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THEBIGGERPICTURE In the quest to address global antibiotic resistance, this study pioneers 3D-printable
antimicrobial polymeric scaffolds with embedded copper-based nanoparticles. A polymeric formulation
based on polymeric ionic liquids has been carefully designed to overcome nanoparticle stabilization chal-
lenges, while being optimized for 3D printing. Customized formulations for digital light processing and
masked stereolithography-based 3D printing are introduced, resulting in high-resolution materials with
potent antimicrobial properties. Successful 3D printing of a device analogous to a medical stent demon-
strated their efficacy against the growth of S. epidermidis bacteria. This research underscores additive
manufacturing’s transformative potential for high-resolution devices, contributing significantly to a critical
global health concern. It establishes a foundation for diverse antimicrobial solutions, marking a substantial
advancement in the field.
SUMMARY
In recent years, 3D printing has undergone a significant transformation, expanding beyond its initial niche ap-
plications, such as rapid prototyping and hobbyist projects. This evolution has been characterized by ad-
vancements in equipment, software, and, most notably, materials. However, the development of materials
that present high-resolution and advanced tunable functionalities is still a challenge. Herein, we report the
development of modular 3D-printable antimicrobial polymeric ionic liquid (PIL) scaffolds with in situ forma-
tion of copper-based nanoparticles within the polymeric matrix (Cu@PILs). A variety of formulations were
specially designed and optimized to be printed by digital light processing and masked stereolithography
techniques at high resolution. The antimicrobial activity as well as the biocompatibility of the different formu-
lations was tested, changing the monomeric ionic liquid and the photoinitiator. Tailor-made objects were
successfully manufactured, and as a demonstrator, a geometry compatible with a medical stent was printed.
INTRODUCTION

In recent years, 3D printing has experienced a remarkable trans-

formation, offering customization and preparation of advanced

devices. In this field, polymers can be specially designed to be

manufactured by 3D techniques, being of huge interest since

traditional polymerization techniques limit the geometries that

can be potentially generated.1 This sophisticated technology en-
Device 2, 100224, Fe
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ables to directly transfer the unique properties of molecular ma-

terials to macroscopic functional devices, rapidly closing the

loop between design, manufacture, and application at a rela-

tively low cost.2 The unprecedented flexibility in design allows

to manufacture high-resolution multi-material devices essential

to the development of future technologies.3–5 The inherent

tunability of properties in polymeric ionic liquids (PILs) makes

them an incredibly intriguing class of materials for 3D printing.
bruary 16, 2024 ª 2023 The Author(s). Published by Elsevier Inc. 1
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PILs are polyelectrolytes with monomer units of typical ionic liq-

uids, thus combining attractive IL properties (wide electrochem-

ical windows, thermal and chemical stability, low vapor pressure,

non-flammability and non-volatility properties) with polymer fea-

tures (i.e., mechanical robustness, particularly durability, low

toxicity, and rapid manipulation via classical polymer processing

methods).6,7 PILs also have an exceptional capacity to modify

the corresponding ions to easily control the physico-chemical

properties of the polymers.8–10 Therefore, it is possible to manu-

facture them using a variety of 3Dmethods, including inkjet print-

ing,11 digital light processing (DLP),2,12 andmasked stereolithog-

raphy (MSLA).13

In the last decade, antibiotic resistance has emerged as a

worldwide concern.14,15 To overcome this issue, new materials

with inherent antimicrobial activity are being developed.16 In

particular, polymeric matrices have recently attracted a lot of in-

terest due to their higher efficiency, lower toxicity, minimization

of environmental problems, resistance, and extended lifetime

compared to their small molecular counterparts.17 In addition,

there are many antimicrobial agents that can be added as fillers

into the polymeric matrices, such as metallic nanoparticles

(NPs).18–21 However, a challenge that might arise when working

with NPs is their effective stabilization. Different strategies em-

ploying 3D printable polymers have been proven effective to

offset this issue.22 In this regard, due to their ionic and supramo-

lecular interactions, PILs are excellent matrices for stabilizing

molecular and nanostructured materials.23,24 The employment

of PILs for antimicrobial applications has grown in popularity dur-

ing the past 5 years. Imidazolium-based PILs often receive the

greatest research attention because of their exceptional thermal

stability, low glass transition temperatures (Tg) values, and

simplicity of synthesis.25 The antimicrobial activity of imidazo-

lium salts and their polymer derivatives is now well

known,10,26–28 and in contrast to the cytotoxic ILs, PILs have

shown to be biocompatible.29–33 Brushes with strong antibacte-

rial activity based on imidazolium PILs have been successfully

printed.34 Apart from imidazolium groups, cholinium-based

PILs have showed some antimicrobial activity as well.35 Despite

these encouraging results, the combination of PIL formulations

with antimicrobial activity and 3D printing is still in its early

stages.36 The inherent ability of PILs to stabilize and support

metal precursor salts and NPs throughout the printing process

has been extensively documented. Wales et al. has demon-

strated the possibility to 3D print PIL-based materials with silver

salts, controlling the synthesis and stabilization of silver nano-

particles (AgNPs). The formation of AgNPs was effectively de-

coupled from the manufacturing process, and the printed films

outperformed pure PILs in terms of antibacterial activity.37

Nevertheless, safety concerns have been raised over the us-

age of AgNPs because they pose potential hazards and can

accumulate in the environment. In vivo tests demonstrated that

the exposure of sublethal doses reduced animal and young adult

lifespan andweakened their resistance to oxidative stress.38 The

substitution of silver salts for copper salts is of great interest for

improving the sustainability and biocompatibility of the process

and the devices.39 The natural antimicrobial activity of copper

(Cu), copper oxide (CuO), and copper alloys are well estab-

lished,40–42 and they have been used in a variety of applications
2 Device 2, 100224, February 16, 2024
such as clinical ones, food packaging, and textiles.43,44 The

