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ARTICLE INFO ABSTRACT
Keywords: Additive manufacturing is one of the key technologies behind recent industrial revolutions. Mass customization
cyclodextrin requires production techniques that can meet current needs for human-centricity, sustainability, and resiliency.

supramolecular assemblies
host-guest interaction
photopolymerization
personalized medicines
wearable sensors

Furthermore, for biomedical applications and personalized medicine, 3D printing demands advanced materials
that can respond to the processing requirements of each technique but that are at the same time biocompatible,
biofunctional and bioeliminable. Cyclodextrins (CDs) have only recently been explored as components of 3D
printed objects despite the variety of functionalities they can offer. Considered safe for most administration
routes, these macrocyclic oligosaccharides possess a unique capability to host a wide variety of substances,
ranging from small drugs and biomarkers to large peptides and polymers, and can be versatilely functionalized at
their numerous hydroxyl groups. Although still underexplored, these capabilities could be transferred to 3D
printed structures. The aim of this review is to analyze the contribution of CDs to make 3D/4D printing more
sustainable and provide printed objects with novel features. The information collected from the papers published
in the last decade has been organized into three sections: CDs to improve drug biopharmaceutical properties and
controlled release; CDs as structural agents of 3D printed objects; and CDs as responsive agents for 4D printing
and wearable sensors. The obtained results confirm the suitability of CDs to be processed using a variety of 3D
printing techniques and to provide new nano-scale tunable architectures, with permanent or stimuli-transient
conformations. CDs can expand 3D printing to lipophilic compounds that form inclusion complexes during the
preparation of water-based semisolid masses or the melting of filaments or powders. Furthermore, CDs offer
several advantages as structural components by forming reversible supramolecular assemblies that exhibit self-
healing properties and by facilitating photocross-linking reactions in aqueous environments acting as initiator
solubilizer and building blocks. Additionally, CDs can provide 4D behavior through sensitivity to humidity,
temperature, pH, ionic strength, and external forces. Overall, CDs can enable 3D printed objects to meet widely
varying mechanical, electrical, and drug delivery demands.

1. Introduction industries were able to develop efficient techniques and protocols for
production in mass of a variety of objects, which allowed cost reduction

Additive manufacturing is one of the key technologies behind the and a progressive increase in the quality. As a result of automation,
recent fourth and fifth industrial revolutions. Along the 20th century the many products, including those related with health and welfare became
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accessible to a broader spectrum of people. However, by the beginning
of the 21st century the customers were worried not only on affordability
but also on improved performances and personalization. Thus, mass
production started to shift to mass personalization or mass custom-
ization. This change of paradigm was possible thanks to the advances in
both information technologies and operational technologies. “Digitali-
zation” or “physical, digital, and biological convergence” is the main
descriptor of Industry 4.0, as “Mechanization”, “Electrification”, and
“Automation” were the driven elements of Industry 1.0 (18th century),
Industry 2.0 (19th century), and Industry 3.0 (20th century), respec-
tively. Computerization, digital interconnection of machines, internet of
things, the cloud, and advanced engineering, such as additive
manufacturing, have fostered the creation of smart factories able to
automate the processes further [1].

In less than two decades, the rapid evolution of Industry 4.0 resulted
in highly profitable yields of production but at expenses of relevant
social metrics, particularly the occupational health of the workers.
Driven by new generations of information technologies, the Industry 5.0
aims to “Personalization”, i.e., to place the well-being of humans as the
main goal of the manufacturing system [2]. In brief, Industry 5.0 re-
inforces the outcomes of Industry 4.0 through the delivery of highly
personalized products and services with an increasing customer
empowerment. The Industry 5.0 relies on the combination of artificial
intelligence tools and cognitive computing (objective criteria) and the
human intelligence, sensitiveness, rationality and creativeness (subjec-
tive criteria) to attain an adequate human-robot (cobot) collaboration
environment that simultaneously addresses manufacturing and social
needs [3]. Thus, the main differential features of Industry 5.0 are
human-centricity, sustainability, and resiliency.

In the healthcare field, digitalization has transformed patient care in
terms of earlier diagnosis tools, faster identification and development of
more precise treatments, and interconnection of health data and patient
monitoring with less human effort [4]. Personalization of the automa-
tization, the key feature of Industry 5.0, brings into reality the
“personalized” delivery of care for patients. Personalized medicines,
medical implants, artificial organs, and transplants adapted to the
unique requirements and lifestyle of each patient as well as
patient-specific surgical plannings and instruments are now becoming a
reality [5,6].

Additive manufacturing, and particularly 3D printing, may strongly
contribute to the three pillars of Industry 5.0. Versatile and automatable
3D printing technologies can produce individualized products that
perfectly match to each customer needs in a fast and highly reproducible
way and that include added value elements for each specific application
(human-centricity), using the minimal quantities of raw materials and
energy without wastes (sustainability) [7,8]. Moreover, under stress
conditions due to natural emergencies, pandemics, border closures,
(geo)political conflicts or rapidly changing market conditions, 3D
printing technologies offer resiliency (ability to adapt and recover) to
the entire manufacturing chain. They also usually lead to lower cost and
higher quality products, compared to conventional manufacture tech-
nologies, that can be accessible to more people and that can be produced
where they are needed (e.g., at a point of care) by sending or sharing
through internet the adequate files, avoiding the costs of transport of the
final products [9,10].

In the health care field, 3D printing technologies help overcoming
the constrains of “one-size-fits-all” medicines by providing patient-
adapted products [11,12]. 3D printing has already allowed for the
personalization of doses and excipients in medicines produced in hos-
pital setups [13], preparation of customized models and tools for more
efficient surgeries [14,15], cost-effective design of high-quality
personalized implants with an extended self-life period [16-18], or or-
thopedic implants with smart sensors built into them for real-time
monitoring of implant performance and patient outcomes [19].

Although still at the research level, the evolution of 3D printing to 4D
printing allows for the production of objects with properties that evolve
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along time to better fit to physiological environments [20]. More
recently, non-planner slicing and printing allow producing curved
layers, instead of depositing flat layers, by moving the print part, which
results in continuous and stronger curved surfaces and more robust final
objects [21]. Such a technology may notably expand the use of additive
manufacturing to produce implantable medical devices that have com-
plex curved surfaces, as it is the case of bone scaffolds, without the need
of sacrificial materials during printing and exhibiting improved me-
chanical behavior [22].

To fulfil the Industry 5.0 principles, the innovations in cutting-edge
3D/4D printing technologies should come together with advanced ma-
terials and sustainability. On one hand, improved performances of the
medicines and medical devices do not depend only on the design but also
on the materials they are made of. Bioactive materials able to regulate
specific biofunctions (e.g., inhibition of drug efflux pumps in the case of
a medicine, or promotion of cell differentiation in the case of a scaffold)
are demanded. In same cases there is a mismatch between the materials
that are suitable for a printing technology, which are commonly syn-
thetic monomers and polymers, and the biocompatibility and clearance
requirements. Absence of safety data causes a delay in the (pre)clinical
testing of the novel printed medicines and devices. On the other hand,
the use of synthetic monomers and polymers, which are in most cases
derivatives of petroleum, raises concerns on sustainability and envi-
ronmental impact. The accumulation of plastic-like disposable medical
devices (a typical example is contact lenses), devices that must be
replaced periodically (e.g., catheters), or patient-specific surgical
models that are discarded after healing can have a very negative impact
on the environment [23,24]. Regulatory agencies are concerned on how
non-biodegradable medical devices could be reprocessed to be reused
[25]. In this line, 3D printing technologies should be ideally moved to
“green” materials [26]. Overall, innovation in materials science and
development of multimaterial printing strategies have been identified as
two urgent needs of additive manufacturing for biomedical applications
[17,27].

Natural polysaccharides, especially cellulose derivatives, are gaining
increasing attention as components of 3D printed materials. Micro-
crystalline cellulose and cellulose ethers and esters are recognized as
safe excipients of medicines since many decades ago. Moreover, they are
useful as components of medical devices endowed with a variety of
functionalities [28]. Cellulose derivatives have recently been shown to
be suitable for fused filament fabrication (FFF) and extrusion (bio)
printing if their particle size, molecular weight, crystallinity and degree
of substitution are adequately tunned [29-32].

