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Abstract 

The objective of this paper is to present a new class of polylactic acid (PLA) fibers containing cobalt-based 
metal organic frameworks (MOF). The material used was Co-SIM-1, a cobalt-based substituted imidazolate. 
Composite mats were prepared by electrospinning PLA with a suspension of polyvinylpyrrolidone-stabilized 
Co-SIM-1. MOF particles formed aggregate of a small number of primary particles that, after electrospun, 
became completely embedded inside polymeric fibers. The dispersion of particles was better for lower 
loadings, for which the relative amount of metal released to culture media was also higher. The 
antimicrobial activity of composite mats was assessed using SEM images, fluorescence microscopy, direct 
plate reading of fluorescent stains and plate count of colony forming units among other. The microorganisms 
used in this study were Pseudomonas putida and Staphylococcus aureus. Fluorescence techniques allowed 
recording viable and damaged cells directly on mat surface and in the culture media embedding the fibers. 
The results showed higher sensitivity of S. aureus to cobalt-containing fibers, with a reduction in colony 
forming units of up to 60% with respect to PLA mats. The results also showed the presence of viable but 
non-culturable microorganisms, which fail to form colonies but yield a positive signal to viable cell staining. 
Cobalt-based MOF included in electrospun mats provide antibacterial activity suitable to be used to prepare 
membranes for various biomedical applications. 
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1. Introduction 

Metal–organic frameworks (MOF) are a remarkable class 
of materials in which organic bridging ligands are 
connected by metal ions to form one-, two-, and three 
dimensional coordination networks [1]. The key 
advantages of MOF compared to inorganic microporous 
structures such as zeolites, is their highly tunable 
composition, which can be achieved by using different 
metals or changing the organic linker. The initial interest 
on MOF came from their very high surface areas and 
hence an extremely high capacity to capture gases in 
energy-related technologies [2,3]. Many other potential 
applications have been proposed for MOF in fields like 
heterogeneous catalysis, gas purification and sensing 
[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 structure or 
behaving themselves as linkers in pro-drug form [6]. 

New developments are increasingly focused on the 
development of materials of complex chemical 
functionalization in order to impart tailored chemical and 
physical properties [7]. 

The release of metal ions contained in the structure of 
MOF makes them attractive antimicrobial materials for 
applications in which a tunable antibiotic is required. 
Silver ion releasing compounds are a well known family 
of antimicrobials and several silver containing MOF have 
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 source of silver 
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 and Gram-
positive human pathogens [9]. Hindi et al. [10] and 
Slenters et al. [11] prepared other silver-based 
coordination compounds with proved or suggested 
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biocidal capacity. Silver, however, is an expensive metal 
and the indiscriminate use of it in many consumer goods 
is suspected to promote not only a general toxic risk but 
also bacterial resistance [12]. Silver was also 
incorporated in different types of nanofibers in order to 
incorporate antimicrobial effect. Sheikh et al. prepared 
silver doped polyurethane nanofibers via electrospinning 
in which silver nanoparticles were obtained from silver 
nitrate by in situ reduction with N,N-dimethylformamide 
[13]. Shi et al. prepared silver nanoparticle-filled nylon 6 
nanofibers by electrospinning, the electrospinning 
solvent behaving as reducing agent for in situ conversion 
of AgNO3 into silver nanoparticles [14]. Several groups 
reported the use of electrospinning to prepare hybrid 
nanomaterials for antimicrobial applications by loading 
chitosan-based fibers with silver nanoparticles [15,16]. 

