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SUMMARY

Targeted isolation of specific compounds from complex matrices remains a central challenge across analyt-

ical, biomedical, and environmental sciences. Molecularly imprinted polymers (MIPs) offer a promising solu-

tion by enabling specific and reproducible binding of analytes. However, conventional imprinting techniques

often suffer from heterogeneous binding sites and limited spatial control, restricting their broader utility. We

see great potential in combining polymerization-induced phase-separation with photocuring 3D printing and

oriented imprinting to fabricate monolithic, hierarchically porous MIPs with homogeneous and accessible

binding moieties. This emerging platform enables the design of highly tailorable materials featuring distinct

specificity and tunable architectures while being straightforward to produce, adapt, and scale. Beyond ad-

dressing current limitations, this strategy opens new avenues for translating imprinting technologies into

industrially relevant formats. In this perspective, we outline the conceptual and technological implications

of 3D-printed oriented MIPs, discuss their potential across disciplines, and highlight key challenges and op-

portunities for future research and application.

INTRODUCTION

In the search for a synthetic approach to mimic the specific lock-

and-key principle of receptors in nature, molecularly imprinted

polymers (MIPs), also known as artificial receptors, were devel-

oped.1–6 MIPs are highly cross-linked polymeric matrices contain-

ing tailor-made binding sites complementary to the shape, size,

and distribution of functional groups of the target analyte, referred

to as the template.7 For the fabrication of such biomimetic mate-

rials, a substance of interest is used as a structure-directing tem-

plate during the copolymerization of suitable monomeric building

blocks, i.e., functional monomers and cross-linkers, in a well-

adjusted porogen system. After extraction of the template, the

complementary binding sites remain in the polymer to yield a re-

ceptor-like structure for the template.8

Compared to their biological analogs, e.g., receptors or anti-

bodies, MIPs show similar specificity toward analytes9 while of-

fering higher stability in varying pH values and temperatures,7

being facile and usually inexpensive in preparation,10 and allow-

ing the use of several analytes and reagents during synthesis

and analyses.11,12 These characteristics predestine MIPs for

different applications, for example, as highly specific separation

substances,9 as recognition elements in sensors,13 in drug-de-

livery systems,14 and in catalysis.15

Molecular imprinting techniques have evolved to include not

only traditional methods such as bulk polymerization and sol-

gel processes but also more recent approaches like suspen-

sion, emulsion, seed, and precipitation polymerization.7,16–18

MIPs can feature recognition sites within the bulk matrix, in

a core-shell architecture, or confined to the surface.1,3,19–23

Bulk imprinting, the classical approach, involves polymerization

into monolithic structures that require grinding prior to use, with

binding sites randomly distributed throughout the matrix. While

this method is simple and compatible with a wide range of

monomers and templates, it often suffers from slow mass trans-

fer rates and significant template leaching, which limits speci-

ficity and overall binding capacity.3,24 In contrast, core-shell

and surface-imprinted MIPs feature binding sites localized at

or in close proximity to the surface of a supporting substrate,

allowing for faster binding kinetics due to reduced diffusion dis-

tances, minimized template leaching, and enhanced binding

capacities.1,10,21–23

Nevertheless, these imprinting techniques often result in un-

controlled binding site formation, as the functional monomer-

template complexes are fixed randomly arranged within the

polymer matrix or within the polymer-shell.25,26 To achieve

homogeneously oriented self-assembly between functional

monomers and the template prior to imprinting, oriented tem-

plate immobilization onto a surface is the strategy of choice

(Figure 1).27,28

The utilization of an orientation agent that forces the template

in a specific spatial orientation prior to imprinting is referred to as

oriented imprinting. After anchoring the template, the remaining

functional groups are reproducibly accessible to functional

monomers, enabling spatially controlled covalent or non-cova-

lent interactions. This results in the formation of homogeneous
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binding sites upon polymerization and ultimately improves the