Cyclodextrins (CDs) have been much less explored despite the vari-
ety of additional functionalities that they may offer. Natural a-CD, p-CD
and y-CD are made of six, seven and eight glucopyranose units,
respectively, connected by a-1,4-glycosidic bonds forming a truncated
cone-like structure (Fig. 1A) [33]. These macrocyclic oligosaccharides
are obtained from enzymatic degradation of starch [34]. Differently to
the linear or branched polysaccharides, the peculiar cyclic structure of
CDs endows these oligosaccharides with the capability to host a wide
variety of substances forming inclusion complexes (Fig. 1B). CDs have
been demonstrated to be safe solubilizing agents of Biopharmaceutics
Classification System (BCS) Class II and Class IV drugs in a variety of
already approved medicines [35]. Such hosting capability may solve
some critical problems of the extrusion 3D printing of hydrophobic
drugs in aqueous environment and FFF 3D printing of labile biological
active ingredients, avoiding phase separation and providing stability
during processing. CDs can regulate the release of the active ingredients
through affinity driven mechanisms but also serving as structural agents
that reinforce the mechanical properties of the printed objects [36,37].
Host-guest interactions formed with polymeric components may confer
(bio)inks with outstanding viscoelastic and self-supportive properties
for fast and high-fidelity 3D printing under mild stress conditions
(Fig. 1C) [38,39]. Moreover, CDs can be easily functionalized with
polymerizable moieties to obtain photopolymerizable bio(inks) [40]. In
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Fig. 1. (A) Structure and approximate inner diameter and outer diameter of a-CD, -CD and y-CD; the heigh of all of them has been estimated to be 0.78 nm. Data
taken from Loftsson and Brewster [33]. (B) Cyclodextrins can form reversible inclusion complexes with a variety of drugs, resulting in masking of unpleasant
organoleptic properties, enhanced drug solubility, stability and permeability, and decreased volatility and toxic local effects. The inclusion complexes can
self-aggregate or can be cross-linked resulting in affinity-driven drug-controlled release systems. (C) Cyclodextrin can also (a) be threaded by polymers forming poly
(pseudo)rotaxanes that self-assemble as supramolecular structures, (b) be cross-linked forming cyclodextrin-polymers, (c) be grafted to polymers and then form
supramolecular architectures through host-guest interactions with polymers functionalized with suitable guests, resulting in zipper-like assemblies, and (d)
participate simultaneously in inclusion complexes with drugs and polymers, which may assemble in supramolecular architectures. Reproduced from Simoes et al.

[37] with permission from the Royal Society of Chemistry.

addition to the role as excipient and structural agent, CDs can also
develop certain “pharmacological” functionalities [41]. For example,
they can tune the differentiation of mesenchymal stem cells to chon-
drocytes, adipocytes or osteoblasts [42,43], or can act as traps of a va-
riety of physiological substances, biomarkers and even Quorum Sensing
signaling molecules, interfering with biofilm development and syner-
gistically promoting the antimicrobial activity of antibiotics [44,45].
This trap-like functionality can be extended to other fields of applica-
tions, such as bioremediation, selective extraction of phytochemicals
and nutrients [46], substrates for surface-enhanced Raman spectroscopy
(SERS) sensors [47] or surfaces for specific molecular recognition

(molecular print boards) [48]. Although still little explored, these ca-
pabilities could be transferred to 3D printed structures.

A search in the Web of Science database (updated in February 2024)
for the “cyclodextrin AND 3D print*” term provided 68 articles and 9
reviews published until December 31, 2023 (Fig. 2). The topic has been
intensified in the last five years. Further analysis of the reviews revealed
that they were general reviews on supramolecular assemblies including
also assemblies in which CDs were not involved (six contributions),
sponges (one), medical devices containing CDs but not focused on 3D
printing (one), and 3D printed devices in which cyclodextrins are
referred in the Keyword Plus but not tackled among the contents (one).
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Fig. 2. Outcomes of searching for “cyclodextrin AND 3D print*” term in the

Web of Science database until December 2023 (included).

Therefore, a review on the role that CDs may play in 3D/4D printing of
medicines and medical devices is missed. The aim of the present review
is to fill this gap through a detailed analysis of the available original
research papers in order to shed light on the contribution of CDs to make
3D/4D printing more sustainable while endow the printed objects with
novel performances. The information has been divided in three sections
according to the CD main function disregarding the 3D printing tech-
nology applied. These sections comprise: CDs to improve drug bio-
pharmaceutical properties and controlled release; CDs as structural
agents of 3D printed objects; and CDs as responsive agents for 4D
printing and wearable sensors. The ultimate goal is for the information
to be useful for producing personalized devices that exhibit new capa-
bilities or functionalities while meeting the highest standards of safety,
biodegradability and sustainability.

2. CDs to improve drug biopharmaceutical properties and to
tune drug release

Development of personalized medicines demands not only the dis-
covery of the most adequate drug for each patient but also the prepa-
ration of the most adequate dosage form or delivery system for a given
drug-patient pair. Careful selection of the dose, the excipients, the
morphology of the dosage form, and the drug release place and rate may
make medicines to be safer and more efficient. Relevant phenotypic
differences in absorption, distribution, metabolism and excretion
(ADME) strongly determine the response of the patients to a given
treatment. These differences can also be dependent on the age, gender,
and health and societal conditions of the patient [49]. 3D printing,
mainly FFF and extrusion techniques, has revealed as a very versatile
tool to prepare personalized medicines [50]. Printlets is an acronym
used to design tablet-like formulations obtained by 3D printing. Prepa-
ration of chewable printlets for children suffering from rare metabolic
diseases in a hospital setting has already represented a first milestone
[13]. Since most drugs are either poorly water soluble or present sta-
bility problems, incorporation of CDs may help overcoming these
problems and notably expand the functionalities of the oral printlets.

2.1. Extrusion 3D printing

Very hydrophobic drugs, such as carbamazepine (BCS Class II), have
been formulated as fast dissolving (in mouth) printlets with the aid of
HP-B-CD [51]. Carbamazepine is an antiepileptic and anticonvulsant
drug used for the treatment of seizure disorders and neuropathic pain
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[52]. This drug readily formed inclusion complexes with HP-B-CD dur-
ing the preparation of a mass suitable for 3D micro-extrusion. A high fix
proportion of drug (24% w/w) was blended with HP-$-CD (72.1% w/w;
Kleptose® HP oral grade) in a mortar. Then, hydroxypropyl methyl-
cellulose (HPMC) F4M:croscarmellose sodium (Ac-Di-Sol® SD711)
1.4:2.5% w/w mixture (formulation I) or HPMC F4M solely (3.9%)
(formulation II) was added as wet gels (water:ethanol 90:10 vol/vol) to
the mortar for further blending. The obtained wet masses had visco-
elastic and self-healing properties adequate for direct extrusion. Cylin-
drical printlets (15 mm diameter x 3 mm height) were designed with
diagonal (45°) infill pattern and 1 mm pore size and 5 layers (Fig. 3 Al).
The printlets were dried at 40 °C for 12 h. Formulation I performed as
orodispersible (flash; disintegration in 3 min) while formulation II was
characterized as of immediate release (disintegration in 7.5 min). The
chosen drug:HP-B-CD mass ratio allowed for inclusion complex of half
the drug dose as verified by differential scanning calorimetry (DSC) and
XRD analysis. The amorphization of a large proportion of carbamaze-
pine and the high hydrophilicity of HP-B-CD explained the fast disinte-
gration of the printlets and the release of the drug; namely, in 15 min
formulation I released more than 95% dose and formulation II released
55% dose (Fig. 3 A2). Overall, this first report on HP--CD as main
component of extrusion 3D printed formulations revealed the feasibility
of producing oral printlets for patients that require rapid drug release
under emergence conditions and with compromised swallowing capa-
bility. Only very small proportions of other cellulose derivatives were
needed to produce a printable mass, and tiny changes in the ratio of
hydrophilic (HPMC) to swellable (croscarmellose sodium) cellulose
ethers allowed a fine tuning of the wet masses rheology, which in turn
determined printability, the printlets disintegration, and the drug
release rate.

