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A B S T R A C T

Molecularly Imprinted Polymers (MIPs) as artificial receptors have received considerable scientific attention in 
the past few decades, as material for biomimetic molecular recognition. This paper explores the fabrication of 
MIPs by Additive Manufacturing (AM), which appears mostly as an unexplored field. Specifically Digital Light 
Processing (DLP) technology was employed to fabricate 3D-printed MIPs, imprinted with Oxytetracycline (OTC), 
a widespread antibiotic, whose presence in food and water must be controlled. The optimized MIP formulation 
also includes Methacrylic Acid as the functional monomer, Dipropylene Glycol Diacrylate as the crosslinker, and 
Dimethyl Sulfoxide as the solvent. The study demonstrates the recognition properties of the printed MIPs, 
showing enhanced binding performance with higher concentrations of the target molecule. The results under-
score the potential of 3D-printed MIPs for a multitude of applications, including biomedical and environmental 
monitoring.

1. Introduction

Biological living systems have, during billions of years of evolution, 
developed an endless plethora of strategies to detect and respond to 
different internal and external stimuli, ensuring their adaptation to 
changing environmental conditions. The possible stimuli can be classi-
fied into two main categories: physical (such as electrical, mechanical, 
or light stimulation) and chemical [1]. In the latter, a prominent role is 
played by molecular recognition [2]. In this context, living species have 
optimized enzymes, antibodies and receptors to recognize molecules, as 
a fundamental scheme to guarantee their survival and proliferation. [3] 
With the development of bioengineering devices, science tried to repli-
cate this strategy, striving to mimic the level of complexity of Nature in 
systems controllable by humans [4]. In this frame, biological receptors 
play paramount importance in biomedical and bioengineering devices, 
serving as elements capable of detecting and quantifying specific bio-
logical molecules in a wide range of applications [5]. The most con-
ventional way to use these types of receptors is by employing them 
directly into the devices, as in standard Enzyme-Linked Immunosorbent 

Assay (ELISA), [6] as well as in biosensors, through surface interaction 
[7] and functionalization [8–10]. Still, these methods imply a series of 
drawbacks strictly related to the fragility of biological molecules [11].

Conversely, the approach of Molecular Imprinting has emerged as an 
innovative strategy. Indeed, Molecular Imprinting Technology (MIT) 
directly employs the molecules to be recognized as a template during the 
fabrication process to obtain a synthetic mould of the molecules, 
avoiding the intrinsic limitations of biological receptors [4,12]. In this 
context, since the 1970s [13], Molecularly Imprinted Polymers (MIPs) 
have been used as synthetic frameworks designed to have specific 
recognition sites for a determined target molecule. By MIT, a three- 
dimensional polymer matrix is synthesized in the presence of the 
molecule of interest, often referred to as the template molecule. Through 
the copolymerization of functional and crosslinking monomers, the 
template is thus incorporated into the network. Washing away the 
template, specific binding sites are left behind in the polymer, comple-
mentary in shape and functionality to the template. This introduces a 
form of memory into the polymer, enabling the molecular recognition 
and binding of target analytes [14].
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The advantages of MIPs encompass their physical and chemical 
robustness, making them well-suited for use in harsh environments. 
Their applications span diverse areas, including sensing [11,15], drug 
delivery [16–19], food and water analysis [20–22] and separation 
techniques [23–25]. However, MIPs are not exempt from challenges, 
including the complexity in the selection of ingredients and in opti-
mizing the synthesis conditions [26]. Also, the efficient removal of the 
template molecule may be not a trivial process [27] and non-selective 
binding usually takes place to some extent [28].

Several techniques can be employed to fabricate MIPs, each with its 
own advantages and limitations, and the choice of the technique de-
pends on the characteristics of the MIP, such as the nature of the tem-
plate molecule or the intended application. The methods to synthesize 
the matrix around the template include electrochemical, thermal, 
photochemical or redox polymerization [29]. One of the first and most 
classic methods [30] implies the bulk polymerization of a volume of 
MIP, then sieved up to particles, usually not homogeneous in size and 
shape. To obtain more regular particles, over the years the techniques 
have been refined, and new methods have been adopted [4,28,31] such 
as emulsion [32], suspension [33] and precipitation polymerization 
[34], down to more recent multistep and complex procedures as surface 
imprinting [35] and core-shell nanoparticles [36]. Generally, the focus 
has been on spherical nanoparticles, to maximize the surface area, and 
thus the contact area with the target molecules. Moreover, techniques 
suitable for obtaining thin films and deposition on surfaces have been 
investigated [15,21] such as electrochemical deposition [37,38].