addition of Cu NPs to 3D-printable polymers can be beneficial

for developing medical devices, enhancing the antimicrobial

properties, and avoiding bacterial growth.45–49 Muwaffak et al.

incorporated metallic copper into an FDA-approved polymer

(polycaprolactone) to produce filaments for 3D printing. In that

way, customized wound dressings were prepared. However,

high temperatures were required in the printing process.50 In

the literature, there are few examples of antibacterial materials

mixing PILs with copper as antimicrobial agent, despite demon-

strating low hemolysis against human cells and high long-term

antibacterial stability.51 The effective encapsulation of the cop-

per-based compounds and nanomaterials is also an effective

strategy to minimize their release to the environment, avoiding

eco- and cytotoxicity concerns on the environment and human

health.52–54

In our previous work, we demonstrated high antimicrobial ac-

tivity using Ag@PIL composites37; however, the reported formu-

lations also possessed high cytotoxicity, leaving room for devel-

opment to mitigate this aspect. Within this context, our aim was

to develop bespoke formulations for additive manufacturing that

maintained antimicrobial activity but possessed reduced cyto-

toxicity. Here, we report a broad variety of novel 3D-printable for-

mulations that were fully characterized and optimized to beman-

ufactured by DLP and MSLA with the desired geometries at high

resolution. Then, the optimum formulations were functionalized

with Cu NPs. The materials demonstrated bactericidal activity

against a model skin bacterium Staphylococcus epidermidis.

This novel Cu@PIL formulation was used for successfully 3D-

printing a medical demonstrator.

RESULTS AND DISCUSSION

In this work, biocompatible PILs based on a mixture of mono-

meric ionic liquid (mIL) with a cross-linker and a photoinitiator

(PI) were prepared. In this regard, a variety of mILs and

PIs were combined and evaluated. The three mILs tested

were 1-butyl-3-vinylimidazolium bis(trifluoromethane)sulfoni-

mide (mIL1), 1-(3-hydroxy propyl)-3-vinylimidazolium bis(tri-

fluoromethane)sulfonimide (mIL2) and [2-(acryloyloxy)ethyl]

trimethyl-ammonium bis(trifluoromethylsulfonyl)imide (mIL3),

represented in Figure 1. Both mIL1 and mIL2 were synthesized

from their bromide salt via anion metathesis as described in the

electronic supplementary information (ESI). Then, mIL3 was

synthesized from commercial [2-(acryloyloxy)ethyl]trimethyl-

ammonium chloride ([AcrEMA][Cl]) by anion exchange, also

described in the ESI. Polyethylene glycol diacrylate (PEGDA)

monomers with different average molecular weights (250, 575,

700 g/mol) were employed as cross-linker. These can influence

kinetics of polymerization, mechanical properties, and ultimately

printing precision. Lastly, the photoinitiators studied were

phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), di-

phenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), and 2,2-

dimethoxy-2-phenylacetophenone (DPAP). All the tested formu-

lations are summarized in Table 1.

The polymeric formulations were optimized in order to obtain

printings with high resolution. A wide variety of photopolymers

were prepared and characterized using the three monomeric



Figure 1. Main components evaluated for developing 3D-printable biocompatible and antimicrobial formulations
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ionic liquids. The range of concentrations of mIL:PEGDA were

varied from 100:0 to 60:40, while BAPO concentration was fixed

at 1 wt % (Table 1). Furthermore, a low concentration of a dye

was added to improve the resolution. In this way, methyl red

was added (0.1 wt %), giving a distinctive red color on all the

printings.

Important parameters such as polymerization kinetics were

analyzed to get good printing conditions. Polymerization kinetics

of all the formulations were followed by photorheology. Once the

storage modulus reached a plateau, the polymerization was

completed. As it can be seen in Figure 2A, mIL3.2 reactivity

(black line) was faster than that of mIL2.2 (red line) and mIL1.2

(blue line) due to its acrylate double bond. The reactivity of

mIL3.2 was similar to that of the diacrylate groups of PEGDA

(green line). In contrast, imidazolium-based formulations,

mIL2.2 and mIL1.2, had a vinyl double bond that was slightly

slower to initiate polymerization, as can be seen from the delay

time. The delay time before starting the photopolymerization

for mIL3.2 was around 0.3 s, while for mIL2.2 and mIL1.2, it

was more than 2 s. The storage modulus was similar between

them, reaching a plateau around 105 Pa, which means that the

polymerization was completed at that point. However, great dif-

ferences were found when measuring the monomeric formula-

tions without cross-linker (mIL1.4, mIL2.4, mIL3.4), which pre-

sented higher delay times and much slower kinetics (related

with the slope gradient) (Figure S1). This behavior was expected

since pure mIL formulations are less reactive, requiring longer

time and more energy to polymerize. Indeed, the mILs without

cross-linker were unable to manufacture solid 3D objects

because the polymerization was only partial, and the polymeric

conversion and the gel content of the films are shown in Table 1.