B-Cyclodextrin (B-CD) has been shown critical for the efficient
encapsulation of the lipophilic f-carotene in wet masses also containing
chitosan for extrusion 3D printing [53]. The ink containing p-CD
remained stable for 5 days at 25 °C, compared to the ink lacking inclu-
sion complex formation that was instable. The order of addition of the
components, first cyclodextrin and then chitosan, was demonstrated as
critical for the correct stabilization of the inclusion complexes (Fig. 3
B1) and the long-term stability of the inks. The total content in chitosan
determined the rheological properties of the ink (Fig. 3 B2) The ink was
successfully tested for decoration of bread and paper (Fig. 3 B3-B7).
Replacing p-carotene with other lipophilic nutrients or supplements the
ink might be suitable for nutraceutical products [54].

Semi-solid extrusion 3D printing of inclusion complexes has also
been explored for oral administration of cannabidiol. This drug has a
plethora of properties ranging from anti-inflammatory to neuro-
protective, without psychoactive effects. Cannabidiol is poorly soluble
in water and suffers from an extensive first-pass effect in liver; therefore,
formulations that specifically release the drug in colon are needed.
Pectin from citrus peel (gelling agent) and Manuka honey (adjuvant of
gelling) were chosen as natural structural components of the ink. Solid
inclusion complexes of cannabidiol and p-CD (1:14 w/w) were added to
the pectin:honey (13:2 mass ratio) up to a final concentration of 1%, 2%
and 5% w/w [55]. The inclusion complexes facilitated the homogeneous
dispersion of the drug in the 3D printed films (1 cm diameter, 0.2 mm
thickness). In vitro release tests revealed that the films did not release
cannabidiol in simulated gastric fluid and that the release rate was slow
in simulated intestinal fluid. Once in contact with simulated colonic
fluid, a burst release occurred (Fig. 3 C). The total content in inclusion
complexes caused minor changes in the release pattern, but films pre-
pared with 2% and 5% inclusion complexes provided more reproducible
release data compared to 1%, probably because a more homogeneous
distribution of the drug in the films.

High methoxylated pectin and Manuka honey mixtures were also
used for the 3D printing of wound dressings due to excellent sorption of
exudates and antimicrobial activity. Incorporation of propolis, with
diverse potential therapeutic activities, was investigated in the form of
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Fig. 3. (A1) Printlets of carbamazepine were prepared by extrusion 3D printing using as main component HP-p-CD. The wet mases had adequate printability
performance, showed fast disintegration in contact with aqueous medium and (A2) accelerated drug dissolution compared to the same mass of free drug as crystalline
powder. Reproduced from Conceicao et al. [51] with permission from Elsevier. (B1) Inclusion complexes of p-carotene (CAT) with f-cyclodextrin (CCLD) were
stabilized with chitosan (CS); (B2) increasing the content of chitosan in the wet mass, the values of storage (G’) and loss (G’’) moduli also increased, with the most
favorable mechanical properties observed for CCLD-CAT-CS4 (CCLD solution: CAT: CS solution =50:2:50) (values in green); and (B3) the wet mass was 3D printed
(extrusion) with a nozzle of 1 mm diameter at 30 °C on (B4) paper and (B5-B7) bread and the pictures taken one hour after. Reproduced from Wang et al. [53] with
permission from Elsevier. (C) Effect of pH on cannabidiol release from 3D printed pectin-honey films prepared with 1%, 2% and 5% solid inclusion complexes of
cannabidiol:p-cyclodextrin (CSIC) and tested in simulated gastric fluid (SGF), simulated intestinal fluid (SIF), and simulated colonic fluid (SCF). Reproduced from
Andriotis et al. [55] with permission from Taylor & Francis. (D) Antimicrobial activity (D1) and wound healing properties (D2) of 3D-printed pectin:honey films
containing 0%, 2.5%, 5%, 10%, 20% and 30% w/w chitosan-p-cyclodextrin-propolis (CCP) inclusion complexes; *** p < 0.05 vs. control. Adapted from Andriotis
et al. [56] (Creative Commons Attribution (CC BY) license).

inclusion complexes with $-CD that were combined with chitosan physical properties, antimicrobial activity and wound healing was found
(designed as CCP) [56]. The patches were 3D printed covering a wide for a 10% CCP (Fig. 3 D1-D2).

range of chitosan-containing inclusion complexes (0%, 2.5%, 5%, 10%, The capability of f-CD to form inclusion complexes with essential oils
20% and 30% w/w CCP with respect to dry pectin). As the content in exhibiting antimicrobial properties is also being exploited to develop 3D
inclusion complexes increased, the film structure became more hetero- printed active packaging of fruits. Inclusion complexes of $-CD and
geneous and the disintegration time increased due to the ionic lemongrass essential oil mixed with sodium alginate have been suitable
cross-linking of chitosan with pectin. An adequate balance between film for strawberry preservation [57].
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2.2. Fused Filament Fabrication 3D printing

FFF 3D printing requires the previous preparation of a filament
containing all components by means of hot-melt extrusion. Thus, the FFF
technique involves two successive melting-cooling steps; namely, one to
prepare the filament and a second one for 3D printing. Hot-melt extru-
sion has been widely shown as an efficient technique to form CD-based
inclusion complexes in a continuous production mode and also
including adjuvant polymers [58,59]. Thus, FFF 3D printing appears as a
suitable technique to develop the encapsulation potential of
cyclodextrins.

HP-B-CD has been tested as stabilizing agent of a monoclonal anti-
body (mAb) during hot melt extrusion and subsequent FFF. However,
the proportion of HP-B-CD used was quite low (3.2-5.1%), and trehalose
associated to isoleucine showed better stabilization properties. Thus, the
study was not further progressed with HP-$-CD [60].

Recently, paclitaxel and carboplatin were formulated as drug-eluting
intrauterine implants by combining poly-e-caprolactone (PCL; Mn
80,000) and cyclodextrins [61]. These drugs are poorly soluble in water
and their dose ratio is different for each patient. Therefore, there is the
two-fold need of preparing personalized devices and improving drug
solubility. HP-p-CD, methyl-p-cyclodextrin (M-B-CD), and hydrox-
ypropyl-y-cyclodextrin (HP-y-CD) were tested. The inclusion complexes
were prepared by a co-precipitation method and those prepared with a
drug:M-p-CD 1:1 molar ratio showed the highest encapsulation effi-
ciency for both paclitaxel and carboplatin. Filaments (1.75 mm diam-
eter) were prepared with each inclusion complex in separate by heating
in the 75-80 °C range; final paclitaxel:PCL ratio was 1:1000 w/w and
carboplatin:PCL ratio was 1:2000 w/w. Carboplatin:M-B-CD filaments
showed faster release than paclitaxel:M-f-CD filaments, but in any case,
the release was sustained for several days. The higher release rate of
carboplatin:M-B-CD filaments was ascribed to the higher intrinsic solu-
bility of carboplatin and its inclusion complexes compared to paclitaxel,
which in turn facilitates the migration of the drug towards the filament
surface. The obtained release rates were adequate for causing the death
of HEC-1B human endometrial adenocarcinoma cells.

In the field of regenerative medicine, p-CD has been added to 3D
printed polylactic acid (PLA)-based scaffolds to provide sustained de-
livery of antimicrobial agents, avoiding initial burst release. $-CD:
chlorhexidine 1:1 inclusion complexes were mixed with PLA and
nanohydroxyapatite (nHA) in a mass ratio of 3:80:20 and printed at 105
°C [62]. Compared to scaffolds lacking inclusion complexes, those pre-
pared with B-CD:chlorhexidine efficiently prevented microorganisms
colonization while showing excellent compatibility with osteoblast
precursor cell line and bone formation in cell cultures.

2.3. Direct powder extrusion (DPE) 3D printing

HP-B-CD has been shown also suitable for direct powder extrusion
(DPE) 3D printing. This technique avoids the previous preparation of a
filament, as required for FFF, which shortens the production process.