Despite many significant benefits, the use of nanoparticles or thin 
films also implies the limitation of not having self-supporting and 
arbitrary structures. A method that could provide such versatility is 
intuitively Additive Manufacturing (AM). Even though there are some 
studies on micro and nano-fabrication techniques [29,39,40], the use of 
AM for MIP fabrication is still quite an unexplored field. To the best of 
our knowledge, the pre-existing works are represented by L. P. Chia 
Gomez et al. [41] who fabricated 3D MIP microsensors by Two-Photon 
Stereolithography, and R. Rezanavaz et al. [42] who employed the 
Digital Light Processing (DLP) printer, to obtain MIP imprinted with 
copper ions. However, these studies are proofs of concept and didn’t use 
the selective binding to target an actual biomolecule, limiting their 
investigation to ions and ad-hoc molecules. In this paper, the 3D printing 
of Molecularly Imprinted Polymers by Digital Light Processing was 
investigated, addressing the challenge of fabricating 3D, self-standing, 
and customizable objects imprinted with a molecule relevant to 
biomedical and environmental applications, specifically Oxytetracy-
cline (OTC), a common antibiotic. DLP was chosen, as AM technique, 
because it is a reliable and straightforward technology. It is a vat poly-
merization (VP) technique, in which a vat filled with liquid formulation 
is selectively exposed to the light source, solidifying controlled layers of 
resin [43]. The object is built layer by layer on the printing platform, 
submerged in the liquid resin. DLP exploits a digital micromirror device, 
comprising thousands of tiny mirrors, to reflect the light source and 
project the pattern of each layer with high resolution. This technology, 
along with the quick conversion of the resin from liquid to solid 
achievable through the photopolymerization reaction, makes DLP suit-
able for the creation of flat vertical surfaces with minimal distortion and 
excellent shape accuracy [44]. This technology seems particularly useful 
for the development of complex MIPs. First, operating with liquid for-
mulations, DLP allows a wide choice of functional monomers for the 
polymer network. Then, it allows direct mixing of the target molecule, 
without undergoing thermal stresses which may lead to its degradation. 
Finally, compared to other techniques, it enables higher complexity and 
higher resolution (down to features smaller than 100 μm), keeping at the 
same time a good printing rate and the possibility to fabricate macro-
scopic objects [45].

Oxytetracycline (OTC) was chosen as the template molecule. OTC is 
an antibiotic belonging to the tetracycline family and is a pervasive 
contaminant of soils and water, a consequence of the abuse of its 

utilization in modern zootechnics as well as in veterinary and human 
curative medicine [46]. Tetracyclines are indeed extensively employed 
in the livestock industry, and the administration to animals is the first 
step to a chain of events that not only causes pollution but also supports 
the issue of antibiotic resistance. MIPs offer a promising solution for the 
extraction of antibiotics from liquid samples [21,47,48]. The chosen 
target molecule is particularly relevant for food chain monitoring since 
the concentration of OTC should be strictly controlled in different 
matrices as milk, eggs, and honey [49–51]. To the best of our knowl-
edge, this is the first time that this molecule is captured by a 3D-printed 
object with MIP resin. Moreover, for the first time, the possibility to 
fabricate macroscopic objects with recognition toward a target biolog-
ical molecule is investigated. Also, the employment of an AM technique 
opens up to an extensive freedom in the design of the structure, and 
significant variability in terms of materials properties, contingent upon 
the selection of the precursors. In the fabrication of MIP, this flexibility is 
an appealing feature, keeping in mind that the optimization of the 
formulation and the printing parameters is the key to ensure an efficient 
imprinting process.

2. Results and discussion

The approach employed in this study for the development of 3D 
printable MIPs is sketched in Fig. 1, which illustrates the steps involved: 
preparation of suitable photocurable resins, 3D printing and then 
debinding/rebinding steps. So, the primary step of this study was to 
develop a formulation suitable for light-induced 3D printing with 
inherent recognition properties for a selected molecule of interest, while 
ensuring high-resolution outcomes during the printing process.

The design of MIP must take into account a series of elements, such as 
the choice of ingredients and their relative ratio [26,27,52], the pres-
ence of a solvent [53] and the rebinding conditions [54]. One of the most 
crucial aspects, though, is the choice of the functional monomer. The 
functional monomer must have a high capability of binding the tem-
plate, in a covalent or non-covalent way, depending on the type of MIP. 
In the non-covalent ones, the functional monomer and the template 
must self-assemble, arranging in a pre-polymerization complex as stable 
as possible. A common monomer for MIP is Methacrylic acid (MAA), 
which, thanks to the carboxyl group, can form many types of in-
teractions with different templates [55]. In this study, MAA is expected 
to self-arrange around the OTC, forming multiple hydrogen bonds with 
the amide and hydroxyl groups exposed by the OTC [49,53,56–58], as 
schematically depicted in Fig. 1.

