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ABSTRACT: The rise of antibiotic-resistant bacteria has created an urgent need for antibacterial materials. One of the most 

widespread strategies involves the covalent attachment of ionic moieties, which can, however, compromise the quality of the final 

polymers. Herein, we report the synthesis of ionic Covalent Organic Framework nanoparticles via click post-synthetic modification. 

The material is highly dispersible and exhibits excellent antibacterial properties against both Gram-positive and Gram-negative 

bacteria. Furthermore, biobased polymer/COF nanocomposites were produced through casting/melt compression, and melt 

electrospinning, retaining the antibacterial properties without sacrificing the thermal stability of the polymers. Ongoing studies in our 

laboratories are exploring the potential application of these composites in biomedical devices. 
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1.INTRODUCTION 

The development of new materials to combat one of the most 

pressing global health challenges, antibiotic resistance, is a 

critical priority. In this context, polymeric antimicrobial 

materials have emerged as a promising alternative to 

conventional antibiotics and detergents.1–3 Among these, the 

design of cationic polymers is a rapidly growing area of interest. 

Their primary advantage lies in their proposed mechanism of 

action, which involves ionic interactions between the polymer 

and the negatively charged microbial membranes, leading to 

membrane disruption and, ultimately, bacterial cell death.1 As a 

result, bacterial resistance to these materials is minimized. In 

particular, cationic polymers bearing thiazolium groups derived 

from vitamin B1 (thiamine) have demonstrated strong 

antibacterial activity against Gram-positive bacteria, moderate 

efficacy against Gram-negative bacteria and fungi, and 

negligible toxicity towards red blood cells (RBCs).4–10 

A variety of nanomaterials, including films, electrospun fibers, 

nanofibers, membranes, nanosponges, and hydrogels, have 

been developed for wound healing and treatment applications, 

demonstrating efficacy against bacterial infections in wounds. 

In this context, Covalent Organic Frameworks (COFs) are a 

class of crystalline, porous materials first reported in 200511 

could be serve as excellent platforms for the targeted delivery 

of antibacterial agents to chronic wounds. Due to their outstand-

ing properties, such as crystallinity, porosity and pre-designa-

bility,13,14 they have been applied across a wide range of fields, 

including water harvesting,15 batteries,16 catalysis,17 and more. 

Among them, they sparked a promise in combating multidrug-

resistant bacteria.12 For these reasons we envisage that the de-

velopment of antibacterial COFs could be and straightforward 

approach to modify a wide range of polymers/plastics without 

changing their physicochemical properties, while maintaining 

the full-organic nature of the developed materials. However, a 

major limitation of COFs is their inherent insolubility, which 

poses challenges for integrating them into materials with spe-

cific shapes for practical applications (e.g., medical implants). 

To address this issue, the most common strategy involves exfo-

liating COFs to produce colloidal covalent organic 

nanosheets.18 Nevertheless, the low yields of this process and 

the tendency of COF layers to re-aggregate reduce the colloidal 

stability of the resulting products. To overcome this, several 

bottom-up methods have been developed to directly synthesize 

COF nanoparticles (NPs) with enhanced long-term colloidal 

stability.19,20  

COFs have also been applied as antibacterial materials, either 

through the generation of reactive oxygen species21 or via 

photothermal mechanisms.22,23  However, the development of 

ionic COFs (iCOFs) as antimicrobial materials remains largely 

unexplored to date,24 likely due to charge repulsion between the 

linkers, which reduces the effective interactions necessary for 

achieving a crystalline phase. To address this challenge, we 

proposed the use of click post-synthetic functionalization of 

COF nanoparticles with charged moieties as a strategy to 



 

develop antimicrobial materials. The antimicrobial moieties 

selected were methyl thiazolium groups, which have 

demonstrated antibacterial activity.4,5,8,10,25 

Herein we present the synthesis of a novel methyl thiazolium-

based Tz0.17-COF obtained by the post-synthetic CuAAC 

modification of Alk0.17-COF obtained by the room-temperature 

Schiff’s base reaction between 1,3,5-tris(4-

aminophenyl)benzene (TAPB), 2,5-dimethoxybenzene-1,4-

dicarboaldehyde (DMTA) and 2,5-bispropargyloxy-1,4-

dicarboaldehyde (BPTA). The nanomaterials obtained 

exhibited a well-defined spherical morphology with sizes 

around 500 nm, along with high crystallinity and porosity. 