In a first report, this printing technique was applied to overcome the
poor oral bioavailability of niclosamide, which is a BCS Class II anti-
helmintic repositioned for the treatment of tumors. Direct powder
extrusion (DPE) 3D printing of mixtures of the drug (10% w/w) with
HPMC Affinisol™ 15LV (42.87-40.73% w/w), HP-3-CD (Cavasol W7)
(47.13% w/w) and polyethylene glycol (PEG) 6000 (2.14-4.50% w/w)
was shown to notably increase niclosamide dissolution rate (100%
release in 24 h) compared to formulations lacking HP-B-CD (65-70%
release in 48 h). During the extrusion through the nozzle (0.8 mm) at
180 °C, the drug was amorphized and blended with the excipients,
facilitating the inclusion complex formation. The obtained printlets
(12 mm diameter x 3.7 mm height) had homogeneous content in drug
and close to the feeding values [63].

DPE 3D printing was shown also suitable for improving the oral
solubility of budesonide (BCS Class II) intended for the treatment of
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eosinophilic colitis in pediatric patients [64]. Mini-tablets (5 mm
diameter x 4 mm thickness) were prepared to perfectly adjust the dose
and to facilitate the swallowing. Budesonide proportion was fixed at
0.59% w/w and tested either as (i) a physical mixture with HPMC 15LV
(75.44%):PEG 6000 (3.97%) (named MT1), (ii) a physical mixture with
HPMC 15LV (41.84%):PEG 6000 (2.99%):HP-B-CD (46.41%) (named
MT2), or (iii) inclusion complexes of budesonide and HP-B-CD previ-
ously prepared by freeze-drying (47.00%) mixed with HPMC 15LV
(41.84%):PEG 6000 (2.99%) (named MT3). The printlets were prepared
through a nozzle of 0.4 mm at 180 °C, except for the inclusion com-
plexes, which required 190 °C, due to the worsening of the powder flow
properties (Fig. 4 A1). Compared to free budesonide powder that dis-
solved only up to 14% in pH 7.4, mini-tablets prepared with HP-3-CD
exhibited a rapid drug release under all pH conditions (100% released in
10 h) (Fig. 4 A2). The results evidenced that the previous preparation of
inclusion complexes is not needed, and they are formed during the
one-step mixing and extrusion process inside the printer. Coating with
Eudragit FS 30D for the site-specific release at colon allowed preventing
drug release at gastric (pH 1.2) and small intestine (pH 6.8) conditions,
while the release was triggered at colon conditions (pH 7.4) [64].
Recently, mucoadhesive orodispersible films containing clobetasol
propionate have been developed using a similar DPE 3D printing
approach for personalized pediatric therapies [65].

2.4. Inkjet printing

Cyclodextrins are particularly suitable as solubilizing agents in inks
to be used in inkjet printing. Paclitaxel:HP-B-CD 1:2 molar ratio inclu-
sion complexes prepared by co-lyophilization were dispersed in water:
propylene glycol 40:60 v/v mixture and printed onto hydrox-
ypropylcellulose (HPC Klucel LF) films (Fig. 4 B1) [66]. The printed
films were tested ex vivo in a dynamic simulated cervix environment,
and the amount of paclitaxel retained in the tissue quantified (Fig. 4 B2).
The film containing approx. 1 pg paclitaxel was placed in contact with
the tissue and simulated vaginal fluid was added dropwise on the cervix
tissue at a rate of 5 mL/h. The fluid lacking from the tissue was collected
at specific time intervals (15, 30 min, and 1, 2, 6, 16 h). A burst of
paclitaxel release (50%) occurred in the first 30 min, and then the de-
livery was sustained for 16 h (Fig. 4 B3). This release pattern was related
to the fast dissolution of the inclusion complexes located at the surface of
the film, while the bulk of the film acted as a reservoir. Subsequent
studies demonstrated that the printed films maintained the anticancer
activity of the drug [67].

2.5. Selective laser sintering

Selective laser sintering (SLS) involves the use of a laser for the
surface binding of powder particles. The technique starts with the sin-
tering of the particles in a layer, then this layer moves down, more
powder particles are deposited on the top, and a new laser irradiation is
applied on the particles. SLS causes the agglomeration of the particles
according to a predefined 3D pattern. Then, the non-used particles are
removed [68]. The powder aggregation resembles the traditional gran-
ulation process well implanted in the pharmaceutical industry, but using
lasers able to slightly melt the surface of the particles instead of applying
a binder solution. The obtained 3D medicine can be made to have high
internal porosity, which facilitates a rapid disintegration once in contact
with the physiological fluids. SLS is still timidly explored for drug
formulation.

CDs can play the two-fold role of increasing drug dissolution rate and
also of masking unpleasant taste. Ondasetron is an anti-emetic drug that
requires a precise dosing because of its relevant cardiac side effects. Dose
personalization has been explored using SLS while using inclusion
complexes with p-CD [69]. Two formulations were prepared with a fix
content in inclusion complex (22% w/w) and Candurin® Gold Sheen
(3% w/w), which served as a yellow colorant that increases the
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Fig. 4. (Al) Schematic draw of a direct powder extrusion (DPE) 3D printing head; (A2) budesonide (BD) release profiles from the DPE 3D printed min-tablets as a
function of pH showing the faster release conferred by HP-B-CD in MT2 and MT3 formulations. Reproduced from Pistone et al. [64] with permission from Elsevier.
(B1) Inkjet printing of paclitaxel:HP-B-CD inclusion complexes dispersed in water:propylene glycol 40:60 v/v mixture and printed onto HPC films; (B2) ex vivo test
using simulated cervix environment to test paclitaxel release; and (B3) percentage of drug remaining in the film during the ex vivo test. Adapted from Varan et al.
[66] with permission from Elsevier. (C1, C2) X-ray micro-CT images of porous ondasetron:f-CD inclusion complex (22% w/w) printlets prepared using selective laser
sintering (SLS) 3D printing and different contents in excipients (Kollidon VA-64 and mannitol). Reproduced from Allahham et al. [69] (Creative Commons Attribution

(CC BY) license).

absorbance of the laser light facilitating the sintering and also allows
evaluating the homogeneity of components distribution. Formulation I
also contained vinylpyrrolidone-vinyl acetate copolymers (Kollidon
VA-64) at 25% w/w, which is in the rubbery state during laser and fa-
cilitates the particles binding, and the disintegrant mannitol at 50%
w/w. In formulation II these components were added at 15% w/w and
60% w/w, respectively. A diode laser of 445 nm (blue laser, 2.3 W) was
used for the sintering of 100 pm-thick layers. Both printed medicines
exhibited a high porosity (Fig. 4 C1,C2), with a slightly higher per-
centage in open porosity in the case of formulation II. In any case, both
formulations disintegrated in few seconds in contact with water and
released >90% ondasetron in the first 5 min in simulated gastric fluid.

In sum, the information collected in Section 2 indicates that CDs can
help solving biopharmaceutical problems related to drug solubility and
instability and can expand 3D printing to lipophilic compounds that
form inclusion complexes with CDs during the preparation of water-
based semisolid masses or the melting of filaments or powders. How-
ever, more information is needed on the interactions of the CDs not only
with the drug but also with other components, mainly polymers, before

and during the 3D printing, in order to predict the effects that CDs may
have on the mechanical properties of the inks and the final products,
which in turn may determine drug release rate.

3. CDs as structural agents

The success of 3D printing depends largely on the mechanical
properties of the starting materials and the printed products. For
example, extrusion 3D printing relies on a fine balance of shear-
dependent viscoelastic properties to enable easy, continuous material
flow during printing and rapid filament hardening to achieve high
design fidelity. Vat photopolymerization (VPP) requires materials that
can respond quickly to light irradiation by transforming a solution into a
solid-like material in a few seconds. CDs offer a number of advantages as
structural components as they can form reversible supramolecular as-
semblies with a variety of components (form oils to polymers; see Fig. 1B
and C), which exhibit high consistency at rest and disentangle under the
application of high-shear conditions. Furthermore, CDs can increase the
apparent solubility of initiators accelerating photocross-linking
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reactions or participate in the reaction themselves by serving as building
blocks.