The polymerization reactions were followed by Fourier trans-

form infrared spectroscopy (FTIR), whereby the absence of

C=C double bond vibrations at 1,640 cm�1 and 990 cm�1 was

used to calculate the conversion (Figure 2B). To this end, the

evolution of the FTIR signals belonging to the acrylate and vinyl

functional groups before and after 3D-printing irradiation were

analyzed. The polymeric conversion was calculated according

to the literature.55 The spectra were normalized using the area

of the SO2 band at 1,350 cm�1, belonging to the counter-anion

bis(trifluoromethane)sulfonimide. At the same time, the presence

of unreactedmonomers in printed flat samples was evaluated by

extraction in chloroform, indicating the percentage of insoluble

fraction for each sample (gel content).
The gel content and the polymeric conversion provided infor-

mation on the reactivity and the degree of polymerization of each

formulation. From Table 1, it can be concluded that, in general,

mIL3 formulations polymerized more efficiently due to their high-

est reactivity. As it was expected, a larger molar percentage of

cross-linker led to higher degrees of polymerization, with some

exceptions. Thus, pure PIL formulations (PILx.4, Table 1, entries

5, 11, and 17) reported generally low gel content and polymeric

conversion percentage. Table 1 also reveals that formulations

using PEGDA 250 were less effective than those with PEGDA

575 and PEGDA 700.

Finally, dynamicmechanical thermal analysis (DMTA) was per-

formed using printed flat films to evaluate the Tg of the polymers.

The results are in good agreement with the theoretical values

calculated with the Fox equation, even if some discrepancy

seems to emerge, especially for formulations based on mIL3,

which resulted in more flexibility than what we expected. On

the other hand, it must be noted that the Fox equation is an

empirical law, which does not take into consideration intermo-

lecular interactions or variations of cross-linking density. At

last, data for PIL2.5 sample are missing because this specimen

demonstrated to be too fragile with tendency of crack formation,

resulting in being not suitable for DMTA testing.

The printing parameters were adjusted for each formulation to

improve the resolution of the printed parts (see Table S1). The

main parameter modified was the exposure time per layer, which

is related to the reactivity of each formulation. All the printing pro-

cedures are characterized by two different exposure times, one

for the first layer and the other for the rest of the printing. Gener-

ally, in bottom-up configuration, the first printed layers (burn-in

layers) need a longer light exposure time to ensure their attach-

ment to the platform. Other parameters were modified to

improve printing procedure, namely, the separation and

approach velocities and the slides per layer. The compositions

were processedwith an Asiga PICO2DLP printer tomanufacture

complex and bespoke macroscopic devices, with tailored

shapes and properties. By varying the ionic monomer concen-

tration, the molecular weight of the cross-linker and the display

images, precise 3D design, and specific polymeric properties

were achieved.

All the printings were scanned by a 3D scanner to evaluate the

fidelity of the printed part to the digital design (Figures 2C–2E).

That equipment reported the resolution of the printings after

comparing the scanned figures with the original CAD models.
Device 2, 100224, February 16, 2024 3



Table 1. Summary of all the formulations prepared and a quantitative assessment of the properties of the materials developed

mIL Code mIL (mol %) PEGDA (MW) PEGDA (mol %) Conversion (%) Gel content (%) Tg (ºC) Theoretical Tg (
�C)a

N/A PEGDA 0 250 100 90 99 30 N/A

N/A PEGDA 0 575 100 99 99 �20 N/A

N/A PEGDA 0 700 100 99 99 �30 N/A

mIL1 PIL1.1 60 575 40 98 81 �10 �17.9

PIL1.2 80 575 20 99 71 �14 �17.1

PIL1.3 90 575 10 99 57 �14 �16.7

PIL1.4 100 N/A 0 62 50 �16 N/A

PIL1.5 80 250 20 97 68 �4 �8.2

PIL1.6 80 700 20 99 74 �27 �19.2

mIL2 PIL2.1 60 575 40 90 90 �10 �2.6

PIL2.2 80 575 20 96 95 1 3.7

PIL2.3 90 575 10 35 93 7 7.1

PIL2.4 100 N/A 0 48 89 10 N/A

PIL2.5 80 250 20 75 67 N/A N/A

PIL2.6 80 700 20 76 82 �3 1.4

mIL3 PIL3.1 60 575 40 98 99 6 24.4

PIL3.2 80 575 20 93 99 24 42.9

PIL3.3 90 575 10 98 98 57 53.1

PIL3.4 100 N/A 0 73 90 64 N/A

PIL3.5 80 250 20 63 93 7 56.6

PIL3.6 80 700 20 99 95 2 40.8
aCalculated applying the Fox equation.
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Both mIL3 and mIL2 formulations could be printed with similar

parameters, although their composition was different, since

mIL3 was a cholinium monomer and mIL2 was an imidazolium,

while the other imidazolium monomer, mIL1, needed much

more time and slides per layer in order to obtain good printings.