Additionally, the high colloidal stability of the nanospheres 

enabled the evaluation of their antimicrobial activity against 

Gram-positive and Gram-negative bacteria, as well as fungi. 

Furthermore, these ionic nanoparticles were incorporated at 1% 

w/w into a poly(lactic acid) (PLA) as biobased model polymer. 

Among biobased polymers, PLA was selected due to its 

biocompatibility and biodegradability under physiological 

conditions,26 as well as its relevance in emerging technologies, 

particularly in the biomedical field.27 PLA-COF hybrids were 

synthesized using two different methodologies, namely solvent 

casting followed by compression molding, and melt 

electrospinning, resulting in PLA-COF composites. Finally, 

their antimicrobial activity was analyzed, revealing excellent 

results, even surpassing those offered by chemically modified 

natural polymers (Scheme 1). 

 

Scheme 1. Schematization of the workflow of this study: synthesis of COF NPs, post-synthetic modification, and hybridization with 

PLA

2.EXPERIMENTAL SECTION 

A complete description of reagents, solvents, instrumentations, 

and methods is available in the Supporting Information. 

Synthesis of Alk0.17-COF nanoparticles: DMTA (67.7 mg, 

0.34 mmol) and BPTA (17.7 mg, 0.07 mmol) were dissolved in 

acetonitrile (80 mL) and glacial acetic acid (5 mL). Meanwhile, 

in a 250 mL flask, TAPB (98.5 mg, 0.28 mmol) was dissolved 

in acetonitrile (20 mL) and stirred for five minutes. Then, the 

solution of DMTA and BPTA was added at once to the TAPB 

solution and the mixture was stirred at room temperature for 

36 h. The obtained solid was collected after centrifugation (40 

min, 6000 rpm), removing the supernatant with a syringe. The 

COF was washed with acetonitrile (50 mL) and centrifuged 3 

times with ethanol (50 mL) and then 3 times with hexane (50 

mL), waiting 6 hours between each wash. Finally, the air-dried 

solid was vacuum dried (100 C, 70 mbar) overnight, obtaining 

Alk0.17-COF as a yellow solid (65.80 mg, 83%).13C NMR-

CP/MAS (75 MHz) δ (ppm): 154.57, 149.06, 141.56, 128.68, 

122.71, 117.15, 110.17, 56.90, 54.63. PXRD (2θ) (°): 7.51, 

5.67, 4.87, 2.86. Microanalysis: Experimental: %C= 78.65, 

%H= 5.42, %N=6.83; Calculated:  %C= 79.1, %H= 4.94, 

%N=6.91. All the data was in good agreement with those 

reported previously. 28 

Synthesis of Tz0.17-COF nanoparticles: Alk0.17-COF (130 mg, 

28.28 mmol) was added to a flask with a magnetic stir bar, and 

the system was evacuated to 70 mbar for 2 hours. Meanwhile, 

in a vial under argon (Ar) Tz-N3 (23.5 mg, 0.15 mmol) and CuI 

(9.2 mg, 0.05 mmol) were dissolved in anhydrous DMF (5 mL). 

The solution was then added to the flask containing the COF, 

and the system was stirred under Ar for 5 minutes. Finally, 

27 µL of Hünig's base (0.15 mmol) were added using a 

Hamilton syringe, and the mixture was stirred at room 

temperature overnight. The solid was collected and washed by 

centrifugation (40 min, 6000 rpm) three times with acetonitrile, 

ethanol, and hexane, respectively. The resulting solid was 

vacuum- dried yielding Tz0.17-COF as an orange solid. 13C-

NMR-CP/MAS (75 MHz) δ (ppm): 154.38, 149.52, 140.87, 

128.86, 122.70, 117.13, 110.24, 55.88, 54.66.  PDRX (2θ) (°): 

7.54, 5.70, 4.84, 2.82. Microanalysis: Experimental: 

%C= 72.30, %H= 5.04, %N= 7.61, %S= 0.88; Calculated:  

%C= 73.00, %H= 4.78, %N= 8.21, %S= 0.54. 