In a recent paper Aguado et al. reported high antibacterial 
activity of a cobalt imidazolate MOF [17]. The results 
showed that the controlled release of cobalt gave rise to a 
long-lasting antibacterial activity with the advantage with 
respect to silver that it is a relatively inexpensive 
element, still active for bacteria but less toxic than silver 
[18]. Zhuang et al. also proposed a cobalt MOF with 
tetrakis[(3,5-dicarboxyphenyl)-oxamethyl] methane acid 
as ligand, which demonstrated activity for the 
inactivation of E. coli [19]. Concerning other metals, 
Sancet et al. prepared surface-anchored copper MOF 
with dual functionality, intended to combine sensing and 
controlled release of an antimicrobial metal ion [20]. The 
material was tested using the marine bacteria Cobetia 
marina, and displayed good surface response to adhering 
microorganisms. It is interesting to point out that in most 
cases, the linker used in the preparation of MOF 
reservoirs was not commercially available, the synthesis 
of it requiring several reaction-separation steps. In this 
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, including 
many dissolved or melted polymers, using a high-voltage 
power supply. Electrospun fibers have been proven 
useful in a number of fields such as water filtration, the 
design of sensors, the manufacturing of special clothing 
and many biomedical applications such as wound 
dressings or scaffolds for tissue engineering [21,22]. 
Electrospun fibers have attracted considerable attention 
due to their remarkable properties, which include small 
diameter and relatively high surface-to-volume ratio, 
even though the preparation of porous polymer 
nanofibers with high surface areas is still a challenge 
[23]. The incorporation of particles into electrospun 
polymer nanofibers has also been explored by researchers 
working in drug delivery applications and in water 
treatment technologies [24,25]. 

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

based on polylactic acid (PLA). PLA is derived from 
renewable resources and displays higher natural 
hydrophilicity than conventional thermoplastic polymers 
as a result of better access of water to the polar oxygen 
linkages in the backbone. This fact has been shown to 
improve water fluxes and reduce the biofouling tendency 
of membranes made of PLA [26]. PLA also displays a 
good spinnability. The composite Co-–MOF-–PLA 
material is intended for use in antimicrobial applications 
such as the preparation of antibacterial tissues or the 
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 NatureWorks 
LLC, UK with a melt index of 5–7 g/10 min (at 210 
°C/2.16 kg), a molecular weight of ∼121,400 g/mol, a 
melting temperature of 160 °C and a d-content of 4% 
(96% l-lactide content). Polyvinylpyrrolidone (PVP), 
molecular weight 360,000 from Sigma–Aldrich was used 
as dispersant. Dichloromethane (DCM, 99.5%), used as 
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-Pronadisa 
(Spain). Fluorescein diacetate (FDA, CAS Number 
25535-16-4) and propidium iodide (PI, CAS Number 
596-09-8) acquired from Sigma–Aldrich were used as 
cell viability stains. Live/Dead BacLight Bacterial 
Viability Kit was acquired from Molecular Probes. 

Co-SIM-1 (cobalt-based Substituted Imidazolate 
Material) is a novel analogue of its zinc-based parent 
SIM-1 [27,28]. It consists of CoN4 tetrahedra linked by 
methyl-carboxyaldehyde-imidazolate, belongs to the 
class of ZIF or ZMOF materials and is isostructural to 
ZIF-8 and ZIF-67. Co-SIM-1 was synthesized by 
solvothermal procedure reported elsewhere [17,27,29]. 
Briefly, 0.199 g (0.68 mmol) of Co(NO3)2•6H2O and 
0.301 g (2.7 mmol) of 4-methyl-5-carboxyaldehyde-
imidazole were dissolved in 5 mL of DMF, the resulting 
solution being heated to 358 K for 72 h. The resulting 
powder was washed three times with DMF and then with 
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 wt.% PLA 
solution was prepared by dissolving the required amount 
of PLA pellets in DCM under constant magnetic stirring 
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 pulses with 30 
s delay after every pulse in order to avoid sample 
overheating) using an ultrasonic processor VC505 (500 
W, 20%) from Sonics & Materials Inc. The concentration 
of dispersed particles was typically 30% over the desired 
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final concentration in the mat. Subsequently, Co-SIM-
1dispersion and PLA solution were mixed at 1:1 ratio. 
Co-SIM-1 loadings were 2, 4.5 and 6 wt.% of the final 
weight of electrospun composite mats. (From ICP 
measurements, the true Co-SIM-1 content of the 
electrospun fibers used in this work was 2.06 ± 0.07, 4.63 
± 0.17 and 6.04 ± 0.10.) After vigorous magnetic stirring 
the resulting dispersion fed the electrospinning machine 
with the following parameters: voltage ∼21 kV; feed rate 
∼0.9 mL/h; distance between the tip of the needle and 
drum collector ∼15 cm; and drum rotation speed ∼500 
rpm. 