Still, the resolution of both imidazole monomers was remarkably

lower (with a standard deviation [s] between the scan data and

the reference model of 0.37 mm), probably due to the inferior

reactivity of the vinyl groups of the imidazolium in contrast to

the acrylates from the cholinium (s = 0.20 mm).

Likewise, formulations with PEGDA 250 and PEGDA 700 were

not suitable for printing elaborate devices, and only flat bases

were properly printed. The parts were either too tightly cross-

linked or not enough, in both cases resulting in some deforma-

tion in the complex structures. For that reason, PEGDA 575

was chosen as the cross-linker in future tests. Additionally, the

printing resolution of formulations with 90 mol % of mIL was in

general poor (s � 0.45 mm). In contrast, formulations with

80 mol % of mIL presented printing accuracy (s � 0.25 mm)

(Figure S2).

At this point, biological tests on themost promising formulation

(80:20 mIL/PEGDA 575) were performed. In a previous work, the

antibacterial films based onmIL2 (PIL2.2)37 showed high cytotox-

icity to a mammalian epithelial cell line (Figure S3). In that work,

cell viability assays performed on Vero cells incubated with

PIL2.2 were apoptotic, a form of programmed cell death, while

the cells with Ag@PIL2.2 suffered necrosis, a form of traumatic

cell death that results from acute cellular injury. In contrast, the

viability of mIL1 and mIL3 formulations (PIL1.2 and PIL3.2) was
4 Device 2, 100224, February 16, 2024
notably superior. These preliminary operative studies demon-

strate how the monomer affects biocompatibility of the derived

PIL. Additionally, photoinitiators with low cytotoxicity were also

crucial. Polymerized samples containing BAPO resulted in low

cell viabilities, while films based on DPAP and TPO presented a

high biocompatibility. As it can be seen in Figure 3, the same

monomer (mIL1) was photopolymerized using the three PIs,

showing generally lower cytotoxicity when using DPAP and

TPO. Likewise, different concentrations of PI were tested (0.5

wt %, 1 wt %), finding improved cell viability with lower PI con-

centrations. Therefore, both components, mILs and PIs, played

an important role for reaching biocompatible PIL-based formula-

tions. Moreover, a thorough washing protocol was applied to re-

move the unreacted and potentially cytotoxic products (mono-

mers and photoinitiator) from the material. This is important to

avoid misleading results in the biocompatibility tests. The

washing step consisted of immersing the samples in 70%ethanol

for 1 h to remove unreactedmonomers and excess PI before per-

forming the cell viability tests. This washing step also served to

sterilize the samples before performing these assays.

Hence, in the next studies, the formulations evaluated con-

tained the monomers mIL1 or mIL3 using TPO as photoinitiator

with the concentration fixed at 0.5 wt %. Differently from previ-

ous work, a copper salt was added to the monomeric mixture

to obtain antimicrobial devices. The first test performed aimed

at assessing if the presence of these salts may affect kinetics

of photopolymerization, by means of photorheology experi-

ments. This investigation evidenced that the presence of salts

did not affect photocuring behavior since reaction time and



Figure 2. Printability of the mIL-based

formulations

(A) Photorheology curves of the three monomers

with PEGDA 575 (mIL1.2, mIL2.2, mIL3.2) compared

with pure PEGDA 575 (PEGDA).

(B) FTIR spectra before 3D-printing (mIL3.2) and

after (PIL3.2), showing the disappearance of the

C=C peaks (at 1,640 and 990 cm�1), while the

reference peak (1,350 cm�1) kept constant; 3D-

printed structures using different formulations.

(C) PIL1.2.

(D) PIL2.2.

(E) PIL3.2 and the evaluation of the printing resolu-

tion by comparing the STL file to the scanned image

acquired from the printed parts. The highest reso-

lution achieved was 50 mm.
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rate were similar, and all the curves reached a similar modulus

plateau at the end of the process (Figure 4).

UV-vis spectra of the polymerized film containing Cu species

(Figure S4A) showed the characteristic band of the copper,

evidencing proper dispersion.56 Different concentrations of cop-

per salt (1 and 2 wt %) were tested (Figure S4B). As expected,

the copper band was significantly more evident using 2 wt %.

Furthermore, copper presents less bactericidal effect than sil-

ver,41 so we decided to use 2 wt % of copper concentration in

the following tests.

The chemical oxidation state of copper in the films was further

investigated by characterization with X-ray photoelectron spec-

troscopy (XPS). Figure 5 exhibits the high-resolution XPS Cu 2p

and Cu LMM Auger spectra of the Cu@PIL1.2 film, where a

doublet located at �932/952 eV was obtained. However, the

typical satellite of Cu(II), around 942–944 eV, was not identified.

The doublet identified is characteristic of Cu(OH)3NO3 species,
57
while it does not appear in the XPS of

Cu(NO3)2 found in the literature.58 The

spectra were calibrated using the energy

reference of the C 1s (C–C) at 285 eV.