imprinting efficiency (Figure 2), as they offer superior binding

specificity.27,29

In literature, different oriented imprinting strategies using

various orientation agents for template fixation are reported,

such as inhibitors,30 glutaraldehyde,31,32 boronates,25,27,33–38 ap-

tamers,27 and chelating agents.39,40 The orientation agents can

be immobilized on several types of substrates, such as (nano)par-

ticles,28,31,32,35,38–43 96-well microplates,33 silicon wafers,36 and

monolithic capillaries.36 Particle-based substrates could be

based, e.g., on quantum dot (QD),35 metal-organic framework

(MOF),42 silica (SiO2),32,38,39,43 or magnetic (Fe3O4)28,31,38,40,41

particles. Like their conventional counterparts, oriented MIPs

have applications in various fields such as separation tech-

niques,44 sensing,45 drug-delivery systems,46 and catalysis.47

Parallel to advances in molecular imprinting, additive

manufacturing (AM), especially 3D polymer printing, gained

increasing importance, driven by its exciting applications and

rapid technological progress. As a key player in the manufacturing

revolution, AM addresses major trends like customization and

small-batch production.48 This method allows the manufacturing

of complex structures in an additive point-by-point, line-by-line,

or layer-by-layer polymerization process, whereby the shape

and dimensions of the object to be printed are taken from a 3D

computer-aided design (CAD).49–52 Today, AM includes many

different technologies, such as photopolymerization (also known

as photocuring or photo-cross-linking) techniques like digital

light processing (DLP), stereolithography (SLA), continuous liquid

interface production (CLIP), and liquid crystal display (LCD)

masked photocuring technology.50,53,54 These technologies allow

fine-tuning of the physicochemical and mechanical properties of

the final polymer object by selecting appropriate precursors and

processing conditions. Among the notable advantages of 3D

printing are its design flexibility, reduced production times, de-

mand-driven manufacturing, and enhanced industrial sustainabil-

ity through optimized processes.48 Due to its versatile and tunable

properties, 3D printing is nowadays widely used, e.g., in microflui-

dics,50 biomedicine,50 soft robotics,55 surgery,56 (tissue) engi-

neering,57 dentistry,57 and cell cultivation.58 The technology of

3D printing is increasingly finding its place in the field of molecular

imprinting, enabling the direct fabrication of application-tailored

functional materials.12,59–61 Among photocuring methods, LCD-

based 3D printing offers distinct advantages over point-based

techniques, which, despite their high resolution, suffer from slow

printing speeds and high costs. LCD-masked photocuring en-

ables fast, layer-wide polymerization with sufficient resolution

and structural fidelity. Additionally, LCD-based 3D printers are

cost-effective and often easy to adapt for experimental use.59

Recently, we fabricated 3D-MIPs by polymerization-induced

phase-separation (PIPS) in a scalable and reproducible LCD-

masked photocuring AM process.59 In this study, monolithic, hi-

erarchically porous substrates with complex macroscopic 3D

designs and with excellent binding specificity toward the used

template (i.e., 17β-estradiol), were generated. The term ‘‘hierar-

chically porous’’ refers to a combination of macroscopic pores

obtained by using a digital printing file and microscopic pores re-

sulting from the use of PIPS-promoting porogens.

Broadening the use cases of oriented MIPs, we see an unreal-

ized potential in combining this concept with PIPS in photocuring

AM technology, especially LCD-masked photocuring technology.

PERSPECTIVE

Oriented 3D-printed MIPs could be fabricated by implementa-

tion of orientation agent-template composites during the poly-

merization of PIPS promoting resins in LCD-masked photocur-

ing processes, leading to highly specific materials with tunable

macroscopic (added 3D features in the 3D model) and inherent

porosity, allowing enhanced mass transfer and spatial recogni-

tion of small and large molecules such as proteins (Figures 3

and 5).

