Figure 1. Metal released for mats in contact with culture

medium. Co-SIM-1 content in wt. %: 2 %}, 4.5 % @) and 6
% (D).

Electrospun mats were prepared with three diffe@mt
SIM-1 loadings: 2, 4.5 and 6 wt.%. (A picture diypical
mat is shown ifFig. S1) The MOF content of

Chem. Eng. J.

shows that most of it took place during the firdt2 For
mats loaded with a lower amount of Co-SIM-1, theéahe
was released at a higher rate. This is most prgltzabl
consequence of metal diffusion being limited byfib
surface and not by MOF loading.

Most unloaded PLA fibers have diameters in the [im2
range, which is confirmed by SEMi{. 2). Fig. 2shows
(A and B) images of neat PLA fibers and (C and B) C
SIM-1 loaded mats. Co-SIM-1 patrticles consist of
aggregates of several microns formed by up to séver
tens of primary particles. This is clearly showrig.

2D. The DLS average size of Co-SIM-1 in colloidal
suspension in DMF was 274 nm, which is close to the
SEM size observed for primary particles. After
mechanical redispersion, the DLS size (also in DMF
before the final heating during Co-SIM-1 synthesis)
increased to 1440 nm, which is somewhat smallér tha
the size of aggregates embedded in fibEis. (1). The
best results for particle dispersion were obtaunsdg

2.5 wt.% PVP as stabilizing agdBfL]. The dispersant
becomes finally included in PLA mats with 26 wt.%
without any evidence of phase segregation or peafi
location inside electrospun fibers. AFM imag8s, Fig.
S4 A and B show PLA and PLA loaded with Co-SIM-1
(6 wt.%) with the same results. Both display a nhon-
smooth surface with elongated nanopores of about
50 nm. These structures have been attributeddsta f
evaporation of solvent giving rise to local phase
separation, so that the solvent-rich zones tramafdr
into cavities or pores during electrospinnjBg].

Figure 2. SEM micrographs of (A and B) neat PLA, (C, D)
PLA/Co-SIM-1 fibers.

, 262, 189, 2015



3.2Microbiological growth

Fig. 3shows SEM micrographs of mats kept in contact

for 20 h with cultures ofP. putida andS. aureus and
washed before imaging. Pure PLA fibers (A and D),

37 °C on agar plates with culture media. Mats egitteat
PLA or Co-SIM-1 loaded fibers, were placed on the
surface of Petri dishes and allowed to grow. Digita
picture processing of Petri dishes allows calcntathe

4.5 Wt.% Co-SIM-1 (B and E), 6 wt.% Co-SIM-1 (C and percent area free of bacterial growth as showfidn4

F), A—, B and C corresponding to P. putida andB-—,
and F to S. aureus. Biofilm formation can be clearl
observed in neat PLA mats as showikig. 3D. Biofilms
consist of a single or multiple species of bacteria
included in extracellular polymeric substance (EPS)
consisting of polysaccharides, proteins, and naceids.
P. putida is a rod-shaped, flagellated, Gram-negative
saprotrophic bacterium found in soil and water tadbi

S aureus is a Gram-positive coccal bacterium, which is
part of human flora but also a major opportunibtimman
pathogen. Different species of Pseudomonas and
Staphylococcus have been identified as biofilm fagm
microorganisms in biofouled surfaces such as memneisr:
and medical devicd83,34] In fact, both genus,
Pseudomonas and Staphylococcus, are well known fo
their biofilm forming ability on most surfac¢35]. For
increasing amounts of Co-SIM-1 in fibers it coukd b
observed a clear reduction of bacterial colonizatind
biofilm growth.Fig. 3C and F corresponds to fibers witt
6 wt.% Co-SIM-1, which were reasonably free of
microorganisms throughout the fibers, and not enly
specific locations such as the thicker parts wivto#
aggregates were evident. This fact indicates thiaalc
released from fibers passed through the PLA
encapsulating MOF and prevented microbial growth in
all the environment of loaded mats. In order toayet
deeper insight on the effect of Co-SIM-1 on baetenie
performed a set of microbiological tests using ocaf
microscopy and several quantitative tests for nhietlo
growth assessment, which are discussed in thenfioi¢p
paragraphs.

Figure 3. SEM micrographs of fibers in contact (20 h) with
cultures ofP. putida (A, B, C) andS aureus (D, E, F). Pure
PLA fibers (A and D), 4.5 wt. % Co-SIM-1 (B and B)wt. %
Co-SIM-1 (C and F).