2.3 Analytical methods 

The morphology of fibers after was examined using a 
scanning electron microscope (SEM) from Carl Zeiss 
(EVO MA15) at an accelerating voltage of 18 kV and 
probe intensity of 120 pA. A process of dehydration and 
drying with acetone and ethanol was carried out to 
analyze mats in contact with microorganisms by SEM. 
The morphology of pristine and composite mats was also 
investigated using atomic force microscope (AFM) using 
a Park NX10 equipment in non-contact mode. X-ray 
diffraction (XRD) measurements were recorded in the 
10–90° 2θ range (scan speed = 20 s, step = 0.04°) by 
powder XRD using a Shimadzu 600 Series 
Diffractometer employing CuKα radiation (λ = 1.5418 
Å). The zeta potential of Co-SIM-1 particles was 
obtained using electrophoretic light scattering combined 
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 KCl water 
or the culture medium as dispersants. The size 
distribution of particles (< 6000 nm) was obtained using 
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 
measured at 600 nm using a Shimadzu UV 
Spectrophotometer UV-1800. 

2.3 Microbial bioassays 

The microorganisms used in this study were 
Pseudomonas putida (ATCC 12633) and Staphylococcus 
aureus (ATCC 6538P). The microorganisms were 
maintained at −80 °C in glycerol (50% v/v) until use. 
Reactivation was performed by culture in 50 mL 
Erlenmeyer’s flask and tracked by measuring optical 
density (OD) at 600 nm. Microorganisms were grown at 
30 °C, 150 rpm during 24 h to reach stationary phase. 
The culture medium used was, for 1 L solution in 
distilled water, beef extract 5 g, peptone 10 g, NaCl 5 g 
and, for solid media, agar powder 15 g. The pH was 
adjusted to 7.2. 

Bacterial viability was assessed using fluorescence 
microscopy as follows. Cells of S. aureus or P. putida 
were incubated overnight for reactivation. Approximately 
1 × 104 cells were inoculated and incubated during 24 h 
on mats containing different amounts of Co-SIM-1 (from 

0 to 6 wt.%). Subsequently, the liquid fraction of each 
culture was separated from mats for independent staining 
and microscopy observation. A Live/Dead BacLight 
Bacterial Viability Kit (Molecular Probes, Invitrogen 
Detection Technologies, Carlsbad, CA, USA) was used 
to evaluate bacterial viability. In this staining system, 
viable cells exhibit green fluorescence (SYTO 9), 
whereas nonviable bacterial cells display red 
fluorescence (PI) with dye uptake depending upon cell 
membrane integrity so that dead bacteria can be easily 
distinguished from viable bacteria. For the staining of 
cultures, 1 mL of each sample was transferred to an 
Eppendorf tube and stained with 10 μL of BacLight stain 
(a mixture of SYTO 9 and PI in DMSO, according to the 
manufacturer’s recommendations). For mat staining, the 
whole surface of each mat was covered with BacLight 
stain in a Petri dish, using an amount of 20 μL/cm2. In 
both cases the incubation was performed in the dark for 
15 min at room temperature. After incubation, 1 μL of 
each liquid sample or 1 cm2 of mat was transferred to a 
glass slide, covered with a glass cover slip and sealed. 
The results were immediately observed using a Leica 
Microsystems Confocal SP5 fluorescence microscope. 
For green fluorescence (SYTO 9, live cells) excitation 
was performed at 488 nm (Ar) and emission was 
recorded at 500–575 nm. For red fluorescence (PI, dead 
cells), the excitation/emission wavelengths were 561 nm 
(He–Ne) and 570–620 nm respectively. The overlap of 
green and red appeared yellow. 