So, the copper in PIL1.2 film could be a

mixture of Cu(I) and Cu(II), explaining the

absence of Cu(II) satellites. According to

similar XPS results found in the literature,

copper (I) could form a complex with the

C2 of the imidazolium group.59–61 Still, the

copper contained in our films seemed to

be reactive and unstable, indicating a

mixture of copper species. This factor

made it difficult to identify the copper state

by FTIR and Raman spectroscopy, where

we could not identify any characteristic

band (Figure S5). The PIL-based formula-

tion may not be the strongest or most

appropriate stabilizing system for the cop-

per species formed. The formation of Cu

NPs usually requires reducing and stabiliz-

ing agents to generate Cu(I) and Cu(0) spe-

cies. Furthermore, these species are often

oxidized to CuO.62 Alternatively, a hydroly-

sis of the Cu precursors to generate
Cu(OH)2 and Cu2(OH)3NO3 followed by a thermal treatment gen-

erates CuO NPs.63 In some cases, a thermal decomposition of

Cu(II) precursors into NPs has been reported.64 The presence

of polyethylene glycol and derivatives has proven to facilitate

the formation of CuO NPs.65 In our case, we treated our copper

samples at 160�C for 30min (Cu@PIL1.2-h), finding that the color

of the films changed progressively from green to dark brown (Fig-

ure S6A). Furthermore, there seems to be an increase in the ab-

sorption below 400 nm, which could be attributed to CuO

NPs.62 Whereas, neither our pristine formulation PIL1.2 nor

pure Cu(NO3)2$3H2O changed their color to dark brown after

heating. This indicates that a reaction of the copper species

occurred within the PIL. This color change is consistent with the

formation of CuO NPs.66 Pure Cu NPs are more likely to produce

a strong absorbance in the NIR region (ca. 500–1,200 nm, de-

pending on their size and shape) due to a strong localized

surface plasmon of resonance.67 However, XPS analysis was
Device 2, 100224, February 16, 2024 5



Figure 3. Cell viability test using different formulations, changing the

monomers (mIL1, mIL2, mIL3), the PI, and the weight percentage

of PIs

The control of the experiment was carried out using a highly biocompatible

sample (control) and dimethyl sulfoxide (DMSO) (blue) as a reference of a toxic

environment for cells. All formulations were prepared usingmIL (80mol%) and

PEGDA 575 (20 mol %). Error bars represent the standard deviation of four

replicas.

Figure 4. Photorheology spectra of mIL1.2 formulation (black) and

same formulation with silver (red) and copper (blue)
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inconclusive since copper signalswere not detected after heating

(Table S2). Copper species may have migrated from the surface

to the core of the sample due to a possible encapsulation effect of

the monomer after the thermal treatment, becoming undetect-

able by XPS. In both samples, C 1s has the same chemical spe-

cies; however the intensity ofC–N/C–O and (C=O)-O-C/C–S spe-

cies is evidently different; this could be consistent with a change

of surface groups after the thermal treatment. UV-vis analysis

was performed after heating the samples at different tempera-

tures. In Figure S6B can be seen the absorption peak features

for theCuO (at 430 nm) in the sample heated at 100�C (blue spec-

trum). In the rest of the samples, that band was not so visible,

since the absorption of species in the UV region seems to satu-

rate the signal observed. The more heated the films were, the

more yellowish/brownish they appeared (Figure S6C). That

must be the reason why the signal started to be saturated around

450 nm, where compounds with yellow color absorb. The film

heated at 100�C presented lower absorption, and thus, the signal

was less saturated. In this case, a convoluted band attributed to

CuO was observed. Thinner films could avoid saturation, but it

was not possible to prepare such films by 3D printing. In addition,

the characteristic signal of CuO is a band of low absorption.68 Af-

ter heating the samples for 30 min at 160�C, the resulting copper

species seemed better stabilized than untreated samples, prob-

ably due to the formation of Cu NPs, which was confirmed by

transmission electron microscopy (Figure S7). The materials

were characterized by XRD (Figure S8) to confirm the composi-

tion of the NPs, but unfortunately due to their low concentration

and the effect of the polymeric matrix, no positive results were

obtained. Further attempts to characterize the nature of the nano-

materials were attempted by heating PIL1.2 at 200�C and 240�C.
Even though high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM) shows the presence of NPs
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(Figure S9), again, it was not possible to characterize the exact

nature of the nanomaterials. Dynamic mechanical analysis mea-

sures viscoelastic properties of materials, giving conservative

modulus (E0), loss modulus (E’’), and their ratio (tan delta), and

its maximum is used to define Tg of the polymeric materials.

The analyses showed a stiffening of the polymer upon the addi-

tion of Cu and the thermal treatment to form the NPs, evidenced

by an increase in the ratio of the loss modulus (E00) to the storage

modulus (E0), i.e., tan delta of ca. 20�C in the presence of the cop-

per species, while E0 modulus increased from 9MPa for the poly-

meric materials to 15 MPa for the nanocomposite at room tem-

perature (Figure S10). This means that the materials are losing

elasticity upon the formation of nanomaterials in their matrix.