Preparation of COF/PLA composites: i) Films: PLA films 

with functional COFs were prepared by solvent casting on petri 

dishes from chloroform solution of PLA, 20% of dibutyl adipate 

(DBA) as a plasticizer and dispersed nanoparticles at a concen-

tration of 1% w/w. After solvent elimination, the films were 

subjected to hot pressing at 190 °C and 30 bars for 3 min and, 

subsequently, cooled down quickly up to room temperature un-

der constant pressure for an additional 3 min. ii) Fibers: PLA 

fibers with functional COFs were obtained by melt electrospin-

ning using a NovaSpider equipment (CIC nanoGUNE, Spain). 

       

       

     
         

     
          

   
         

   

                 
                  

              

       



 

The material used was the films above mentioned, cut into 

pieces and introduced into the cylinder container with a 40 μm 

nozzle attached (Figure S1). The operated conditions were 240 

C of temperature, 50 % humidity, and air pressure of 150 kPa. 

A voltage of -7 kV was applied to the cylindrical collector with 

a working distance of 60 mm between the tip and the drum col-

lector, using a material collection speed of 500 rpm. 

Antimicrobial assays: Bacterial cells were grown on a 5% 

sheep blood Columbia agar plate for 24 h at 37 C. From these 

agar plates, fresh bacterial suspensions were prepared, and the 

concentration was adjusted with saline solution to a value of 

~108 colony-forming units (CFU)/mL (turbidity equivalent to 

ca. 0.5 McFarland turbidity standard (DensiCHEKTM Plus, 

VITEK®, BioMérieux). Subsequently, the suspension was 

diluted with fresh PBS buffer to achieve a final concentration 

of 105 CFU/mL. The bacterial suspension was, then, mixed 

with 1 mg of Alk0.17-COF or Tz0.17-COF. After incubation at 

37 C for 24 h, maintenance at 120 rpm, serial dilutions 10-fold 

were done and seeded in Columbia agar plates and the colonies 

were counted. The analysis of the films or fibers was done 

following the previous procedure used with COF samples. In 

this case, films or fibers with a mass of 20 mg were placed in 

contact with the bacteria solutions. All results represent the 

average of at least three independent experiments. 

 3.RESULTS AND DISCUSSION 

Alk0.17-COF nanospheres were synthesized through the Schiff 

base condensation reaction between TAPB, DMTA, and BPTA 

at room temperature in ACN/AcOH for 48h.28 Tz-N3 was 

synthesized following a previously reported procedure.4,29 The 

post-synthetic modification of Alk0.17-COF was performed via 

Hüisgen’s azide-alkyne cooper (I)-catalysed cycloaddition 

(CuAAC) with Tz-N3 resulting in the formation of Tz0.17-COF 

(Scheme 2). 

The modification of the network was confirmed via 13C cross-

polarization magic-angle-spinning nuclear magnetic resonance 

(13C CP/MAS-NMR) and Fourier-transform infrared (FTIR) 

spectroscopies. On the one hand, 13C CP/MAS-NMR (Figures 

1A, S2, and S3) shows the disappearance of the 73 ppm and 

80 ppm signals corresponding to the reactive alkyne groups, 

confirming the successful click post-synthetic modification. In 

addition, the aliphatic signals at 30 ppm and 14 ppm were 

assigned to the aliphatic carbons of the methyl thiazolium 

group. Furthermore, the FTIR spectra (Figures 1B and S4) 

display the fading of the azide signal centered at ca. 2100 cm-1 

of Tz-N3 indicating the complete reaction of this moiety and 

discarding the possibility of physical adsorption within in the 

pores. 

 

Scheme 2. Synthesis of Tz0.17-COF 



 

 

Figure 1. A) 13C CP/MAS-NMR spectra, highlighting the disappearance of the alkyne Csp carbons. B) FTIR spectra, highlighting the 

disappearance of the azide sorption band. C) PXRD patterns. The inset shows a magnification in the 3.8-25° range. D) Nitrogen 

sorption isotherms at 77 K. 