3.1. CDs as stabilizers of emulsion-based inks for extrusion 3D printing

As explained in previous sections, extrusion 3D printing, also known
as direct-ink-writing, demands inks that have high storage modulus at
rest, rapidly decrease the viscosity to flow under mild shear stress, and
rapidly recover the viscosity for shape fidelity. Therefore, for the success
of the printing, the preparation of a homogeneous and stable system of
adequate rheological properties is critical. 3D printing of emulsions has
the advantage of incorporating substances of markedly different polarity
by accommodating them into the hydrophilic or the hydrophobic pha-
ses. Emulsions can be endowed with the required rheological properties
by increasing the proportion of internal phase (high internal phase
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emulsions, HIPEs) and adding gelling components to the continuous
external phase. Nevertheless, the globules should also be stable during
extrusion and drying avoiding leakage of the content. Thus, 3D printing
of emulsions demands strong stabilization measures avoiding an in-
crease in potentially toxic surfactants. Pickering emulsions, i.e. emul-
sions stabilized by solid particles instead of surfactants, are widely
explored for food applications due to the greater stability and lower
toxicity [70]. Indeed, 3D printing of HIPEs found a variety of applica-
tions in the food industry as animal fat substitutes, but their potential
application in biomedicine (e.g., oral delivery of personalized doses) is
still to be unveiled.

Due to its amphiphilic behavior, CDs are prone to accumulate in the
oil-water interface, partially hosting the oil into their cavities. Accu-
mulation is enhanced by the presence of NaCl and acidic pH, as
demonstrated for HIPEs prepared with Sunflower seed oil (75% w/w)

A2

Plane = » Sterco
structure . ¢ structure

b -

Exquisite models

Fig. 5. (A1) High internal phase emulsion (HIPE) droplets can be stabilized using cationically charged complexes of -CD:chitosan obtained by tuning the mass ratio
of both components and the pH of the aqueous phase. (A2) The stabilized emulsions exhibited rheological properties suitable for extrusion 3D printing and (A3)
objects of quite complex architecture could be obtained. Reproduced from Li et al. [73] with permission from Elsevier. (B1) Confocal laser scanning microscope
images of emulsions prepared with Sunflower seed oil (65%), stabilized with 3-CD:CMC complexes prepared with different mass ratios (first row) and different CMC
DS (first column) and stained with Nile blue A (aqueous phase, in red) and Nile red (oily phase, in green); bar = 20 pm. (B2) 3D models (a, b, ¢) and the actual printed

products (A, B, C). Reproduced from Guo et al. [75] with permission from Elsevier.
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and B-CD solution (25% w/w) with CD concentration of 1.2%. Addition
of NaCl 25 mM caused a remarkably decrease in droplet mean size from
>60 pm (recorded in the absence of NaCl) to 40 pm. The highest shape
fidelity of 3D printed objects (nozzle 0.8 mm; room temperature) was
achieved at pH 3-4 [71]. Interestingly, 4D printed objects with a color
that evolved as a function of temperature and time were prepared by
adding curcumin to the oil droplets and NaHCOj3 to the aqueous phase.
Curcumin exhibited a pH sensitive color that changed from yellow (pH
1-7) to orange (pH >7.5) as the pH increased when NaHCO3 decom-
posed under heating at 85 °C for 10 min. Higher temperatures or pro-
longed time caused the collapse of the structure.

To reinforce the globule stabilizing role, hybrid polysaccharide
particles offer relevant advantages in terms of reduction of interfacial
free energy and also tunability of the rheological properties [72,73].
B-CD (1.2% w/w) was mixed with chitosan at various concentration
(0.08%, 0.16%, 0.24%, 0.32%, and 0.40% w/w) and pHs (from 3 to 7).
Amphiphilic complexes of p-CD:chitosan that can serve as interfacial
membrane were obtained at 1.2:0.32 mass ratio; the most favorable
balance regarding ionic interactions was obtained at pH 5 (Fig. 5 Al).
HIPEs prepared with sunflower seed oil (75 g) and p-CD:chitosan solu-
tion (25g) exhibited adequate self-healing properties and were 3D
printed (nozzle diameter of 0.80 mm) in a variety of elaborated shapes
with high fidelity (Fig. 5 A2-A3) [73]. The interactions between $-CD
and chitosan were shown to be reinforced, as well as the strength of the
gel-like inks, by chemical modification of p-CD with anionic groups
(through reaction with octenyl succinic anhydride [74].

Complexes of B-CD and carboxymethylcellulose (CMC) have also
demonstrated good performance as steric and electrostatic barrier on the
droplets. In water, p-CD and CMC spontaneously assembled, probably
driven by hydrogen bonding, as 1 pm size aggregates with negative Zeta-
potential, which was more negative as the DS of CMC increased from 0.7
to 1.2. Pickering emulsions with Sunflower seed oil phase content of
65% were readily formed using -CD:CMC 2:2 mass ratio; as the degree
of substitution (DS) of CMC increased, the droplets became more regu-
lar, smaller and denser (Fig. 5 B1) [75]. Differently, CMC solely (without
B-CD) failed to stabilize the droplets as this polysaccharide cannot form
colloidal particles by itself. Pickering emulsions prepared with the op-
timum B-CD:CMC 2:2 mass ratio and CMC DS 1.2 needed a bigger force
to start flowing but also exhibited marked shear thinning behavior,
which facilitated the subsequent 3D printing as cuboids (20x9.5 mm)
with filling densities ranging from 20% to 100% (Fig. 5 B2). The printing
was carried out at 25 °C through 0.80 mm nozzle and the obtained ob-
jects showed good shape fidelity. Similarly, mixtures of p-CD and citrus
pectins 2:2 mass ratio have recently demonstrated to form negatively
charged aggregates (1-2 pm size) that efficiently stabilized HIPE drop-
lets and communicated the adequate rheological properties for extrusion
3D printing [76].

Pickering emulsions stabilized with cellulose nanocrystals have
recently been endowed with self-supportive properties using poly
(pseudo)rotaxanes of poly(ethylene glycol), PEG, and a-CDs, by forming
a supramolecular gel in the oil-water interface [77]. The 3D printability
of these systems has not been explored for drug delivery yet. Poly
(pseudo)rotaxanes and other CD-based supramolecular gels are further
developed in next section.

3.2. Poly(pseudo)rotaxanes and zipper-like assemblies

CDs can be threaded by a variety of polymers having repeating units
small enough to accommodate inside the CD cavity, forming poly
(pseudo)rotaxane (Fig. 1Ca). Typically, poly(ethylene glycol), PEG,
easily forms poly(pseudo)rotaxanes with a-CDs, while poly(propylene
oxide), PPO, and polyalkyl chains with a larger cross-sectional area fit
into p-CDs [78,79]. Two chains of PEG can accommodate into a y-CD.
Thus, depending on the size of the polymer and the CD, poly(pseudo)
rotaxanes exhibiting different properties can be obtained, as extensively
reviewed elsewhere [37]. Relevantly for 3D printing, threading of a-CDs
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through hydrophilic polymers or blocks of multiblock copolymers cau-
ses a decrease in the hydrophilicity, which triggers a coacervation pro-
cess. Threaded a-CDs arrange head-to-head and tail-to-tail along the
polymer. a-CDs of adjacent poly(pseudo)rotaxanes may stack forming
nanocylinders with a crystalline channel type structure, which results in
strong supramolecular gels. The interactions among the poly(pseudo)
rotaxanes are highly dynamic; namely, under mild stress (e.g., the
pressure in the 3D printer barrel), the interactions among a-CDs are
broken, the supramolecular assemblies disintegrate, the viscosity drops,
and the individualized poly(pseudo)rotaxanes can easily flow. Once the
stress stops, the poly(pseudo)rotaxanes re-assemble again and the su-
pramolecular gel is recovered. The rheological properties of the poly
(pseudo)rotaxane-based supramolecular gels relay mainly on the
strength of the microcrystalline domains formed by the stacking of the
CDs participating in the threading of guest polymers. Unfortunately, in
most cases these supramolecular gels are extrudable but not
self-supportive by themselves as they exhibit thixotropic properties and
require time for a full reassembly [80].