This is in good agreement with previous results obtained with

AgNPs, where the presence of NPs resulted in a stiffening of

the polymeric supports.37 In summary, the addition of copper

salts in the PIL matrix followed by a controlled thermal treatment

generated NPs. Even though the changes in color and UV-vis

spectra are consistent with the formation of CuONPs,66 the exact

nature of the oxidation state and nature of the NPs remains

elusive, where possibly Cu or CuO species and their exact char-

acterization will be the focus of future work.

As a proof of concept, a part with a geometry compatible with

amedical stent was 3D-printed using our customized photopoly-

mers (Figure 6A). The stent was manufactured using a formula-

tion based on PIL3.2, obtaining high printing resolution using

anMSLA printer. The stent was properly printedwith andwithout

copper. Themicroscopic images obtained for the different stents

show the impressive detail of the printings, smaller than 200 mm

(Figure 6B). Moreover, it was possible to print a Cu@PIL3.2 stent

with the size halved at very high precision, with an error <5%

(calculated from the difference in the main dimensions set in

the CAD file compared to optical microscopic images of the

printed part) (Figure 6C).

The heating treatment (30 min at 160�C) did not affect the

printed part; thus, it was possible to obtain highly resolved

stent-like geometries with NPs of copper without affecting the

structure (Figures S11A and S11B). In contrast, the formulation

based on mIL1.2 with copper was not able to build this complex



Figure 5. High-resolution XPS of Cu 2p and

Cu LMMAuger spectra for Cu@PIL1.2 sample
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stent structure. As can be seen in Figure S11C, only the support-

ing base of the object was properly printed. Consequently, this

material formulation can be considered suitable only for coarser

structures (dimension of the struts >250 mm). The long-term sta-

bility of the materials and printed structures was not specifically

studied, but it was observed that the PILs remain stable over

time; i.e., they retain their structural integrity and do not become

brittle and fall apart for several years. Old samples (with known

antibacterial activity) were employed as internal controls when

evaluating the activity of new batches of materials. Related

PIL-based materials have been recently employed to stabilize

highly sensitive perovskite nanocrystals, and their properties

were maintained over extended periods of time.69

Finally, the antimicrobial activity of the copper samples was

evaluated, which changed with the heating treatment. Unfortu-

nately, despite having high cell viability, PIL3.2 films were found

to have poor antimicrobial activity. For that reason, the antimi-

crobial analysis was focused on Cu@PIL1.2 films, since PIL1.2

formulation had reported high biocompatibility and antimicrobial

activity in previous studies.37 The bactericidal properties of

the copper-based films before (Cu@PIL1.2) and after thermal

treatment at 160�C (Cu@PIL1.2-h) were studied against

S. epidermidis in order to exploit the biocompatibility of the PIL

materials for medical devices. In our study, Cu@PIL1.2-h sam-

ples produced a 98%bacterial cell reduction in liquidmedia (Fig-

ure 7). These results correlate with the ones obtained by similar

systems, such as Zheng et al., whose PILmembranes containing

copper resulted in a 99% decrease in bacterial cell viability.51 In

another study, Luo et al. developed PIL/Ce membranes with

good hemocompatibility and cytocompatibility that were also

able to reduce viable bacterial colonies after 4 h.70 In contrast,

Cu@PIL1.2 presented a degree of inhibition of around 70%

with higher variability in the results. The higher antibacterial ac-

tivity of Cu@PIL1.2-h could be explained by the rearrangement

of the copper after being treated at 160�C. In this instance, the

thermal treatment of the PIL probably promotes the formation

of Cu NPs and makes the film more antibacterial.
Conclusions
The main objective of this work was to prepare non-toxic mate-

rials capable to be 3D-printed with high resolution by DLP and

MSLA. The photopolymer’s composition as well as the printing

parameters were modified to obtain 3D printed parts with an
improved accuracy that was evaluated by

a 3D scanner. The effect of the monomeric

ionic liquid and the photoinitiator employed

was evaluated, finding that they both play

an important role in obtaining biocompat-

ible formulations.

Three different mILs were tested:

1-butyl-3-vinylimidazolium bis(trifluorome-

thane)sulfonimide (mIL1), 1-(3-hydroxy

propyl)-3-vinylimidazolium bis(trifluorome-
thane)sulfonimide (mIL2), and [2-(acryloyloxy)ethyl]trimethyl-

ammonium bi(trifluoro-methylsulfonyl)imide (mIL3). While mIL1

and mIL3 had low toxicity, mIL2 was extremely toxic. Likewise,

formulations using BAPO were very toxic compared to those us-

ing DPAP and TPO. In addition to choosing appropriate mate-

rials, a proper post-printing technique was necessary for devel-

oping non-toxic materials. In order to increase the antimicrobial

activity, copper salts were successfully encapsulated in PILs

(Cu@PILs), taking advantage of their ability to stabilize and sup-

port metal precursor salts and NPs. Even if the exact nature of

the nanomaterials could not be determined, the synthesis of

the materials, their printability, and antimicrobial activity were

found to be reproducible.