Substrate immobilized orientation agent-template complexes

can be either homogeneously dispersed in the photocurable

resin containing suitable monomers and PIPS-promoting poro-

gen(s) (as depicted in Figure 3), or directly mounted on the

surface of the build platform. In both cases, self-assembly with

the functional monomers occurs, forming a spatially organized

pre-polymerization complex between the template and the

functional monomers. Upon photocuring, the solid substrates

are expected to migrate to the interfaces of the two liquid phases

(polymer-rich and polymer-poor phase) according to the picker-

ing effect, resulting in 3D-designed porous MIPs that carry the

substrates at the boundaries where the pores intersect the sur-

rounding polymer.62 For rebinding of the template, the composite

Figure 1. Non-oriented template immobilization in contrast to oriented template immobilization using an orientation agent
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material must be removed, exposing the 3D-fixed binding sites

adjacent to the resulting cavity complementary to the shape

and size of the substrate. The 3D-printed MIP consequently

could show porosity on three different levels, as it possesses

macroscopic ‘‘printed’’ porosity (resulting from its applied

CAD), a pore-network emerging from PIPS, and additional cav-

ities with active binding sites due to removal of the orientation

agent-template composite. All three types of porosity could be

tailored either by adjusting the CAD, the amount and type of po-

rogen(s), or the substrate, leading to an enhanced mass transfer

and rendering this synthesis strategy even more interesting for

various applications (Figure 4).

By employing this approach, direct printing of MIPs onto elec-

trodes may become feasible, thus streamlining the process of

electrochemical sensing.63–67 Moreover, MIPs could serve as

specific target elements within microfluidic systems, enabling

on-line analyte enrichment. In this scenario, the entire microfluidic

setup could be printed as ready to use.68–70 Since the feasibility of

multi-material vat photopolymerization has been established, this

concept could be extended to the fabrication of MIP-assisted

fully 3D-printed integrated sensors.54 Furthermore, by performing

4D printing, thus integrating stimuli-responsiveness, it could be

possible to create polymers that respond to external stimuli,

such as pH, temperature, or the addition of a solvent. This could

lead to physicochemical alterations in the scaffold, potentially

resulting in the release or binding of a template molecule.71–73

Herein, we especially want to highlight the potential for epitope

imprinting, as this is, up to now, a challenging field.74 With the pre-

sented method, we expect that monolithic, hierarchically porous,

oriented epitope-imprinted polymers with active binding sites that

favor specific orientation for peptide binding, can be generated.

These polymers can presumably rebind the corresponding,

comparatively more spatially demanding biomacromolecules

since the binding pockets are accessible not only through the

pore network but also via the remaining voids derived upon

removal of the substrate for pre-orientation (Figure 5).48,75–77

A real-world example of the potential of monolithic, hierar-

chically porous 3D-printed oriented MIPs in the biomedical field

could be the transfer to additively manufactured nasopharyngeal

swabs (NPSs). During the COVID-19 pandemic local and global

supply chain disruption of essential biomedical devices, such as

NPSs for SARS-CoV-2 sampling, which is the reference sam-

pling method recommended by the WHO, occurred.78 Since

3D printing is already established in biomedical fields, the fabri-

cation of additively manufactured biocompatible NPSs was sug-

gested to meet the supply chain needs in addition to the mass

production of conventional flock-head swabs. This technology

enables rapid prototyping and cost-effective production on de-

mand, while ensuring biocompatibility, safety, accuracy, com-

fort, thermal resistance, (design) flexibility, ease of handling,

and functionality. Moreover, open-source collaborative design,

enabled by the global exchange of digital models between

academia and industry, accelerated the iterative innovation

and optimization of both production and performance of 3D-

printed NPSs. Studies have shown that these NPSs outperform

conventional NPSs in terms of mucus collection and retention, as

well as mechanical properties for greater comfort during sam-

pling.78–80 We see great potential in introducing the proposed

3D printing process of oriented MIPs for virus binding into the

AM of NPSs. This facilitates further functional improvements of

these innovative biomedical devices by enabling affordable

and accessible production of specific and selective swabs.