For the purpose of developing a formulation compatible with both 
the molecular imprinting and the 3D printing processes, achieving a 
homogenous mixture is fundamental. This may need the inclusion of a 
solvent to facilitate the proper solubilization of the monomer and the 
template, thereby favouring their interaction in the generation of the 
pre-polymerization complex. In the current case, Dimethyl Sulfoxide 
(DMSO) was used to tackle the difficulty of solubilizing the antibiotic. 
Furthermore, it is essential to select a crosslinker appropriate both for 
the DLP printer and for the interaction with the functional monomer, so 
that it generates an accessible yet stable polymeric matrix. For this 
purpose, Dipropylene Glycol Diacrylate (DPGDA), a di-functional acry-
late, was selected. This monomer was chosen over more traditional 
crosslinkers for MIP (such as ethylene glycol dimethacrylate - EGDMA 
[59]) due to the better performance in 3D printing. In fact, unlike more 
rigid crosslinkers, like EGDMA, DPGDA did not show cracking due to 
shrinkage stresses after 3D printing, keeping a good balance between the 
ability to form the cavity structures and the maintenance of sufficient 
swellability and flexibility to allow solvent permeation during the 
binding and debinding steps. In summary, the optimized MIP formula-
tion comprised: Oxytetracycline as the template, Methacrylic acid as the 
functional monomer, Dipropylene Glycol Diacrylate as the crosslinker, 
and DSMO as the solvent. As the photoinitiator, Phenylbis(2,4,6- 
trimethylbenzoyl)phosphine oxide (BAPO) was used. The same 
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procedure was employed for the preparation of Non-Imprinted Polymers 
(NIPs), except for adding the template. NIPs serve as control elements to 
distinguish the efficacy of the molecular imprinting from the unspecific 
affinity of the monomers with the template. Details are reported in the 
method section.

Once the formulation was prepared, preliminary tests on printability 
were conducted. Firstly, the viscosities of both MIP and NIP formula-
tions were determined through rheological measurements, to investi-
gate any potential impact of the antibiotic on this property, crucial for 
light-induced 3D printing. The results revealed a comparable behav-
iour between the two resins, as shown in Fig. 2(a), and viscosity values 
are deemed suitable for DLP processing [60]. Secondly, real-time pho-
torheology was employed to evaluate the effect of the antibiotic in the 
MIP resin on the polymerization kinetic. As shown in Fig. 2(b), the 
presence of the target molecule plays a threefold role during photo-
polymerization. First, the beginning of the polymerization is delayed: 
while the NIP formulation reacts almost immediately, the MIP shows a 
delay time of about 20 s. Then, during the first 10 s of polymerization, 
the slope of the MIP curve is 99 % less steep compared to that of the NIP 
curve, indicating that the MIP formulation has slower reaction kinetics. 
At last, the value of storage modulus G’ plateau decreases in the 
formulation with the target molecule. This can be related to crosslinking 
density due to a hindering effect of OTC, but also to a decrease of sec-
ondary forces (such as H-bonds) in the network, with MMA carboxylic 
group bonded to OTC instead of establishing bonds with ester moieties 
in the polymeric network. The slower polymerization kinetics can be 
attributed to the absorbance of the antibiotic within the range of irra-
diation of the printer (385 nm), as can be seen in the UV–Vis spectrum in 
Fig. S1. Thus, the antibiotic competes with the photoinitiator in the 
absorbance of light, acting essentially as a dye [61].

The UV–Visible absorbance spectra of both the formulation and a 
thin printed layer were examined. This analysis aimed to evaluate the 
stability of the antibiotic following photopolymerization, confirming 
that the component associated with the presence of OTC in the formu-
lation remains intact after the printing process. As illustrated in Fig. 2(c), 
the spectrum of the MIP formulation exhibits a characteristic tail that 

persists in the spectrum of the printed MIP, and that significantly differs 
from the NIP spectra.

Noteworthy, photorheology indicates the behaviour of the formula-
tions, nevertheless, optimum printing parameters should be found 
directly through testing with the actual equipment. The first printed 
objects were multi-material disks consisting of a base made of DPGDA, 
500 μm thick, with a 50 μm thick layer of MIP/NIP resin on top (Fig. 3
(a)). The diameter of the disks is 10 mm. The thickness of the MIP/NIP 
layer was minimized to have a thin active coating on a surface, 
mimicking a functionalization film. Through iterative experiments, the 
optimal printing parameters in terms of time of light exposure, light 
intensity and layer thickness, were found (Table S1). Consistent with the 
photorheological characterization, the MIP resin needed a longer time 
and a higher power to polymerize, compared to the NIP resin. The 
presence of the OTC allowed to achieve a better confinement of the 
polymerization process in the xy plane and lower light penetration on 
the z-axis. So, despite the relatively long printing time, the silver lining 
lies in the possibility of printing high-resolution objects with the MIP 
formulation [61].