Similarly, the chemical composition of the remaining organic 

backbone is preserved when comparing the vibrations of the 

non-reactive functionalities (e.g., imine stretching at ca. 1620 

cm-1) before and after post-synthetic modification. Powder X-

ray diffraction (PXRD) (Figures 1C, S5, and S6) was used to 

evaluate the crystallinity of both COFs, showing that the 

framework remains almost unaltered after the post-synthetic 

modification, maintaining its long-range order. The diffraction 

maxima centered at 2.9, 4.8, 5.7, and 7.6 for both samples 

matches well with those previously reported by Jiang and 

coworkers,30 corresponding with the (100), (110), (200), and 

(210) facets, respectively. A large battery of DFT-based 

calculations was performed to further understand the local 

composition of the unit cells. The results of the simulations for 

the novel Tz0.17-COF indicate that the crystal structure exhibits 

exclusive P6 hexagonal symmetry, with monolayer lattice 

parameters of 37.12 Å. The preferred stacking configuration is 

eclipsed (AA), characterized by an increased interlayer distance 

of 4.89 Å (see Figure S7) attributed to the interlayer effect of 

the complexing iodide ion within the layer. The theoretically 

simulated diffractogram based on the optimized crystal 

structure demonstrates an excellent agreement with the 

experimental one, as shows the Pawley refinement carried out 

using the GSAS-II31 open-access software.  Thus, the negligible 

differences with the values obtained for Alk0.17-COF (see 

Figure S8) reinforces the validity of the structure derived from 

the simultaneous structure + cell DFT geometrical 

optimizations. 

The porosity of both materials was evaluated through nitrogen 

sorption isotherms at 77 K (Figures 1D, S9 and S10). Both 

frameworks exhibited type IV isotherms, as expected for 

mesoporous materials. However, the Brunauer-Emmett-Teller 

(BET) surface area, pore volume and pore size values decreased 

after post-synthetic modification due to the introduction of the 

methyl thiazolium moiety in the cavities. Specifically, the BET 

surface area of Alk0.17-COF was calculated to be 635 m2/g, 

while Tz0.17-COF exhibited a calculated surface area of 

520 m2/g (Figures S11 and S12). 
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Figure 2. A) Tyndall effect of Tz0.17-COF colloids. B) SEM micrograph of Tz0.17-COF (scale bar: 100 nm). C) TEM micrograph of 

Tz0.17-COF (Scale bar: 100 nm). DLS measurements for D) Alk0.17-COF, and E) Tz0.17-COF. 

Similarly, the pore volume decreased from 0.47 cm3/g to 

0.32 cm3/g at a relative pressure of 0.95. Lastly, the pore size 

distribution value was calculated using the non-local density 

functional theory (NLDFT) method (Figures S13 and S14), 

resulting in pore sizes centered at 3.2 nm and 3.0 nm for Alk0.17-

COF and Tz0.17-COF, respectively. These results correlate well 

with the original data reported for the post-functionalization of 

Alk0.17-COF.25  

Finally, the thermal stability of both COFs was studied by 

thermogravimetric analysis (TGA). The obtained thermograms 

(Figures S15 and S16) revealed that both COFs exhibited a 

weight loss of approximately 31% from 350 C to 850 C 

corresponding to the degradation of the frameworks. 

Furthermore, the chemical stability to aggressive media was 

also studied. Both COFs were suspended in solutions of NaOH 

and HCl (0.1 and 1M) for 24 h and then measured PXRD 

(Figures S17, S18, S19 and S20). The obtained diffractograms 

after the experiments revealed that the materials present higher 

stability in basic media than for acids. 

The spherical morphology was advantageous for the dispersion 

of the nanomaterials in various organic solvents, and even in 

water. By simply applying an ultrasounds bath (35 kHz, 80 W) 

for 5 minutes, stable COF suspensions can be obtained (see SI 

for more information). The colloidal nature was first 

corroborated by the Tyndall effect upon irradiation with a laser 

beam (Figure 2A). The microstructure of both COFs was 

examined using scanning electron microscopy (SEM) (Figures 

2B and S21) and transmission electron microscopy (TEM) 

(Figures 2C and S22) by drop-casting the COF suspensions 

onto the respective sample holders. The micrographs revealed 

that the nanosphere morphology was successfully retained after 

post-synthetic modification. From these data, the average sizes 

(with n=20) (Figure S23) were calculated, yielding distributions 

centered at approximately 489 ± 16 nm and 497 ± 13 nm for 

Alk0.17-COF and Tz0.17-COF, respectively. Additionally, 

dynamic light scattering (DLS) measurements (Figures 2D and 

2E, and Figures S24 and S25) were conducted to study the 

hydrodynamic size of the nanospheres. Thus, Alk0.17-COF and 

Tz0.17-COF exhibited monomodal distributions centered 

around 479 ± 21 nm, and 544 ± 22 nm, respectively, which 

aligns with the observations from electronic microscopies.  