We anticipate that this method will have a tremendous impact

on the current production of biomimetic receptors, as it could

enable their simple, flexible, demand-driven, reproducible, and

scalable production. The templates to be imprinted could corre-

spond to ions, (small) molecules like, e.g., active pharmaceutical

ingredients, or even epitopes for binding of larger entities, such

as proteins, viruses, and bacteria, while the monomeric building

blocks of the photocurable resin could be based on, e.g., acry-

lates or epoxides. The outstanding innovation of this approach

is not only that it renders oriented imprinting easy to realize

Figure 2. Schematic 3D representation of the production process of oriented MIPs
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during on demand 3D printing, but in particular that it enables the

production of 3D monolithic biomimetic receptors for large mol-

ecules, such as proteins or even viruses.

FUTURE PERSPECTIVES

We are confident that by combining the concepts of photocur-

ing AM, PIPS, and oriented imprinting, hierarchically porous

3D structures with remarkable binding affinity and analyte spec-

ificity can be prepared in a straightforward, tailored, scalable,

demand-driven, and reproducible manner, rendering them

highly versatile for a broad range of uses. This proposed strat-

egy demonstrates the powerful combination of mechanical per-

formance, determined by the structure and morphology gener-

ated by AM, and the functionality, introduced by oriented MIPs

in terms of analyte specificity. The innovative MIP preparation

method allows new possibilities for the development of isolation

processes (in both gas and liquid phase), sensors, and cata-

lysts. Looking ahead, the integration of this methodology with

emerging technologies, such as 4D printing, microfluidics, and

epitope imprinting holds promise for even broader applications

in industry. Utilizing the versatility of 4D printing could enable

dynamic responses to external stimuli, enhancing the function-

ality of MIP-based devices. Microfluidics integration may facili-

tate on-line specific enrichment and separation of analytes

from complex matrices in a single step production method

generating so-called MIP-on-a-chip devices. Furthermore, ori-

ented epitope imprinting could be used for the specific binding

of biomacromolecules or even viruses or cells on a large scale.

In essence, the presented combination of these methodologies

could provide groundbreaking advances in diverse fields

ranging from healthcare and environmental monitoring to indus-

trial catalysis and beyond.

Future studies should comprehensively evaluate the overall

performance of 3D-printed oriented MIPs. This includes assess-

ing and optimizing the compatibility between orientation agents

and substrates across diverse templates, as well as verifying

binding site homogeneity using surface or spectroscopic ana-

lyses. The mass transfer within the hierarchically porous struc-

tures should be modeled to enable rational structural design,

while mechanical tests must be performed to determine the me-

chanical stability and robustness of the functional materials. In

Potential 
of 3D-printed

oriented 
MIPsStimuli-responsive  

template uptake
and release

Targeted on-line 
enrichment in 
3D-printed 
microfluidics

Electrode-MIP
composites for

electrochemical
sensing

Epitope imprinting
for specific binding

of proteins

Figure 4. Possible fields of application for 3D-printed oriented MIPs

Figure 3. Manufacturing process of porous 3D-printed MIPs with oriented binding sites
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addition, the reproducibility of the developed hierarchically

porous oriented bulk MIPs throughout different batches and

printing conditions should be investigated. The validation of

the MIP performance should also be performed in complex

real-world matrices, including for instance serum, urine, or

wastewater and must be benchmarked against conventional

MIP counterparts.

Application-oriented investigations should further focus on eval-

uating the rebinding properties and release mechanisms of target

analytes under real-time sensing conditions. In biomedical appli-

cations, such as the AM of NPSs, the biocompatibility of the ori-

ented epitope-imprinted polymers must be confirmed, analyzed,

and optimized.
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tenberg, E. (2008). Additive Processing of Polymers. Macromol. Mater.

Eng. 293, 799–809. https://doi.org/10.1002/mame.200800121.