A treatment based on heating the photopolymerized samples

at 160�Cwas necessary to form Cu NPs and to enhance the sta-

bilization of the metal in the films. These functional formulations

were evaluated to 3D-print amedical demonstrator. In particular,

very high resolution was proved for formulations based on mIL3,

which in turn did not show antimicrobial properties. On the other

hand, formulations based on mIL1 showed lower resolution but

excellent bactericidal characteristics. The antimicrobial activity

of the copper-based films was investigated for both the treated

and non-treated samples, finding a higher activity for the former

ones. In particular, the heated films exhibited remarkable poten-

tial to inhibit the growth of S. epidermidis bacteria (98%).

In summary, this research demonstrates that high-resolved

devices can be obtained by additive manufacturing. Further-

more, the formulations used constitute a breakthrough in the

preparation of solid antibacterial materials with desired charac-

teristics and specific requirements such as biocompatibility.

The functional materials prepared in this study have a potential

interest for antimicrobial applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will

be fulfilled by the lead contact, V. Sans (sans@uji.es).

Materials availability

The polymeric formulation generated here is available and can be requested

from the lead contact upon reasonable request.

Data and code availability

Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.
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Figure 6. High-resolution 3D-printed struc-

tures employing MSLA

(A) Comparison of the printability of the printed

devices: optical images and resolution analyses

with 3D scanner of stents printed from PIL3.2 with

and without dye and with Cu.

(B) CADmodel of a ‘‘thick’’ stent and optical image

of the detail of the printed features of Cu@PIL3.2.

(C) CADmodel of a ‘‘thinner’’ stent before and after

the thermal treatment.
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Synthesis of ionic liquids

Full synthesis details and characterization data are given at the end of the ESI

(Figures S12–S19).

Preparation of photocurable formulations containing copper salt

In a typical procedure, the main printable formulation was prepared by mixing

80 mol % mIL1 or mIL3, 20 mol % PEGDA 575, considering the MW of the

monomer, 0.5 wt % TPO, and 2 wt % copper dinitrate (Cu(NO3)2$3H2O),

with respect to the total mixture (80:20 mIL:PEGDA). Additionally, formulations

without copper precursor were prepared as references. For the optimization

process, various formulations have also been tested, and a complete list

can be observed in Table 1.

Process for 3D printing PIL networks

The procedure for 3D printing monomeric ionic liquids was the same for all for-

mulations. The CAD files were designed and converted to STL-type files using

SolidWorks CAD software. The DLP fabrication in both printers began by

slicing the 3DCADmodel into individual 2D images for projecting onto the pho-

tocurable liquid. For the Asiga PICO printer, the additive manufacturing soft-
8 Device 2, 100224, February 16, 2024
ware used to create slices was Asiga Composer.

For the Elegoo Mars 2 Pro 3D printer, the slicer

software employed was ChituBox.

The software for additivemanufacturing allowed

us to define a desired thickness (100 mmper layer),

to manage the projector’s projection time, and to

regulate the build plate’s movement speed. The

build plate was then dropped into the mixture at

the bottom of the printer vat, which had been pre-

viously filled with the different formulations. At this

stage, the program directed the projector to show

white pictures of each of the layers that needed to

be photocured against a black background. The

translucent bottom of the vat allowed the UV light

to penetrate through. Each layer was cured for 8 s.

After that time, the printer showed a black back-

ground while the build plate was automatically

lifted by 70 mm at a predetermined speed. This

methodology was followed for each layer until

the object was completed. After manufacturing,

the device was removed and thoroughly cleaned

with isopropyl alcohol to eliminate any uncured

ink. Finally, the part was photocured under UV

light at 40�C for 20 min.

Photorheology

Real-time rheological measurements were per-

formed using an Anton Paar rheometer (Physica

MCR 302) in parallel plate mode with a Hama-

matsu LC8 lamp with visible bulb and a cutoff fil-

ter below 400 nm equipped with 8-mm light

guide. The distance between the two plates

was fixed to 0.2 mm. The sample was kept at

an established temperature (25�C) and shear
frequency (1 rad s�1). In order to allow the system to stabilize, the visible

light was switched on after 60 s. Concomitant changes in viscoelastic ma-

terial moduli during polymerization were measured as a function of expo-

sure time.

Fourier transform infrared spectroscopy

The spectrometer used was a Nicolet iS50 FTIR from Thermo Fisher Scientific,

equipped with an attenuated total reflection accessory (Smart iTX, Thermo

Fisher Scientific). This apparatus was used to study the final conversion and

reactivity of the different formulations after the polymerization process. To

this end, the evolution of the FTIR signals belonging to the acrylate and vinyl

functional groups before and after irradiation with ultraviolet light was

analyzed. The polymeric conversion was calculated according to the litera-

ture.55 The spectra were normalized using the area of the carbonyl ester

band at 1,350 cm�1. The disappearance of the bands related to the C=C

bond at 1,640 and 990 cm�1 verified the conversion of the double bonds after

polymerization. The spectra were recorded with a resolution of 4 cm�1 in the

wavelength range between 650 and 4,000 cm�1 averaging 16 scans for

each spectrum.



Figure 7. Bacterial cell growth of S. epidermidis incubated with

Cu@PIL1.2 and Cu@PIL1.2-h vs. the control experiment. Error bars

repesent the standard deviation of six replicas.
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Gel content

The insoluble fraction (gel content) of polymerized samples was measured us-

ing the standard test method ASTM D2765-16.71 Thin films (0.3–0.6 mm) were

printed and placed in ametal net, previously weighed, and then soaked in chlo-

roform at room temperature for 24 h to dissolve the non-crosslinked products.