Bacterial viability was also tested using fluorescein 
diacetate (FDA), a fluorogenic substrate, which permits 
the detection of enzymatic activity and PI. The 
fluorescence was measured in a fluorometer/luminometer 
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 medium diluted to 
approximately 6 × 108 cell/mL was transferred to a Petri 
dish in contact with electrospun mats and maintained in a 
rotary shaker at 150 rpm for 20 h at 30 °C. After 
incubation, the liquid fraction of cultures was transferred 
to 96-well microplates by triplicate. A concentration of 
0.02% (w/w) in DMSO was used for FDA and PI in all 
cases. 5 μL of fluorescent stains were added to 195 μL of 
medium in 96-well plate. For fluorescence reading, after 
15 min of incubation at 25 °C, FDA was excited at 485 
nm, and emission recorded at 538 nm. PI excitation and 
emission wavelengths were 530 nm, 645 nm respectively. 
Concerning mats, 300 μL of the fluorescent stains was 
carefully extended over the whole mat surface. The Petri 
dishes with mats were placed inside the Fluoroskan 
holder. The fluorescence emitted was measured in top 
mode, using an integration time of 60 ms. This plate 
reader method permits to obtain 320 data points over 
each surface as indicated in Fig. S1 (Supplementary 
information). 

Samples from supernatant in contact with mats were 
taken to carry out a standard plate count. For it 250 μL 
was inoculated with serial dilutions 1/100 and 1/10 and 
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incubated for 24 h at 37 °C. A countable plate was 
considered that containing between 25 and 300 colonies. 
We also performed digital image analysis of Petri dishes 
inoculated with microorganisms. Every image was 
digitally treated to convert it into a B&W image using the 
public domain Java image processing software ImageJ. 
Counting black (pixel with colour 0–5) and white (pixels 
with colour 250–255) pixels yielded the percent area free 
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 prepared with 
culture media as indicated before, the cellular 
concentration in inoculums adjusted to OD = 1. 500 μL 
of each microbial suspension were transferred to plates 
for inoculation and allowed to dry at room temperature 
before the addition of antimicrobials. Instead of the 
standard filter paper disks, 13 mm Whatman anodic 
alumina discs with Co-SIM-1 deposited on their surface 
were placed onto the inoculated agar plate. Zone 
diameters in the disk diffusion assay were measured to 
the nearest millimeter after 24 h at 37 °C. Control plates 
were incubated under the same conditions to check 
correct microbial growth. Sterile plates without 
inoculation were also incubated to detect possible sample 
contamination. 

3. Results and discussion 

3.1Characterization of mats 

Cobalt metal–organic Co-SIM-1 was characterized by 
XRD in order to assess their crystallinity. Fig. S2 
(Supplementary information, SI) shows a typical 
diffractogram, which is good agreement with the 
corresponding pattern. Fig. S3 (SI) is an image of Co-
SIM-1 particles showing that most of them have a 
primary particle size below 1 μm. 
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Figure 1. Metal released for mats in contact with culture 
medium. Co-SIM-1 content in wt. %: 2 % (), 4.5 % (□) and 6 
% (∆). 

Electrospun mats were prepared with three different Co-
SIM-1 loadings: 2, 4.5 and 6 wt.%. (A picture of a typical 
mat is shown in Fig. S1.) The MOF content of 

electrospun mats was assessed using ICP-MS. ICP-MS 
was also used to determine the loss of metal in contact 
with culture media. In all cases the amount of metal 
released was very similar during the first 24 h, with 
average cobalt percent loss of 40.6 ± 2.5 (%). The time 
profile for metal release is displayed in Fig. 1, which also 
shows that most of it took place during the first 24 h. For 
mats loaded with a lower amount of Co-SIM-1, the metal 
was released at a higher rate. This is most probably a 
consequence of metal diffusion being limited by fiber 
surface and not by MOF loading. 