The great dispersibility of these nanoparticles allowed us to test 

their antimicrobial activity against gram-positive and gram-

negative bacteria by dynamic direct contact.32 As can be seen in 

Table 1, the functional COFs presented great antimicrobial 

effectivity against both Gram-positive and Gram-negative 

bacteria with bacterial reduction over 99%.  

 



 

Table 1. Reduction percentage of microorganisms by Alk0.17-

COF and Tz0.17-COF  

 Bacterial reduction (%) 

Strain Alk0.17-COF Tz0.17-COF 

E. coli - 99.99 

P. aeruginosa - 99.999 

S. aureus - 99.99 

L. innocua - 99.996 

S. epidermidis - 99.99 

MRSA - 99.99 

 

Figure 3. Photographs of the materials under investigation. 

From left to right: PLA, PLA-Alk and PLA-Tz. From top to 

bottom: films and fibers. 

Due to the great results of the antimicrobial activity and taking 

into advantage the great processability of the developed COF 

nanoparticles, we decided to fabricate COF/biobased polymers 

to study the possibility of creating sustainable plastics with 

antibacterial properties. To address this, we decided to employ 

the commercially available poly(lactic acid) (PLA) as a model 

system of biobased polymers to study how the hybridization of 

the Tz-COF with a sustainable material can upgrade their 

properties avoiding its chemical modification and the 

modification of its structural properties. Thus, films of 

containing 1 wt% of COFs were prepared by simple mixing the 

chloroform dispersed nanoparticles in PLA solution (named as 

PLA-Alk and PLA-Tz). Once the solvent was evaporated, the 

films were subjected to melt compression to achieve thickness 

uniformity, 150 ± 3 µm. Additionally, these materials were 

subjected to a melt electrospinning process (Figure S1) to 

obtain fibers, which present a higher surface area of contact and 

expectable superior activity (named PLA-fb, PLA-Alk-fb, and 

PLA-Tz-fb) (see Figure 3).  

The size of these fibers was obtained from the SEM images 

(Figure 4). As can be noticed, PLA-fb fiber size is practically 

maintained with the incorporation of PLA-Alk-fb, 11 ± 1 µm, 

and 12 ± 2 µm, respectively. However, when the thiazolium 

group PLA-Tz-fb is incorporated there is a loss of 

homogeneity, but the size is still similar, 15 ± 5 µm.  It is 

important to notice that some rounded particles corresponding 

to COFs can be observed at the fiber surface. The thermal 

stability of materials was also studied by TGA. It is observed in 

Figures S26 and S27 two steps of degradation; the first one 

between 150 and 330 C is ascribed to the DBA plasticizer 

degradation and is approximately 20% of mass loss, that is the 

initial percentage of DBA. The second step with a maximum is 

around 350 C, is caused by the decomposition of PLA with 

COFs, demonstrating that the COFs do not modify the PLA 

matrix behavior. In addition, the remaining residue is 

approximately 1%, coinciding with the COFs amount 

introduced in the mixture. The thermal transitions of composite 

films and fibers were analyzed by DSC (see Figure S28). It is 

important to mention that the glass transition temperature is 

difficult to distinguish since the cold crystallization process 

starts at similar temperatures and, therefore, there are 

overlapping. Table 2 collects the temperatures of cold 

crystallization and melting, Tcc and Tm, as well as the 

corresponding enthalpies. The difference between both gives 

the crystalline fraction, (c), considering that pure 100% PLA 

crystal has a melting enthalpy of 93.6 J/g.33   

 

Table 2. Films and fibers thermal characteristics of PLA and 

composites with Alk0.17-COF and Tz0.17-COF  

Sample Tc 

(°C) 
Hc 

(J/g) 