The samples were then dried overnight at 80�C, and the gel content percent-

age was calculated as the weight change before and after the solvent

extraction.

Dynamic mechanical thermal analysis

The mechanical analyses were performed using a Tritec 2000 dynamometer

(Triton 6 Technology, London UK), varying the temperature from �70�C to

80�C. The moduli measurements as a function of temperature were measured

using a strain amplitude of 0.1% and frequency of 1 Hz. Printed flat films

(30 mm 3 10 mm 3 0.5 mm) were prepared, and three replicates for each

composition were tested. The Tg was measured as the temperature corre-

sponding to the maximum of the tand curve (Figure S20).

3D scanner

The samples were scanned by a 3D optical scanner, 3Shape E3, to compare

the printed parts with the CAD models. Then, 3Shape Convice Analyzer was

used for performing the comparative analysis between them (accuracy

0.007 mm, ISO 12836). Before analyzing deviations, the scan data and the

reference model must be aligned. In this work, the alignment was done using

the "best fit" approach, which employs the least squares principle; i.e., the

differences between the scan and the models are mathematically divided.

The comparative analysis is shown as a heatmap.

Antimicrobial studies

All tested samples were 3D-printed with the same size (circles of 5 mm

in diameter and 0.5 mm of thickness and squares 2 3 2 cm and 0.5 mm

of thickness) to improve the reproducibility of the tests. Each sample

was tested a minimum of three times (on separate days) to verify

reproducibility.

The bacteria strain used, Staphylococcus epidermidis NCIMB 8853 CECT

231, was acquired from the Colección Española de Cultivos Tipo (CECT) as

lyophilized bacteria. The bacteria cell bank suspensions were thawed and

inoculated on a nutrient broth agar plate and on liquid nutrient broth for 24 h

at 37�Cwith mild agitation. A first subculture was performed to assure viability

of the strain. A dilution from these culture solutions (second subculture and so

on) was used for the following tests, corresponding to an inoculum of 1 3 107

colony-forming units (CFU)/mL.

Bacterial cell proliferation assay

Bacterial growth was recorded measuring the optical density (OD) of the

samples at 600 nm over a 24-h period using a microplate reader (Thermo
Scientific MULTISKAN GO). Results were compared with the OD variation

of a control culture containing only S. epidermidis. Each experiment was

repeated a minimum of three times to ensure that the results remained reli-

able across different inoculations. The data for all control experiments and

antibacterial assays are based on a total of six repeats to confirm the repro-

ducibility of the results and to calculate the mean values and the standard

deviation. The PIL samples, previously sterilized with ethanol 70%, were

placed in a 24-well plate inoculated with 1 mL of the inoculum (1 3 107

CFU /mL of S. epidermidis), incubated at 37�C with mild shaking, and the

antiproliferative effects induced by the samples were observed by plotting

OD vs. time. Bacterial growth was recorded measuring the OD of 100 mL

collected from each well of the 24-well plate in a 96-well plate. Using a mi-

croplate reader, measurements were taken at 600 nm every hour for the first

8 h and then at 24 h as an endpoint. During the experiment, the 100 mL taken

out of the wells of the 24-well plate was replaced with 100 mL of medium in

order to maintain the final volume (1 mL). Results were compared with the

OD variation of the positive control culture containing only bacteria (1 mL

107 CFU/mL of S. epidermidis). The negative control contained 1 mL of liquid

media and served as baseline.

Cell cytotoxicity assays

The cytotoxicity of PIL-based materials was evaluated using a colorimetric

assay based on the use of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazo-

lium bromide (MTT). Vero cell lines, derived from African green monkey kid-

ney tissue, were used to conduct the assay. They were grown (10,000 cells/

well, 200 mL/well) on 96-well plates in DMEM culture medium 2 days before

the experiment. The addition of the solid samples to cells would have re-

sulted in a false result of high toxicity caused by cell compression. For this

reason, samples were treated as follows.

PIL-basedmaterials were weighed, sterilized with ethanol (70%), and rinsed

with sterile distilled water before drying with filter paper. Each sample was then

incubated in another 96-well plate, containing 200 mL of DMEM culture media,

with phenol red for 24 h at 37�C, 5% CO2.

On day 2, PIL-based materials were removed from the plate using

tweezers, and they were dried and weighed. Cells were washed with PBS

and exposed to the 200 mL of DMEM that had been incubated with PIL-

based materials, while the positive controls received fresh DMEM. Then,

cells were incubated for an additional 24 h at 37�C, 5% CO2. On day 3,

the cells were washed with PBS, and 200 mL of 0.5 mg/mL of MTT was

added to each well and incubated for 1.5 h at 37�C, 5% CO2. The superna-

tant was removed by centrifugation (2,500 rpm, 10 min), the formed forma-

zan crystals were dissolved with 200 mL DMSO, and the color intensity was

determined by photometric measurements at 570 nm after 10 min of

stirring, and the cell viability was determined by comparing the absorbance

data of each sample with the control samples (100% viability). Two

independent experiments were performed, each with four parallel

measurements.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
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