Most unloaded PLA fibers have diameters in the 1–2 μm 
range, which is confirmed by SEM (Fig. 2). Fig. 2 shows 
(A and B) images of neat PLA fibers and (C and D) Co-
SIM-1 loaded mats. Co-SIM-1 particles consist of 
aggregates of several microns formed by up to several 
tens of primary particles. This is clearly shown in Fig. 
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 smaller that 
the size of aggregates embedded in fibers (Fig. 1). The 
best results for particle dispersion were obtained using 
2.5 wt.% PVP as stabilizing agent [31]. The dispersant 
becomes finally included in PLA mats with 26 wt.% 
without any evidence of phase segregation or preferential 
location inside electrospun fibers. AFM images (SI, Fig. 
S4 A and B) show PLA and PLA loaded with Co-SIM-1 
(6 wt.%) with the same results. Both display a non-
smooth surface with elongated nanopores of about 
50 nm. These structures have been attributed to a fast 
evaporation of solvent giving rise to local phase 
separation, so that the solvent-rich zones transformed 
into cavities or pores during electrospinning [32]. 

 
Figure 2. SEM micrographs of (A and B) neat PLA, (C, D) 
PLA/Co-SIM-1 fibers. 
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3.2Microbiological growth 

Fig. 3 shows SEM micrographs of mats kept in contact 
for 20 h with cultures of P. putida and S. aureus and 
washed before imaging. Pure PLA fibers (A and D), 
4.5 wt.% Co-SIM-1 (B and E), 6 wt.% Co-SIM-1 (C and 
F), A–, B and C corresponding to P. putida and D–, E 
and F to S. aureus. Biofilm formation can be clearly 
observed in neat PLA mats as shown in Fig. 3D. Biofilms 
consist of a single or multiple species of bacteria 
included in extracellular polymeric substance (EPS) 
consisting of polysaccharides, proteins, and nucleic acids. 
P. putida is a rod-shaped, flagellated, Gram-negative 
saprotrophic bacterium found in soil and water habitats. 
S. aureus is a Gram-positive coccal bacterium, which is 
part of human flora but also a major opportunistic human 
pathogen. Different species of Pseudomonas and 
Staphylococcus have been identified as biofilm forming 
microorganisms in biofouled surfaces such as membranes 
and medical devices [33,34]. In fact, both genus, 
Pseudomonas and Staphylococcus, are well known for 
their biofilm forming ability on most surfaces [35]. For 
increasing amounts of Co-SIM-1 in fibers it could be 
observed a clear reduction of bacterial colonization and 
biofilm growth. Fig. 3C and F corresponds to fibers with 
6 wt.% Co-SIM-1, which were reasonably free of 
microorganisms throughout the fibers, and not only at 
specific locations such as the thicker parts where MOF 
aggregates were evident. This fact indicates that cobalt 
released from fibers passed through the PLA 
encapsulating MOF and prevented microbial growth in 
all the environment of loaded mats. In order to get a 
deeper insight on the effect of Co-SIM-1 on bacteria, we 
performed a set of microbiological tests using confocal 
microscopy and several quantitative tests for microbial 
growth assessment, which are discussed in the following 
paragraphs. 

 
Figure 3. SEM micrographs of fibers in contact (20 h) with 
cultures of P. putida (A, B, C) and S. aureus (D, E, F). Pure 
PLA fibers (A and D), 4.5 wt. % Co-SIM-1 (B and E), 6 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 at 