Instead of using free CDs, polymers bearing CD moieties can readily
interact with polymers bearing side chemical groups or small chains that
fit into the CD cavities (Fig. 1 Cc). This association remembers a zipper-
like assembly, in which the host-guest binding affinity (equilibrium
constant) determines the strength and also the reversibility of the cross-
linking points. The zipper-like assemblies may transform short polymers
and oligomers into well-structured 3D networks, exhibiting self-healing
capability [81]. The dynamic binding of the CD-containing polymer and
the guest-bearing polymer also allows rapid disentanglement under
shearing to easily flow through small diameter nozzles. When the stress
disappears (rest conditions on the printer platform) the zipper-like as-
semblies are rapidly reformed, conferring shape fidelity after extrusion.

In general, CD-based dynamic cross-linking is very sensitive to a
variety of stimuli that alter the conformation of the guest and thus
switch the threading or the zippering on and off [82]. Secondary sta-
bilization of the poly(pseudo)rotaxanes and the zipper-like assemblies is
feasible through photo-crosslinking of reactive groups, applying
UV-light post-processing techniques coupled to the 3D printer [83] or
through secondary chemical cross-linking [84], as described in the next
paragraphs.

3.2.1. Poly(pseudo)rotaxanes

Poly(pseudo)rotaxane formation has been used to prepare bio-inks of
PEGylated chitosan, a-CDs and gelatin. The inks were stabilized by the
microcrystalline assemblies of the a-CDs threaded along the PEG chains,
and then reinforced by p-glycerophosphate that chemically cross-linked
the gelatin (Fig. 6 A). The combination of poly(pseudo)rotaxanes and
gelatine communicated shear-thinning properties to the inks, which
could accommodate mesenchymal stem cells to be bioprinted at 15 °C in
the form of cylindrical scaffolds (10 mm diameter x 3 mm thickness;
2 mm pores). The scaffolds were then immersed in p-glycerophosphate
solutions of different concentrations (0.3-1.3 M) for 10 min and then
washed with culture medium; increasing the concentration of B-glycer-
ophosphate, the strength of the printed hydrogels increased too but the
pore size decreased. These changes determined the differentiation of
stem cells to neural cells in the less cross-linked scaffolds and to adi-
pocytes in the more cross-linked ones [85].

Poly(pseudo)rotaxanes can also be obtained by threading of a-CDs
on PEO-PPO-PEO block copolymers. Adding a large proportion of a-CDs
(10-20% w/w) to PEO-PPO-PEO (5% w/w) micelles, 3D supramolecular
structures of micelles assembled in the core through the PPO blocks and
cross-linked in the shell by poly(pseudo)rotaxanes can be formed [86].
The obtained supramolecular gels are highly viscoelastic, but the
self-healing properties are not sufficient for a fast recovery upon shear
stress. To overcome this problem, PEO-PPO-PEO can be methacrylated
at both ends. Thus, after extrusion 3D printing, UV-light induced sec-
ondary cross-links (Fig. 6 B). The contribution of poly(pseudo)rotaxane
crystalline domains to the mechanical properties of the scaffolds was
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Fig. 6. (A) Preparation of a bio-ink of PEGylated chitosan, a-CDs, gelatin and mesenchymal stem cells in which poly(pseudo)rotaxane formation confers extrudability
and self-supportive properties during 3D printing; the scaffolds were immersed in p-glycerophosphate solutions (B-GPS) of different concentrations (0.3-1.3 M) to
reinforce the mechanical properties, which in turn determined the differentiation of the cells to different lineages. Reproduced from Hu et al. [85] with permission
from Elsevier. (B) 3D printed wood-pile lattice cubes (top and side views) fabricated using poly(pseudo)rotaxanes of a-CDs (20% w/w) and methacrylated
PEO-PPO-PEO micelles (5% w/w) designed as PRH [5,20] as freshly prepared, after photopolymerization (CM), immersion in DMSO, and washing in water.
Reproduced from Lin et al. [87] with permission from John Wiley and Sons. (C1) Supramolecular polymer-nanoparticle (PNP) hydrogels reinforced by threading of
a-CDs on the PEGylated nanoparticles and subsequent poly(pseudo)rotaxane formation; (C2) the addition of a-CDs at 5% or 10% w/w increased the values of both
moduli and endowed the hydrogels with excellent recovery after stress. (C3) The inks showed excellent shape-fidelity after extrusion 3D printing of a miniaturized
trachea (32 layers). Adapted from Bovone et al. [89] (Creative Commons CC-BY-NC license).
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evidenced by immersion in dimethylsulfoxide (DMSO). In DMSO, the
crystalline domains broke and the scaffold smeared and swelled.
Re-immersion in water allowed for the re-formation of the crystalline
domains and the recovery of the initial shape [87].

Supramolecular structures have also been used as templates to
generate 3D printed solely CD networks. Poly(pseudo)rotaxane-based
inks were prepared with bis-triethoxysilane-based telechelic PEG
(PEG-2Si(OEt)) (6% w/v) and a-CDs (27% w/v). After extrusion 3D
printing, the siloxane groups underwent polycondensation in a NHj3
atmosphere, and then the a-CDs threaded on the same PEG axle (pref-
erentially) or on two different PEG axles (least likely) were chemically
cross-linked using 2,4-toluene diisocyanate. Finally, the PEG chains
were removed, and an urethane-crosslinked network of a-CD nanotubes
was obtained. These 3D printed structures were shown useful as traps for
selective recognition of molecules that are larger than CD cavities or that
require several CDs to form inclusion complexes [46].

a-CDs have been shown useful for the supramolecular reinforcement
of polymer-nanoparticle (PNP) hydrogels. Nanoparticles decorated with
adequate polymer chains protruding to the aqueous phase (e.g., PEGy-
lated nanoparticles) may form well-structured hydrogels when mixed
with polymers (e.g., HPMC) able to interact with those side chains [88]
[89]. A miniaturized trachea was 3D printed with an ink of a-CDs (7.5%
w/w), PEG-b-PLA nanoparticles (5% w/w) and collagen (0.4% w/w,
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instead of HPMC) (Fig. 6 C3). Using methacrylated hyaluronic acid (1%
w/w) instead of collagen, the 3D printed objects could be reinforced by
photo-induced cross-linking.

3.2.2. Zipper-like assemblies

Bio-inks for 3D printing have been prepared using mixtures of hy-
aluronic acid (HA) functionalized with either adamantane or p-CD that
assembled as weak zipper-like gels [83]. Adamantane forms a stable
inclusion complex with p-CD with a high binding constant of approx.
3.5x10* M~! [90]. The 3D printing was carried out applying two
different strategies ( Fig. 7 A1-A2): (a) injection of the zipper-like gel
into a preformed soft hydrogel (support hydrogel) [91], and (b) modi-
fication of HA with methacrylate groups for UV cross-linking of direct
3D printed layers of the zipper-like gel [92]. Michael-type addition can
be used for further reinforcement of the 3D structure by modifying some
adamantane-HA chains with thiol groups that react with available
methacrylate groups in the cyclodextrin-HA chains [83]. Recently,
microgels of HA modified with adamantane and -CD have been shown
suitable to encapsulate cells in the spaces between the microgels pre-
serving cell viability against high shear conditions, which may find
application in cell-based therapies [93]. Another approach to combine
B-CD-adamantane interactions and UV cross-linking consisted in mixing
acrylate derivatives of B-CD and adamantane (9% w/w) with
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Fig. 7. Extrusion 3D printing of (A1) zipper-like assemblies of polymers bearing -CDs and adamantane into a support hydrogel, and (A2) methacrylated polymers
that form zipper-like assemblies and are extruded as layers that are stabilized by UV exposure in the presence of a photoinitiator. Adapted from Loebel et al. [83] with
permission from Springer Nature. (B1) Preparation of nanofibers of peptide amphiphiles containing adamantane (Ada-E, PA) or -CDs (CD-E, PA) that assembled
when mixed; (B2) the host-guest formed hydrogels showed rheological properties that are adequate to serve as (B3) bio-inks that can include neuronal cells. (B4)
Cell-laden bio-inks were printed following concentric patterns with high fidelity. Adapted from Edelbrock et al. [97] with permission (Creative Commons CC

BY license).
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methacryloyl gelatin (15%) and Irgacure 2959 (0.5%). 3D scaffolds were
obtained by extrusion 3D printed (platform at 5 °C) combined with
photopolymerization (10 mW/cm?) for 3 min [94]. Regulating the
acrylate substitution in the p-CD and adamantane allows obtaining
dually host-guest and chemically cross-linked hydrogels even in the
absence of a third monomer [95]. Relevantly, if the hydrogel structure is
damaged under stress or by cutting and the host-guest inclusion com-
plexes are broken, they can be easily reorganized when the stress ceases
and the hydrogel structure can rapidly heal. Similarly, alginate modified
with adamantane or B-CD formed extrudable gels that were mechani-
cally reinforced through ionic cross-linking using Ca** ions [96].