Fourier-transform infrared (FT-IR) spectroscopy in attenuated total 
reflectance (ATR) was conducted both before and after resin polymeri-
zation (Fig. S2) to assess the conversion of the C––C double bonds to 
C–C single bonds, thereby evaluating the reaction of acrylic groups in 
DPGDA, and of methacrylic ones in MAA. For both MIP and NIP, the 
formulations achieved a 70 % acrylate conversion rate. The calculations 
are reported in Table S2. Although not exceptionally high, this degree of 
conversion is deemed suitable for 3D printing applications [62]. Addi-
tionally, the spectra of the MIP/NIP formulations and printed samples 
were compared to that obtained directly from the Oxytetracycline 
powder. As depicted in Fig. 2(d), a distinct peak at 1580 cm− 1 in the OTC 
spectrum is present in the MIP formulation and, even if weaker, is 
recognizable also in the spectra of the printed polymer. Meanwhile, this 
peak is absent in NIP. This observation confirms the presence of the 
antibiotic on the surface of the 3D-printed MIP. Upon successful fabri-
cation of the multi-material disks, the binding capability of the novel 
material must be assessed. As described in reference studies [56,58], the 

Fig. 1. A sketched representation of the 3D-printed molecularly imprinted polymer fabrication process.
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sample underwent rebinding testing using different concentrations of 
the binding solution (Cs), specifically 50 μM, 75 μM, 100 μM and 150 μM 
of OTC in deionized water, to compare the binding ability in the pres-
ence of a different amount of target. Water was chosen as solvent given 
the intended application in water purification. The percent of removed 
target and the Imprinting Factor (IF) obtained from the experiments are 
detailed in Table 1. Under identical experimental conditions, the most 
effective binding performances were observed at the highest target 
concentration. Specifically, the removal percentage reaches the highest 
value in the case of 150 μM solution, with nearly 14 % of the target 
bound to the MIPs from the initial solution. This result is almost twice 
that of the 75 μM solution and respectively 54 % and 70 % higher than 
the 50 μM and 100 μM.

In all cases, a portion of non-specific binding occurs, evident from the 
non-negligible binding of NIPs. It should be noted that in molecular 
imprinting techniques the non-specific binding is often inevitable and 
generally arises from the inherent affinity of the target to the functional 
monomer, that provides functionalities independently from the presence 
of imprinted cavities [48].

Notably, for the 50 μM, 75 μM, and 100 μM solutions, the behaviour 
of both the imprinted and non-imprinted samples exhibited substantial 
similarity (Fig. 6(a)). However, with an increase in target concentration, 
the disparity between the two became more pronounced, as indicated by 
the Imprinting Factor (IF) reaching its peak with the 150 μM solution 
(Table 1). This behaviour may suggest that the differences in binding 

performance between the MIP and NIP may not be as pronounced due to 
the limited number of interactions at low concentrations. This indicates 
that higher concentrations could magnify these differences, allowing the 
rebinding with the MIP to become more evident.

Moreover, it is noticed that at the higher concentration the binding 
values for the NIP are comparable to the binding observed for both MIP 
and NIP at lower concentrations. This suggests that the non-specific 
binding component remains relatively constant across all conditions, 
while the contribution of specific binding increases with target con-
centration, enhancing the differentiation between MIP and NIP. The 
structural composition of the multi-material disks may be a factor of the 
aforementioned outcomes: part of the nonspecific interaction can be 
attributed to the presence of the “base” layer of the disk. This underlying 
layer lacks molecular imprinting specificity and contributes to the 
observed background binding. Indeed, the structural differentiation 
between the MIP and NIP disks is confined to the 50 μm thick “active” 
layer, where the imprinted sites are located. These considerations sug-
gest the elimination of such non-functional components in the next de-
signs, to increase the binding site differentiation and increase the 
specific rebinding capacity of MIP systems. Nevertheless, at the present 
stage this was necessary for fabrication limitations.

Before fabricating more complex shapes, the printed materials were 
characterized in terms of thermal properties and morphology. Ther-
mogravimetric (TGA) experiments and the derivate of this signal (DTG) 
showed that after washing step MIP and NIP samples have the same 

Fig. 2. (a) Viscosity of MIP and NIP formulations under continuous shear rate sweep. (b) Real-time photorheological measure of the MIP and NIP formulations. (c) 
UV–visible spectra of formulations and thin printed samples, both of MIP and NIP, showing the presence of a yellow component only in the MIP due to the presence of 
the OTC. (d) ATR FT-IR spectra of both liquid formulations and printed samples, and the pure antibiotic in powder. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

E. Camilli et al.                                                                                                                                                                                                                                  Reactive and Functional Polymers 208 (2025) 106164 

4 



degradation mechanism, with two main degradation steps around 
370 ◦C and 380 ◦C (Figs. 4(a) and 4(b)). This is consistent with ATR 
experiments and indicates the successful removal of OTC. On the con-
trary MIP and NIP samples have clear differences, especially for degra-
dation mechanism at low temperatures (Fig. 4(c)): while NIP sample 

presents a first degradation step between 120 ◦C and 210 ◦C, which can 
be related to DMSO evaporation, MIP sample show a shift toward higher 
temperatures, that can be associated to OTC degradation, as previously 
reported [63]. Both NIP and MIP are in the glassy state at room tem-
perature, being the glass transition temperatures (Tg) above 75 ◦C for 
both, as reported in Supporting Information File (Fig. S3, Table S3 and 
DSC comments). This results in stiff objects easy to handle. Considering 
that the envisaged application does not require strong mechanical re-
quirements, in this case mechanical properties were not considered, 
nevertheless this aspect will be treated in next investigations. After the 
washing step all the materials maintained similar properties, demon-
strating that washing step is effective for the removal of the antibiotic 
without damaging the structure. Unfortunately, repeated binding/ 
washing cycles lead to stresses and damaging of the structures, as shown 
in Fig. S4, which at the present stage limits the reusability of these 3D 
printed materials. This aspect is also under investigation for 
enhancements.