Tm 

(°C) 
Hc 

(J/g) 

c DSC 

(%) 

PLA 80.0 20.0 163.0 45.3 27.1 

PLA-Alk 78.0 19.0 163.0 43.6 26.4 

PLA-Tz 77.5 17.6 163.0 42.3 26.4 

PLA-fb 83.5 27.4 164.5 46.8 20.8 

PLA-Alk-fb 75.5 18.2 162.5 41.9 25.3 

PLA-Tz-fb 76.0 15.6 162.0 44.2 30.5 

 

 

 

 



 

 

Figure 4. SEM images of the different fibers (Scale bar of 100 µm for all cases but insert is 10 µm). 

The film crystallinities of PLA and PLA with the incorporation 

of COFs are practically similar, while in fiber fabrication, the 

crystalline behavior changed. Initially, in the case of PLA fiber 

fabrication, there is a diminution of crystallinity, but the 

incorporation of COFs increases it, being higher with Tz0.17-

COF incorporation. This is produced by the stretching process 

on the fibers produced in the cylindric collector. X-ray 

diffraction profiles of both, films, and fibers, demonstrated 

these observations (see Figure S29). It is clear that the profile 

of PLA-Tz-fb presents higher crystallinity, in concordance with 

the data obtained by DSC. 

 

Figure 5. Reduction percentage of microorganisms by 

commercial PLA, and its composites in films and in fibers with 

Tz0.17-COF. 

 

Finally, the films and fibers were put in contact with S. aureus, 

E. coli and P. aeruginosa bacteria broth, and their results are 

displayed in Figure 5. PLA and PLA-fb are inactive against 

bacteria, as expected. The incorporation of Alk0.17-COF does 

not produce any reduction of bacteria colonies. These are also 

considered as blank samples. However, the introduction of 

Tz0.17-COF into films or fibers produces a significant reduction 

of bacteria. The differences between films and fibers are not 

distinguishable in the conditions used.  It is described that 

nanofibers due to their large surface area ratio are capable of 

increasing their effectiveness. However, the size of these fibers 

is considerable, ~10-15 µm, and therefore, their effectivity is 

not significantly increased. Despite this fact, the obtained 

materials are very active. In comparison with 5% and 10% 

curcumin-loaded COF into polycaprolactone nanofiber 

membranes,34 our nanocomposites are very active. The 

thermoplastic polyurethane fibers withβ-cyclodextrin covalent 

organic framework loaded with enrofloxacin antibiotic35 

presented similar effectivity than the present system, with the 

advantage in this case that the active group is not released, since 

is covalently attached. Moreover, it is important to mention that 

these fibers were obtained by electrospinning in solution, which 

reduces the fiber size and increase the contact area. Therefore, 

the strong activity in Tz0.17-COF and its fibers is undeniable.    

4.CONCLUSIONS 

In summary, we have successfully developed ionic COF 

nanoparticles at room temperature using click post-synthetic 

modification while retaining the structural features of the COFs. 

This strategy enabled the creation of advanced materials with 

great processability as colloids, facilitating the analysis of their 

antimicrobial properties and the incorporation of these 

nanomaterials into composites with biobased PLA as a model 

system. The PLA/COF nanocomposites containing 1 wt.% of 

Alk0.17-COF or Tz0.17-COF nanoparticles were successfully 

produced through casting/melt compression and melt 

electrospinning using a drum collector, respectively, owing to 

the enhanced dispersibility of the nanosphere morphology. The 

resulting films exhibited similar crystallinity, whereas the 

incorporation of COFs into fibers led to an increase in polymer 

crystallinity. However, the thermal degradation of PLA was 

minimally affected by the presence of the nanoparticles. The 

incorporation of quaternized thiazole groups into Alk0.17-COF 

imparted antimicrobial activity to both, films and fibers, against 



 

Gram-positive and Gram-negative bacteria. The strategy 

presented here could be extended to other biobased polymers, 

paving the way for a new generation of sustainable and 

functional materials for applications such as antibacterial 

surfaces for use in public environments (e.g., hospitals or 

schools),  tissue engineering, and regenerative medicine. 
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