37 °C on agar plates with culture media. Mats, either neat 
PLA or Co-SIM-1 loaded fibers, were placed on the 
surface of Petri dishes and allowed to grow. Digital 
picture processing of Petri dishes allows calculating the 
percent area free of bacterial growth as shown in Fig. 4. 
All experiments were replicated until reasonable standard 
deviation was obtained, which was also indicated in Fig. 
4 as error bars. A reasonably linear relationship was 
obtained between Co-SIM-1 content of fibers and the 
area that remained optically free of bacterial coverage 
after the prescribed incubation time of 20 h. For 6 wt.%, 
up to 30–40% of the surface of mats was clear, with no 
apparent bacteria coverage either with cultures of P. 
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. 
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Figure 4. Area free of bacterial growth for mats in contact for 
20 h with cultures of P. putida () and S. aureus (□) as a 
function of Co-SIM-1 content of fibers. Inset: example for P. 
putida 4.5 wt. % Co-SIM-1 with image digitally treated to 
display areas free of bacterial growth in white. 

The results of Live/Dead BacLight Bacterial Viability Kit 
on neat and Co-SIM-1-loaded mats are displayed in Figs. 
5 and 6. In both cases the micrographs display the double 
staining (SYTO 9 and PI, green and red respectively) 
which highlights viable (green) and membrane damaged 
(red) cells. In both cases, P. putida and S. aureus, there 
were no (or very few) damaged cells in pure PLA mats. 
For increasing amounts of Co-SIM-1 the number of red 
marked cells increased both in cultures in contact with 
mats (right) on mat surface itself (left). The effect of the 
biocidal cobalt compound was more apparent for P. 
putida, particularly when measuring mat surface, which 
was mostly covered with dead or non-viable cells (Fig. 
5D and F). The difference between S. aureus and P. 
putida could be attributed to differences in cobalt intake 
as explained below. The more rapid growth of the later 
for the experimental conditions used in this work could 
also play a role. It is interesting to note that the green 
stain SYTO 9 was also marking (green) individual fibers 
as shown in Figs. 5 and 6B, D and F. This interference 
could not be avoided and led to the substitution of SYTO  
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Figure 5. Live/Dead double staining of P. putida on mats. A, 
C and E: cultures in contact with mats; B, D and F: fibers. A 
and B: neat PLA, C and D: 4.5 wt. % Co-SIM-1, E and F: 6 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 as 
described before. The results are shown in Fig. 7 (A for 
P. putida and B for S. aureus), which corresponds to data 
obtained for FDA (viable cells) and the parallel counting 
of colony forming units (CFU) for cultures kept during 
20 h on the surface of mats with different amount of Co-
SIM-1. Quantitative data show higher sensitivity of the 
colony forming capacity of S. aureus to the inclusion of 
cobalt in fibers, with CFU reduction of 60% with respect 
to neat PLA mats. The results obtained from FDA and 
CFU followed the same trend and confidence intervals 
generally overlap, but there is a clear tendency of CFU 
towards lower values in loaded fibers. This effect may be 
a consequence of the existence of viable but non-
culturable microorganisms (VBNC). It refers to bacteria 
that fail to grow on the routine bacteriological media on 
which they would normally grow and form colonies but 
are alive and with metabolic activity [36]. This 
phenomenon is often observed in microorganisms under 
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-SIM-
1 mats, which was somewhat larger for P. putida. 
Microplate simultaneous readings of FDA-PI showed 
coincident results with lower FDA inhibition for S. 

aureus. The signal of PI-stained non-viable cells was 
considerably larger for P. putida, which could be 
attributed to the different kind of microorganism (Fig. 8). 
In fact, the internalization to cobalt in Gram-negative 
bacteria is determined by transenvelope efflux driven by 
proteins of the resistance-nodulation-cell division group, 
while for Gram-positive bacteria cobalt is taken up by 
cation-diffusion facilitator proteins [38]. It is important to 
note that the counting of viable and non-viable cells was 
performed in bacterial culture medium and at the most 
favourable growing conditions for them. A higher 
inhibition could be expected under conditions less 
favourable for microbial growth [39]. 

F
Figure 6. Live/Dead double staining of S. aureus on mats. A, 
C and E: cultures in contact with mats; B, D and F: fibers. A 
and B: neat PLA, C and D: 4.5 wt. % Co-SIM-1, E and F: 6 wt. 
% Co-SIM.1. Contact time, 20 h. 