The effect of the washing step was then investigated by scanning 
electronic microscopy (SEM). In Fig. 5 micrographs of the surface of NIP 

Fig. 3. (a) Image of MIP (top) and NIP (bottom) printed disks. (b) CAD of the MIP filter. (c) Image of the related printed object and (d) its 3D scan. (e) Image of the 
MIP filter after the washing procedure that removed the template from the polymeric matrix.

Table 1 
Comparison between MIP and NIP performances with different concentrations 
of the rebinding solutions.

Cs (μМ) %Removal IF

50 MIP 9.00 ± 2.0 1.2
NIP 7.46 ± 0.4

75
MIP 7.46 ± 1.6

0.8NIP 9.07 ± 2.9

100
MIP 8.15 ± 0.9

0.8NIP 9.4 ± 1.7

150 MIP 13.9 ± 3.3 1.6
NIP 8.6 ± 3.6
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and MIP samples were reported, both before and after the washing step. 
As expected, after 3D printing both NIP and MIP surfaces appear similar, 
since the only difference between the two formulations is in the presence 
of OTC, which has sub-nm dimension and cannot be observed by SEM. 
After the washing step both the surfaces seem smoother, but without 
cracks, indicating that some modification may occur in the polymer 
rearrangements, but without dramatically affecting the integrity of the 
sample.

Having assessed the effect of the washing step on a flat disk, more 
complex, all-MIP objects were fabricated. In the context of this work, the 
most captivating aspect of 3D printing is the possibility of creating 
complex and customizable objects. This implies the potential of building 
elaborate designs with high surface area, thus enhancing the accessi-
bility to the imprinted cavities. To showcase this versatility, within the 
scope of developing MIPs for antibiotic recovery from water, a filter- 
shaped, micro-structured MIP has been 3D printed as proof of concept 
(Fig. 3(c)).

The MIP formulation performed nicely, allowing to print high- 
resolution objects, being the achieved finest feature 200 μm on the xy 
plane. The accuracy of the printed MIP-objects with respect to the CAD 
(Fig. 3(b)) was measured by a 3D scanner (Fig. 3(d)). The results showed 
an excellent fidelity to the design, with discrepancies within ±50 μm. 
Larger deviations are related to the impossibility of the scanner to 

accurately measure internal cavities. Despite the small features, the 3D- 
printed filters showed good structural resistance, maintaining the 
integrity of the polymeric matrix after the washing procedure and the 
elimination of the template (Fig. 3(e)).

Considering the aforementioned results, the filter-shaped MIPs were 
tested under the most favourable binding condition of 150 μM solution 
of OTC. The results were encouraging: the MIPs removed from the 32.5 
% OTC solution (Table 2). As anticipated, the filters outperformed the 
flat disks in terms of removal percentage. The enhanced binding 
observed is attributed to the higher surface area and the intricate ge-
ometry, which allows a more extensive interaction with the surrounding 
solution containing the target. Also, the Binding Capacity (BC) was 
calculated, showing that the filter bound 90 μg of OTC per each g of 
polymer.

In this case, instead of having a non-imprinted counterpart, three 
different filter-shaped MIPs were tested also in a solution containing a 

Fig. 4. (a) TGA curves of NIP and MIP samples as printed and after washing step. (b) First derivative of TGA (DTG). (c) Magnification of DTG between 50 ◦C 
and 270 ◦C.

Fig. 5. SEM surface pictures of (a) NIP and (b) MIP samples after 3D printing, and (c) NIP and (d) MIP samples after the washing step.

Table 2 
Binding performances of filter-shaped MIP.

Cs (μM) Analyte %Removal BC (μg g− 1)

150
OTC 32.5 ± 2.1 93.7 ± 6.2

SDMO 14.7 ± 5.3 42.9 ± 15.5
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different analyte, namely Sulfadimethoxine (SDMO). SDMO is another 
antibiotic commonly found as a contaminant in aquatic environments 
[64], and it was chosen to assess the material’s ability to distinguish 
between the target molecule (OTC) and structurally different com-
pounds, providing insights into the imprinting selectivity of the MIPs. 
The filters were incubated in a solution containing 150 μM of SDMO. The 
spectral analysis showed that the removal of SDMO was less than half of 
the binding of the equivalent samples with the OTC, as shown in Fig. 6
(b) and Table 2. This suggests that the OTC-imprinted polymer exhibits a 
significantly higher affinity for binding with the imprinted molecule 
compared to others. Such results could signify another promising char-
acteristic of the investigated MIP. On the other hand, a more in-depth 
study is required to validate these outcomes and to be applied in real 
operating devices, which will be carried out in future investigations, 
while this report aimed at focusing on the development and validation of 
the production process.