The influence of MOF loaded mats on agar plate
coverage was studied using cultures grown for 20 h

Chem. Eng. J.,

All experiments were replicated until reasonabéendaird
deviation was obtained, which was also indicatefign
4 as error bars. A reasonably linear relationship wa
obtained between Co-SIM-1 content of fibers and the
area that remained optically free of bacterial cage
after the prescribed incubation time of 20 h. Fert86,
up to 30—-40% of the surface of mats was clear, mgth
apparent bacteria coverage either with culturda of
putida or S. aureus. The inhibition was slightly higher for
P. putida but the method did not allow sufficient
precision. This point will be addressed to below.

0.5

04

Area free of bacterial growth (%)

—O—PPutida
—{F- Saureus

0 1 2 3 4 5 6
Co-SIM-1wt. %

Figure 4. Area free of bacterial growth for mats in contiact
20 h with cultures oP. putida (1) andS. aureus (o) as a
function of Co-SIM-1 content of fibers. Inset: examfor P.
putida 4.5 wt. % Co-SIM-1 with image digitally tted to
display areas free of bacterial growth in white.

The results of Live/Dead BacLight Bacterial ViatyilKit
on neat and Co-SIM-1-loaded mats are displayédgs.

5 and 6 In both cases the micrographs display the double
staining (SYTO 9 and PI, green and red respeciively
which highlights viable (green) and membrane damage
(red) cells. In both caseB, putida andS. aureus, there
were no (or very few) damaged cells in pure PLAsnat
For increasing amounts of Co-SIM-1 the number df re
marked cells increased both in cultures in contaitt
mats (right) on mat surface itself (left). The effef the
biocidal cobalt compound was more apparenffor
putida, particularly when measuring mat surface, which
was mostly covered with dead or non-viable celig.(

5D and F). The difference betwe&raureus andP.

putida could be attributed to differences in cobalt imtak
as explained below. The more rapid growth of therla
for the experimental conditions used in this wookld
also play a role. It is interesting to note that tineen

stain SYTO 9 was also marking (green) individubéfis
as shown irFigs. 5 and B, D and F. This interference
could not be avoided and led to the substitutio8Y6T O
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Figure5. Live/Dead double staining & putida on mats. A,
C and E: cultures in contact with mats; B, D anfilfers. A
and B: neat PLA, C and D: 4.5 wt. % Co-SIM-1, E &d wt.
% Co-SIM.1. Contact time, 20 h.).

9 by FDA in quantitative fluorescence measurements.
These were performed using plate luminometer for
cultures and for the direct reading of mat surface
described before. The results are showrign 7 (A for

P. putida and B forS. aureus), which corresponds to data

obtained for FDA (viable cells) and the parallelicting
of colony forming units (CFU) for cultures kept thg
20 h on the surface of mats with different amour€a-
SIM-1. Quantitative data show higher sensitivityttod
colony forming capacity db. aureusto the inclusion of
cobalt in fibers, with CFU reduction of 60% witlspect

aureus. The signal of Pl-stained non-viable cells was
considerably larger fdP. putida, which could be
attributed to the different kind of microorganiskid. 8).
In fact, the internalization to cobalt in Gram-nidga
bacteria is determined by transenvelope effluxadrilsy
proteins of the resistance-nodulation-cell divisgpoup,
while for Gram-positive bacteria cobalt is takenhyp
cation-diffusion facilitator proteing38]. It is important to
note that the counting of viable and non-viabléscehbs
performed in bacterial culture medium and at thetmo
favourable growing conditions for them. A higher
inhibition could be expected under conditions less
favourable for microbial growt[89].

: = F
Figure6. Live/Dead double staining & aureus on mats. A,

to neat PLA mats. The results obtained from FDA and C and E: cultures in contact with mats; B, D andilfers. A

CFU followed the same trend and confidence intsrval
generally overlap, but there is a clear tendencgfid
towards lower values in loaded fibers. This effealy be
a consequence of the existence of viable but non-
culturable microorganisms (VBNC). It refers to ke
that fail to grow on the routine bacteriologicaldregeon
which they would normally grow and form colonieg bu
are alive and with metabolic activif$6]. This

phenomenon is often observed in microorganismsrundeC

stress conditions such as those induced during
disinfection[37]. FDA staining for viable cell counting

showed a decrease of up to 30—-40% for 6 wt.% Co-SI

1 mats, which was somewhat larger Foputida.
Microplate simultaneous readings of FDA-PI showed
coincident results with lower FDA inhibition f&

and B: neat PLA, C and D: 4.5 wt. % Co-SIM-1, E & wt.
% Co-SIM.1. Contact time, 20 h.