53. Hu, Y., Luo, Z., and Bao, Y. (2025). Trends in Photopolymerization 3D

Printing for Advanced Drug Delivery Applications. Biomacromolecules

26, 85–117. https://doi.org/10.1021/acs.biomac.4c01004.

54. Subedi, S., Liu, S., Wang, W., Naser Shovon, S.M.A., Chen, X., and Ware,

H.O.T. (2024). Multi-material vat photopolymerization 3D printing: a review

of mechanisms and applications. NPJ Adv. Manuf. 1, 9. https://doi.org/10.

1038/s44334-024-00005-w.

55. Wallin, T.J., Pikul, J., and Shepherd, R.F. (2018). 3D printing of soft robotic

systems. Nat. Rev. Mater. 3, 84–100. https://doi.org/10.1038/s41578-

018-0002-2.

56. Pugliese, L., Marconi, S., Negrello, E., Mauri, V., Peri, A., Gallo, V., Auric-

chio, F., and Pietrabissa, A. (2018). The clinical use of 3D printing in sur-

gery. Updates Surg. 70, 381–388. https://doi.org/10.1007/s13304-018-

0586-5.

57. Quan, H., Zhang, T., Xu, H., Luo, S., Nie, J., and Zhu, X. (2020). Photo-

curing 3D printing technique and its challenges. Bioact. Mater. 5,

110–115. https://doi.org/10.1016/j.bioactmat.2019.12.003.

58. Schmidleithner, C., Malferrari, S., Palgrave, R., Bomze, D., Schwenten-

wein, M., and Kalaskar, D.M. (2019). Application of high resolution DLP

stereolithography for fabrication of tricalcium phosphate scaffolds for

bone regeneration. Biomed. Mater. 14, 045018. https://doi.org/10.1088/

1748-605X/ab279d.

59. Keitel, B., Batista, A.D., Schimana, S., Mizaikoff, B., and Dinc, M. (2024).

Emulsion-Free 3D Printing of Inherently Porous Molecularly Imprinted

Polymers with Tailored Macroscopic Geometries. ACS Appl. Polym.

Mater. 6, 3690–3695. https://doi.org/10.1021/acsapm.3c02744.

60. Gomez, L.P.C., Spangenberg, A., Ton, X.A., Fuchs, Y., Bokeloh, F., Malval,

J.P., Tse Sum Bui, B., Thuau, D., Ayela, C., Haupt, K., and Soppera, O.

(2016). Rapid Prototyping of Chemical Microsensors Based on Molecu-

larly Imprinted Polymers Synthesized by Two-Photon Stereolithography.

Adv. Mater. 28, 5931–5937. https://doi.org/10.1002/adma.201600218.

61. Conrad, P.G., Nishimura, P.T., Aherne, D., Schwartz, B.J., Wu, D., Fang,

N., Zhang, X., Roberts, M.J., and Shea, K.J. (2003). Functional Molecu-

larly Imprinted Polymer Microstructures Fabricated Using Microstereoli-

thography. Adv. Mater. 15, 1541–1544. https://doi.org/10.1002/adma.20

0304602.

62. Dubinsky, S., Petukhova, A., Gourevich, I., and Kumacheva, E. (2010).

Hybrid porous material produced by polymerization-induced phase separa-

tion. Chem. Commun. 46, 2578–2580. https://doi.org/10.1039/b924373a.

63. Khosrokhavar, R., Motaharian, A., Milani Hosseini, M.R., and Mohammad-

sadegh, S. (2020). Screen-printed carbon electrode (SPCE) modified by

molecularly imprinted polymer (MIP) nanoparticles and graphene nano-

sheets for determination of sertraline antidepressant drug. Microchem.

J. 159, 105348. https://doi.org/10.1016/j.microc.2020.105348.

64. McClements, J., Seumo Tchekwagep, P.M., Vilela Strapazon, A.L., Can-

farotta, F., Thomson, A., Czulak, J., Johnson, R.E., Novakovic, K., Los-
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