To sum up, this experiment validates the material’s capability to 
collect the target molecule from the aqueous solution. It is important to 
notice that the performances are quite limited compared to the well- 
established techniques that usually involve MIP in nanoparticles, 
which for the removal of OTC may reach over 80 % of removal and 
binding capacity in the order of mg g− 1 [49,53,56–58]. However, a 
direct comparison with established studies on nanoparticles MIPs would 
be inherently biased, as nanoparticles typically exhibit significantly 
higher surface area, and thus higher site accessibility and faster mass 
transfer compared to the bulkier, macroscopic polymers presented here. 
On the other hand, the few existing studies on 3D-printed MIPs have 
substantial differences in terms of template molecules and polymer 
compositions [41,42]. Nonetheless, the binding capacity observed in 
this work is in line with the results reported in such studies, consistently 
with the novelty of the fabrication technique.

3. Conclusions

In this manuscript, the possibility of merging the properties of MIP 
with the versatility of Rapid Prototyping was investigated to freely 
generate objects with molecular recognition capability. A MIP photo-
polymerizable resin compatible with Digital Light Projection technology 
was successfully developed. The selection of the proper precursors 
allowed obtaining molecular imprinting properties meanwhile 
achieving the 3D printing of high-resolution objects. The successful 
removal of OTC in aqueous solutions indicates potential applications in 
environmental analysis and water treatment. Noteworthy, this is the 
first study that reports on the development of 3D printed MIPs for 

similar applications.
Even if the overall removal of the target is lower compared to the 

well-established approach of MIPs in the form of particles, the results 
here reported allow for the use of macroscopic objects, which can be 
used as filters, integrated as solid elements in larger systems or as parts 
of fluidic devices. Further investigations shall enhance the imprinting 
efficiency, thereby increasing the Imprinting Factor and improving the 
Binding Capacity of the MIPs. This could involve optimizing the ratio of 
the resin components or exploring alternative geometries to maximize 
the surface area of the printed structures. Furthermore, mechanical 
properties will be better developed in next studies, to improve reus-
ability of such devices. On the other hand, the findings here reported 
clearly indicates the interesting opportunities that the exploration of the 
applicability of 3D-printed MIPs can give in real-world scenarios for the 
selective recovery of antibiotics from complex media.

4. Experimental section

4.1. Materials

Oxytetracycline hydrochloride, methacrylic acid, Phenylbis(2,4,6- 
trimethylbenzoyl)phosphine oxide (BAPO), dimethyl sulfoxide and 
Sulfadimethoxine were purchased from Merck (Milan, Italy). Dipropy-
lene Glycol Diacrylate was purchased by Allnex.

4.2. Formulation preparation

The photocurable ink was prepared by mixing the oxytetracycline 
and the methacrylic acid. In the literature, the molar ratios employed for 
MIP formulation vary significantly even with the same template and 
functional monomers, reflecting diverse approaches to optimize MIP’s 
fabrication. In this work, the chosen molar ratio was inspired by the 
recommendations from reference studies [26], along with the consid-
eration that OTC has a limited number of functional groups available for 
interactions. Thus, the template-to-functional-monomer ratio of 1:4 was 
adopted [57]. The addition of a solvent was deemed necessary due to the 
difficulty of dispersing the OTC, and the minimum quantity of dimethyl 
sulfoxide (DMSO) required for a clear pre-polymerization complex so-
lution was determined to be 10.6 % wt. The solution underwent stirring 
for one hour at room temperature. Separately, BAPO (0.8 % of cross-
linker) was added to the DPGDA (template: crosslinker ratio set at 1:20), 
and dissolved with the help of an ultrasound bath.

The two solutions were then combined and thoroughly mixed until 
achieving homogeneity, as verified by the transparency of the 

Fig. 6. %Removal of (a) MIP and NIP disks, with different concentrations solutions of the target molecule, and (b) OTC-imprinted filters in 150 μM solutions of OTC 
or SDMO. Data are means of triplicate measurements.
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formulation. At this point, the photocurable MIP formulation was ob-
tained. For the Non-Imprinted Polymers (NIPs) formulation, the OTC 
was excluded.