The possibility of electrostatic repulsion between Co-
SIM-1 nanoparticles and the surface of bacteria was also 
explored. The surface of bacteria possesses large 
negatively charged domains due to the presence of 
anionic glycopolymers or lipopolysaccharides, which 
could be repelled by negatively charged particles. The 
zeta potential of Co-SIM-1 particles in water at pH 7 was 
−11.7 ± 0.7, while in culture medium at the same pH the 
value was −9.6 ± 0.5. These values can be considered 
low enough to neglect the possibility that physical 
repulsion may play any role in keeping the surface of 
mats free of microorganisms, particularly considering 
that MOF particles were embedded in a PLA matrix. 
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Figure 7. Colony forming units (, □) and FDA signal (∆) 
relative to blank runs for mats electrospun with different 
amounts of Co-SIM-1. A: P. putida (), B: S. aureus (□). 
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Figure 8. Viable and non-viable cells from FDA and PI 
staining respectively. P. putida (, •), B: S. aureus (□, ). 
FDA: filled symbols, PI: empty symbols.  

Finally, Fig. S5 shows the inhibition diameter for Co-
SIM-1 coated alumina disks after incubation at 37 °C in 
agar plates previously inoculated with P. putida or S. 
aureus. The circles indicate inhibition areas, which were 

23.6 ± 1.4 mm for P. putida and 25.4 ± 0.801 mm for S. 
aureus. (13 mm was the diameter of alumina discs.) The 
inhibition diameter was slightly higher for P. putida, 
although confidence intervals almost overlap. This result 
is in good agreement with the quantitative data obtained 
from stained cells and indicates that, Co-SIM-1 biocidal 
effect is exerted independently of its 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 mat with 
MOF loadings in the 2–6 wt.% range. The suspension 
was stabilized during all the electrospinning injection 
time using a solution of PVP 2.5 wt.%. PLA fibers 
displayed diameters in the 1–2 μm range in which Co-
SIM-1 particles consisted of aggregates of several 
microns formed by aggregation of some tens of primary 
particles. All Co-SIM-1 aggregates were completely 
covered by PLA in composite mats. 

SEM images showed that for increasing concentrations of 
Co-SIM-1, the fibers became less susceptible to bacterial 
colonization and biofilm formation. Confocal microscopy 
and quantitative tests for microbial growth assessment 
confirmed this observation. Concerning plate 
measurements, a device for plate reading on the surface 
of a whole 59 mm mat was used which allowed 
quantifying fluorescent stains on the surface of a 
electrospun mat. Fluorescent stains were used for the 
simultaneous identification of viable and non-viable 
cells. The results showed an increase in non-viable cells 
for 6 wt.% Co-SIM-1 mats of up to 40% for P. putida, 
with a parallel decrease in viable microorganisms. The 
effect was higher for P. putida than S. aureus, which 
could be associated with the different way of transporting 
cobalt in Gram-negative and Gram-positive bacteria. 
The comparison between the number of viable cells 
(FDA staining) and the number of CFU for cultures of P. 
putida and S. aureus showed a higher sensitivity of P. 
putida to the inclusion of cobalt in fibers with a reduction 
in the number of viable cells reaching 40% with respect 
to neat PLA mats. The results also showed higher relative 
FDA values with respect to CFU counting, which could 
be interpreted as a result of the existence of viable but 
non-culturable microorganisms (VBNC) associated to the 
inclusion of cobalt into fibers. 
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Fig. S2. XRD pattern of Co-SIM-1. 
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Fig. S3. SEM micrographs of Co-SIM-1 particles. Left: detail of a larger particle. 



 

 
 

 
 

 
 

Fig. S4. AFM images of net PLA (A) and Co-SIM-1 loaded PLA fibers (B). 
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Fig. S5. Disk diffusion experiment to estimate antibacterial activity on (A) P. putida and (B) S. aureus. The 
circles indicate inhibition areas.  
 