The possibility of electrostatic repulsion betw&am
SIM-1 nanopatrticles and the surface of bacteriaalss
explored. The surface of bacteria possesses large
negatively charged domains due to the presence of
anionic glycopolymers or lipopolysaccharides, which
ould be repelled by negatively charged particlés
zeta potential of Co-SIM-1 particles in water at pMias
—-11.7 £ 0.7, while in culture medium at the sametipéd
alue was —9.6 £ 0.5. These values can be considere
ow enough to neglect the possibility that physical
repulsion may play any role in keeping the surfafce
mats free of microorganisms, particularly consiagri
that MOF particles were embedded in a PLA matrix.

Chem. Eng. J., 262, 189, 2015
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Figure 7. Colony forming units®, 0) and FDA signalf)
relative to blank runs for mats electrospun wittiedent

amounts of Co-SIM-1. A: P. putid®), B: S. aureus (0O).

80 1

60 -

40 -

Viable and non-viable cells (%)

20 A

2 3

Co-SIM-1 (wt. % in fibers)

4 5 6

Figure 8. Viable and non-viable cells from FDA and PI
staining respectivelyP. putida (O, ¢), B: S aureus (o, W).
FDA: filled symbols, PI: empty symbols.

Finally, Fig. S5shows the inhibition diameter for Co-
SIM-1 coated alumina disks after incubation at G7r?
agar plates previously inoculated wikhputida or S
aureus. The circles indicate inhibition areas, which were

Chem. Eng. J.,

23.6 £ 1.4 mm foP. putida and 25.4 + 0.801 mm f&
aureus. (13 mm was the diameter of alumina discs.) The
inhibition diameter was slightly higher for P. i
although confidence intervals almost overlap. Temult

is in good agreement with the quantitative dataioled
from stained cells and indicates that, Co-SIM-Iclalal
effect is exerted independently of interaction with

PLA or PVP in fibers.

4, Conclusions

A cobalt-based metal—organic framework, Co-SIM-1,
was successfully included in a PLA electrospun witt
MOF loadings in the 2—6 wt.% range. The suspension
was stabilized during all the electrospinning itijgc
time using a solution of PVP 2.5 wt.%. PLA fibers
displayed diameters in the 1ufh range in which Co-
SIM-1 particles consisted of aggregates of several
microns formed by aggregation of some tens of pyma
particles. All Co-SIM-1 aggregates were completely
covered by PLA in composite mats.

SEM images showed that for increasing concentratidin
Co-SIM-1, the fibers became less susceptible ttebiat
colonization and biofilm formation. Confocal micoopy
and quantitative tests for microbial growth assesgm
confirmed this observation. Concerning plate
measurements, a device for plate reading on ttiecgur
of a whole 59 mm mat was used which allowed
guantifying fluorescent stains on the surface of a
electrospun mat. Fluorescent stains were usedhéor t
simultaneous identification of viable and non-vebl
cells. The results showed an increase in non-vieddle
for 6 wt.% Co-SIM-1 mats of up to 40% fBr putida,
with a parallel decrease in viable microorganishie
effect was higher foP. putida thanS. aureus, which
could be associated with the different way of tpamsng
cobalt in Gram-negative and Gram-positive bacteria.
The comparison between the number of viable cells
(FDA staining) and the number of CFU for culturé$o
putida andS. aureus showed a higher sensitivity Bf
putida to the inclusion of cobalt in fibers with a redacti
in the number of viable cells reaching 40% withpess
to neat PLA mats. The results also showed highative
FDA values with respect to CFU counting, which cbul
be interpreted as a result of the existence ofl@ibbt
non-culturable microorganisms (VBNC) associateth&o
inclusion of cobalt into fibers.
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Fig. S2. XRD pattern of Co-SIM-1.

Fig. S3. SEM micrographs of Co-SIM-1 particles.ttdetail of a larger particle.



Fig. S4. AFM images of net PLA (A) and Co-SIM-1dieal PLA fibers (B).



Fig. S5. Disk diffusion experiment to estimate batterial activity on (AP. putida and (B)S. aureus. The
circles indicate inhibition areas.