4.3. Formulation characterization

Viscosities of both MIP and NIP formulations were evaluated through 
rheological measurements by the Anton Paar Physica MCR 302 
rheometer, in a 25 mm diameter parallel plate mode, with a gap of 0.2 
mm between plates and constant temperature of 25 ◦C. The rotation 
shear ramp test was performed between 0.01 s− 1 and 1000 s− 1. To 
evaluate the effect of the antibiotic on the kinetic of the photo-
polymerization, real-time photorheology measures were performed. 
OTC absorbs in the range of exposure of the DLP, competing with the 
photoinitiator in the absorbance of light. The formulations with the 
antibiotic (MIP resin) and without the antibiotic (NIP resin) were 
compared. Photorheology of the two formulations was performed with 
the Anton Paar MCR 302 rheometer in plate-plate configuration. The 
light source was a Hamamatsu Photonics C8 UV lamp, with a light in-
tensity of 50 mW cm− 2. The real-time photorheology was performed 
with a quartz bottom plate, temperature set to 25 ◦C, and with 1 % strain 
amplitude and angular velocity of 10 rad s− 1. After the stabilization time 
(60 s), the light was turned on and the change in the viscoelastic prop-
erties of the material during polymerization was measured over time. 
UV–visible spectra of both resin and printed object were collected to 
compare MIP and NIP, using the BioTek Synergy HTX Multi-Mode 
Microplate Reader (Agilent), in the range 250–450 nm. Moreover, 
Fourier Transform Infrared (FT-IR) spectroscopy was conducted on the 
liquid formulations and printed samples. Thermo Fisher Scientific 
Nicolet™ iS50 Spectrometer was used, in attenuated total reflectance 
(ATR) mode, in the range of 4000–550 cm− 1. The degree of conversion 
was determined by calculating the area at the peak corresponding to the 
C––C bond (1638 cm− 1) before and after polymerization. The quantifi-
cation of the peak areas was carried out with Omnic™ Software (Thermo 
Fisher Scientific) after the normalization at the peak of the C––O bond at 
1720 cm− 1, as it remains unaffected by the polymerization process. The 
spectra are reported in Fig. S2. Thermogravimetric analysis (TGA) was 
performed using a Netzsch TG 209 F1 Libra instrument in the range 
between 25 and 800 ◦C, with a heating rate of 10 ◦C min− 1 in air at-
mosphere (flux 50 mL min− 1). The first derivative of TGA (DTG) was 
employed to evidence degradation mechanisms. Differential scanning 
calorimetry (DSC) measurements were performed with a Netzsch DSC 
204 F1 Phoenix instrument, equipped with a low temperature probe. All 
the tests were performed in nitrogen atmosphere with the following 
thermal method: between 20 ◦C and 200 ◦C with a heating rate of 10 ◦C 
min− 1, 10 min isothermal at 200 ◦C, cooling cycle 200 ◦C–20 ◦C with a 
cooling rate of 10 ◦C min− 1, 15 min at 20 ◦C, second heating cycle be-
tween 20 ◦C and 200 ◦C with a heating rate of 10 ◦C min− 1. The Tg was 
defined as the midpoint of the heat capacity change observed in the DSC 
thermogram and calculated with Proteus software. The morphology of 
the dots was investigated by a Zeiss Supra 40 FESEM, equipped with a 
GEMINI II column and EDS analyzer, where a probe current of 1200 pA 
and an accelerating voltage between 5.00 and 15.00 kV were used. 
Magnification reported 250×.

4.4. 3D printing and 3D scanning

The Asiga MAX X UV 27 DLP printer was employed, with a LED light 
irradiation at 385 nm. The CAD models were designed with Solidworks 
software and then uploaded in .stl format in the proprietary printer 
software (Asiga Composer). The diameter of all the objects was 10 mm, 
to fit the samples inside the wells of a 48-multi-well plate, in which the 
different stages of the experiment take place. Layer thickness, light in-
tensity, and exposure time depend on the formulation (MIP/NIP) and 
the geometry of the object. For the MIP formulation, the printing process 
was operated with a 25 or 50 μm layer thickness, a light intensity of 48 

mW cm− 2, and an exposure time of 30 s. For the NIP formulation, the 
light intensity was decreased to 20 mW cm− 2, and the exposure time to 
4.5/5 s. In Table S1 the detailed printing parameters are illustrated. The 
accuracy of the printed objects to the CAD model was evaluated by the 
3Shape E3 scanner, whose acquisition was compared to the CAD models 
by a proprietary scanner software to obtain the deviation map. After 
printing, the samples undergo two post-polymerization steps. First, they 
are washed in ethanol to remove any unpolymerized resin, and then 
post-cured in a UV chamber (Asiga Flash) for 120 s to finalize the 
polymerization.

4.5. Washing process and rebinding

To remove the template within the polymer matrix, the samples go 
through a washing procedure using a solution of methanol and acetic 
acid (9,1 v/v). The samples are immersed in the washing solution and 
then placed in an ultrasound bath or on a tilting platform for several 
hours, depending on their volume. The intensity of the ultrasound bath 
was kept as low as possible, so to avoid significant damage to the sam-
ples, as it is possible to see in Fig. 3(e). During the washing process, the 
washing solution was iteratively replaced, and its UV–vis spectra were 
analysed to monitor the progress of template removal. The washing 
procedure was deemed complete when the spectra no longer displayed 
the characteristic OTC peak at 355 nm, and the spectrum of the washing 
solution of the sample is overlapped with clean methanol/acetic acid. An 
example is displayed in Fig. S5. Additionally, a visual indicator is the 
colour change in both the samples (previously yellow due to the pres-
ence of the OTC, they become more transparent as the antibiotic is 
washed away) and the washing solutions (turning from transparent to 
pale yellow). To ensure comparability, NIP samples underwent the same 
washing protocol as the MIPs, despite not containing a template mole-
cule, to have a reliable control. The FT-IR spectra of the samples as 
printed and after washing were analysed to determine the removal of 
DMSO during the washing procedure (Fig. S6).