Host-guest interactions between $-CD and adamantane have also
shown to reinforce the self-assembly of peptide amphiphiles (PA)
providing mechanically robust hydrogels adequate for 3D printing [97]
[971.

3.3. Acrylic derivatives

Light-induced polymerization offers a wide range of possibilities for
the 3D printing of medicines and medical devices with very versatile and
precise internal and external architectures [98,99]. This technique is
known as vat photopolymerization (VPP) and includes stereo-
lithography (SLA), digital light processing (DLP), continuous liquid
production interface (CLIP), computed axial lithography (CAL) and
two-photon polymerization (2PP), as reviewed elsewhere [100]. Vat
polymerization 3D printing requires monomers that undergo radical
polymerization in the presence of an adequate photoinitiator. The object
can be made with a continuous composition using the same ink for all
light-exposed layers or with a different composition in each layer by
manually or automatically switching the vat. Gradient composition
could also be produced by using multi-material syringe pumps or
through microfluidic resin dispensing systems [98]. The environmental
impact of vat polymerization, which can proceed in water environment
or absence of solvents and does not require heating, may notably benefit
from further development of bio-sourced monomers and cationic pho-
topolymerization [101].

CDs have been pointed out as a tool to obtain greener polymers
because of their capability to form inclusion complexes with hydro-
phobic monomers and thus enabling the polymerization reactions to
occur in aqueous medium [102]. CDs used as monomer solubilizer are
not usually included in the synthesized polymer, as they are removed
from the growing chains and thus can be reused for subsequent poly-
merizations. Similarly, CDs may solubilize poorly water soluble photo-
initiators, which are usually more efficient than the hydrophilic
counterparts and allow for faster processing [103]. As an example,
HP-B-CD forms inclusion complexes with 2,7-bis(2-(4-pentaneoxyphe-
nyl)-vinyl)anthraquinone initiator, which in aqueous medium showed
a two-photon absorption at 780 nm. The inclusion complex can be
stored as a freeze-dried powder that easily disperses in water-based inks
for fast 3D printing [104].

In addition to this role as mediator of polymerization, CDs can serve
as the building blocks of the polymers and also act as cross-linkers.
Functionalization of the hydroxyl groups of CDs with vinyl or (meth)
acrylate moieties transforms CDs into reactive monomers for photoc-
urable inks. Each glucopyranose unit of CD bears -OH in positions 2, 3
and 6, and thus a-CD, $-CD and y-CD offer 18, 21 and 24 available hy-
droxyl positions for substitution. Preparation of monosubstituted CDs is
difficult due to the similar reactivity of the -OH groups placed in the
same position of the glucopyranose ring. Namely, p-CD can be readily
prepared with 7, 14 or 21 reactive double bonds under the right syn-
thesis conditions. In general, -OH in C6 of the primary face is the most
nucleophilic, most basic and reactive; differently, -OH in C3 is the most
inaccessible and less reactive [105].

Multiacrylated y-CD was obtained via reaction with acryloyl chlo-
ride. This monomer (at 10%, 20% and 30% w/w) was either used as the
solely component of the ink dissolved in propylene carbonate (PPC) or as
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a comonomer with methacrylated polyethylene glycol (PEGMEM)
which also served as solvent (Fig. 8 A) [40]. Using phenylbis(2,4,
6-trimethylbenzoyl)phosphine oxide (BAPO-Ph; 0.5% w/w) as initi-
ator and methyl-red (0.05% w/w) as a dye to regulate light diffusion, the
photopolymerization was shown to occur in few second due to an
autoacceleration phenomenon triggered by the close proximity of the
reactive double bonds. Indeed, multiacrylated y-CD solely networks
were excessively cross-linked and produced too rigid and brittle object.
Thus, an adequate printing required the dilution effect of linear PEG-
MEM. More “green” inks were obtained by replacing PEGMEM with
methacrylated starch obtained from maize starch [106]. The obtained
networks were found suitable for removing aquatic pollutants, such as
methylene blue. Suitability for 3D printing was demonstrated by the
high-fidelity reproduction of the CAD models when each layer was
irradiated for just 2.5-3.0 seconds.

In the field of regenerative medicine, acrylamide-f-cyclodextrin
(B-CD-AAm) microgels have been tested as an alternative to the complex
operations that conventional preparation of cell spheroids involves
[107]. The microgels were prepared by inverse emulsion polymerization
and assembled as a porous hydrogel in the presence of poly
(N-isopropylacrylamide) (PNIPAm) (Fig. 8 B1-B2). Host-guest in-
teractions occurred between the B-CD cavities and the isopropyl groups
of PNIPAm conferring self-healing properties to the hydrogel. Adipose
derived stem cell (ASC) readily grew on the hydrogel walls and aggre-
gate forming the spheroids in the hydrogel pores. The hydrogel was
swollen at room temperature, loaded with chondrocytes, and 3D printed
trough extrusion to form small tubes. In culture medium at 37 °C the 3D
printed tubes shrank and favored the development of cartilage-like tis-
sue, which was shown suitable to be implanted in vivo.

In sum, the information collected in Section 3 indicates that CDs can
help address a variety of physicochemical and mechanical demands
during 3D printing, such as HIPE stabilization, shear-responsive visco-
elastic properties of masses for extrusion 3D printing, and improved
photocross-linking reactions in aqueous-based environments. However,
there is still a lack of information on the stability of the CD-stabilized 3D
printed products (shelf life) and how environmental variables such as
temperature, humidity, oxygen or light can alter the properties of the
materials before and after printing. Also, in the case of VPP, a better
understanding of the how the formation of inclusion complexes modifies
the reactivity rate could allow a rational selection of the components
(initiators, co-monomers).

4. CDs as responsive components for 4D printing and wearable
sensors

As mentioned in the Introduction, 3D printed objects can benefit
from the evolution of their properties as a function of time. Thus, unlike
conventional 3D printing of objects that must not vary their morpho-
logical characteristics, 4D printing seeks to exploit the sensitivity to
surrounding environmental variables to prepare objects that better
develop a certain function or that serve as sensors. Typical examples
refer to implantable devices that are inserted into the body using min-
imal surgical interventions and that expand and adopt the right
morphology after implantation [108,109]. Most 4D printed objects rely
in shape memory polymers and shape morphing hydrogels [110]. In the
food industry, CD-based capsules loaded with essences and pigments are
printed as 3D objects that break under heating in a microwave changing
the color or smell. This 4D printing is being explored as a way of making
the food tastier [111], but the role of CDs on the responsiveness to the
heating is unclear. Similarly, color changes in 3D printed food as a
function of pH driven by the presence of a color indicator (e.g. curcu-
min) have been reported [112]. Examples of how CDs can play the
leading role in 4D behavior are discussed in the following paragraphs.
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Fig. 8. (A) Multiacrylated y-CD was used as main component of inks for digital light processing (DLP) 3D printing either (1) dissolved in propylene carbonate (PPC)
or (2) as a comonomer with methacrylated polyethylene glycol (PEGMEM). Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO-Ph; 0.5% w/w) was used as
initiator and methyl-red (0.05% w/w) as a dye to regulate light diffusion. Reproduced from Cosola et al. [40] with permission from John Wiley and Sons. (B1)
Acrylamide-p-cyclodextrin was mixed with acrylic monomers and cross-linker to form microgels that can interact with the isopropyl groups of poly
(N-isopropylacrylamide) and form a porous hydrogel. (B2) This hydrogel served as scaffold for the growth of adipose derived stem cell (ASC) spheroids (in pink)
and also hosted chondrocytes (in yellow), and it was then 3D printed trough extrusion at room temperature to form small tubes. The printed scaffold showed
temperature-responsiveness due to poly(N-isopropylacrylamide) and favored the development of cartilage-like tissue when cultured at 37°C. Reproduced from Zhang

et al. [107] with permission from IOP Science.