After the washing process that emptied the binding cavities, the 
samples were ready to interact with the solution containing the target 
molecule. Thus, the batch rebinding takes place, meaning the MIPs fully 
immersed in a solution of deionized water and OTC. Four different 
concentrations were prepared: 50 μM, 75 μM, 100 μM and 150 μM. The 
samples were placed in a well of a 48-well plate, immersed in 500 μL of 
the designated binding solution and left overnight on a tilting platform.

4.6. Evaluation of the binding properties

To assess the binding ability of the samples, UV–visible spectra of 
aliquots of the binding solutions were acquired both before and after 
exposure to the polymer, allowing a comparative analysis. Specifically, 
spectrophotometry was performed using the BioTek Synergy HTX Multi- 
Mode Microplate Reader (Agilent), in the range 250–450 nm, 1 nm in-
tervals, and a UV–Vis-NIR Spectrophotometer Cary 5000 (Varian, Agi-
lent) was used, range 200–450 nm, 1 nm intervals. After the acquisition 
of a calibration curve of the OTC (displayed in Fig. S7), the absorbance 
values were translated into concentrations, and the binding perfor-
mances were evaluated. In Fig. S8 the spectra collected in all the ex-
periments are depicted.

Several parameters can be calculated to characterize the binding 
performances of MIP. [26,49] The extent of the interaction between the 
polymer and the target molecule was described in terms of the per-
centage of OTC removed from the rebinding solution. The removal 
percentage is calculated using the formula: 

%Removal =
Cs − Cf

Cs
×100 

Where Cs is the initial concentration of OTC in the solution, and Cf is 
the amount of free OTC in the solution after the incubation with the 
polymer. When possible, the Imprinting Factor (IF) was calculated as the 
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ratio between the removal percentage of imprinted and non-imprinted 
polymer: 

IF =
%RemovalMIP

%RemovalNIP 

The IF reflects the effectiveness of the imprinting process, meaning 
how much the inherent affinity of the polymer to the template increases 
due to the presence of the imprinted cavities. Another useful figure of 
merit is the Binding Capacity (BC), namely the amount of bound OTC 
divided by the weight of the MIP.
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[51] B.D. Abera, I. Ortiz-gómez, B. Shkodra, F.J. Romero, G. Cantarella, L. Petti, 
A. Salinas-castillo, P. Lugli, A. Rivadeneyra, Laser-induced graphene electrodes 
modified with a molecularly imprinted polymer for detection of tetracycline in 
milk and meat, Sensors 22 (2022) 1–17, https://doi.org/10.3390/s22010269.

[52] T. Sajini, B. Mathew, A brief overview of molecularly imprinted polymers: 
highlighting computational design, nano and photo-responsive imprinting, Talanta 
Open 4 (2021) 100072, https://doi.org/10.1016/j.talo.2021.100072.

[53] M.P. Divya, Y.S. Rajput, R. Sharma, Synthesis and application of tetracycline 
imprinted polymer, Anal. Lett. 43 (2010) 919–928, https://doi.org/10.1080/ 
00032710903491039.

[54] A.D. Khatibi, A.H. Mahvi, N. Mengelizadeh, D. Balarak, Adsorption–desorption of 
tetracycline onto molecularly imprinted polymer: isotherm, kinetics, and 
thermodynamics studies, Desalin. Water Treat. 230 (2021) 240–251, https://doi. 
org/10.5004/dwt.2021.27396.

[55] K. Nishchaya, V.K. Rai, H. Bansode, Methacrylic acid as a potential monomer for 
molecular imprinting: a review of recent advances, Results Mater. 18 (2023) 
100379, https://doi.org/10.1016/j.rinma.2023.100379.

[56] W. Cai, R.B. Gupta, Molecularly-imprinted polymers selective for tetracycline 
binding, Sep. Purif. Technol. 35 (2004) 215–221, https://doi.org/10.1016/S1383- 
5866(03)00143-6.

[57] R. Suedee, T. Srichana, T. Chuchome, U. Kongmark, Use of molecularly imprinted 
polymers from a mixture of tetracycline and its degradation products to produce 
affinity membranes for the removal of tetracycline from water, J. Chromatogr. B 
811 (2004) 191–200, https://doi.org/10.1016/j.jchromb.2004.08.044.

[58] M. Sánchez-Polo, I. Velo-Gala, J.J. López-Peñalver, J. Rivera-Utrilla, Molecular 
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