4.1. Moisture sensitiveness

The number of CDs and the rate at which they thread along a poly-
mer significantly determine the properties of the final supramolecular
network. The higher the density of crystalline cross-linking points, the
lower the swelling of the 3D printed object. Combination in the same
object of regions printed with inks differing in the poly(pseudo)rotaxane
density causes a non-homogeneous (anisotropic) swelling of the object,
which may distort its shape and size [113].

Regulation of the kinetics of poly(pseudo)rotaxane formation ap-
pears as a versatile tool to confer the desired properties to a 3D printed
object. It has been shown that bulky groups placed at the ends of the
polymer to be threaded may notably delay the poly(pseudo)rotaxane
formation acting as “speed bumps” [114]. Also, placing bulky blocks in
between threadable blocks allows regulation of the supramolecular gel
properties [115]. Meta-stable materials based on poly(pseudo)rotaxanes
have the advantage of remaining in the desired conformation for longer
time, compare to other meta-stable materials, making the achievement
of a wide range of complex functionalities possible. The conventional
threading of PEGs by a-CDs occurs very rapidly (less than 15 min at 20
°C) as the energy barrier is low, while packaging of the poly(pseudo)
rotaxanes and crystallization is a much slower process (rate-determining
step) (Fig. 9 Al). PEG chains grafted with “speed bumps” show very slow
threading (>100 min for PEG-adamantyl ester or PEG-norbonylester) as
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the energy barrier raises; the a-CDs can only be threaded from one PEG
end or very slowly from both ends, which enables a precise kinetic
control of the number of a-CDs that form each poly(pseudo)rotaxane
(Fig. 9 A2-A3). The unidirectional movement of a-CDs along PEG is slow
and also the translocation because the coiled conformation of PEG axle
causes an additional energy barrier. In comparison, the crystallization of
a-CDs of adjacent poly(pseudo)rotaxanes occurs faster, which allows
trapping the meta-stable conformation of the kinetically controlled poly
(pseudo)rotaxanes. Interestingly, the crystallization of the smaller and
more segmented a-CD domains produced much stronger hydrogels than
the homogeneous poly(pseudo)rotaxanes, which favored 3D printing.
The kinetic controlled poly(pseudo)rotaxanes can be made permanent
after printing by means of a tetrathiol cross-linker and a photo-initiator
[113].

The temperature has also shown to determine the threading of «-CDs
along PEG-norbonylester as an increase in temperature causes the de-
threading of some CDs. Thus, inks printed at 60 °C (designed as PNH-
3) have lower PEG:a-CD molar ratio (1:3) and smaller Youngs moduli
(14 kPa) compared to those printed at 20 °C (designed as PNH-8) that
had PEG:a-CD 1:8 molar ratio and Youngs moduli of 180 kPa (Fig. 9 A4).
As a consequence of the looser structure, PNH-3 swelled 270% when
stored at relative humidity (RH) of 58%, while swelling of the PNH-8
was significantly lower. This different response to humidity allowed
the preparation of 3D objects that exhibited different folding capabilities
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Fig. 9. A comparison between (A1) conventional, thermodynamic-controlled poly(pseudo)rotaxane formation (fast) and supramolecular assembly (slow) and (A2)
kinetic-controlled formation of meta-stable poly(pseudo)rotaxane via slow threading and translocation of a-CDs on the PEG axle and subsequent stabilization of the
network through the crystalline assemblies. (A3) PEGs and oligoethylene glycols (nEG-Ad) with bulky ends (e.g. adamantly ester and norbonylester) that act as speed
bumps. (A4) Tensile stress measurements of PNH-3 and PNH-8 hydrogels and their swelling ratio recorded after being exposed to environments of different relative
humidity (RH). (A5) Designed models and printed objects that combined PNH-8 (printed at 20°C; green) and PNH-3 (printed at 60 °C; red) and their changes in
morphology in environments of RH 11% and 58%. Reproduced from Lin et al. [113] with permission from Elsevier.

according to a predesigned pattern. The objects were constructed using
the same ink but in some regions the ink was printed at 20 °C and in
other regions at 60 °C (Fig. 9 A5). After printing, each poly(pseudo)
rotaxane conformation was made permanent by means of UV-
photopolymerization [113].

Poly(pseudo)rotaxanes have also been explored to endow 3D printed
objects with modifiable mechanical properties, mimicking the capability
of certain animals such as the sea cucumber to reversibly change the
stiffness of their skin to regulate water content and to protect against
predators [116]. To do that, polymers were designed with PEG side
chains to form poly(pseudo)rotaxanes with a-CDs only at the side
chains. The mechanical properties of the inks were regulated by tuning
the length and density of the PEG side chains and a-CDs concentration
[117]. After 3D printing, the structure was reinforced through
photo-crosslinking of the backbone polymer. Since the poly(pseudo)
rotaxanes were not covalently cross-linked, the mechanical properties of
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the 3D printed objects were very sensitive to de-threading and
re-threading of a-CDs by simple dilution in water or re-immersion in
a-CDs solutions, respectively. Combining different poly(pseudo)rotax-
ane inks in the 3D printed object spatiotemporal changes in the me-
chanical properties could be achieved. Biomedical applications of such a
performance are still to be explored.

4.2. Body temperature

Small-diameter vascular stents (<6 mm) are increasingly needed to
improve vascular lower limb blood supply. Stents made of shape
memory polymers could allow for smaller incisions and lesser risk of
thrombosis and embolism [118]. To be suitable for implantation, the
shape memory polymers should undergo the transition at body tem-
perature. PCL with a start configuration was synthesized using p-CD as a
core and bearing 21 arms of PCL with acrylate end groups. This
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B-CD-g-PCL was used as the ink for simultaneous 3D printing and
UV-curing at 365 nm. After the printing, two minutes more of UV light
irradiation were applied to complete the photopolymerization. Scaffolds
of 5 mm diameter and 10-40 mm length were obtained in few minutes.
The scaffolds were able to expand and deform at 40 °C while still
showing adequate mechanical resistance. p-CD favored the wettability
(contact angle of 70° compared to 129° for pure PCL) and biocompati-
bility of the stent with human umbilical vein endothelial cells (HUVECs)
while endowed it with the capability to host paclitaxel. The scaffold
showed a burst release in the first 3 days and then sustained the release
for one month [119].

In a subsequent report, -CD-g-PCL was cross-linked with poly-thiols
by means of thiol-acrylate click reactions to obtain deployable 4D
printed stents. In this case, in addition to serve as the main core of the
polymer, 3-CD was responsible for the hosting and sustained release of
everolimus, which in turn attenuated the inflammatory response after
implantation [120]. These scaffolds were stretched to the desired size for
implantation by applying a certain pressure followed by cooling down.
When the scaffolds were heated again at a temperature above body
temperature, the initial length was recovered.

Temperature-responsive 3D printed hydrogels have also been pre-
pared by exploiting the temperature-dependent solubility of methyl-
a-CD. At low temperature, methyl-a-CD has higher solubility in water
than a-CD because the methyl groups disrupt the hydrogen bonding
among the CDs and increase the hydration number from 35 for a-CD to
90 for methyl-a-CD at 25 °C [121]. Thus, when PEG chains are threaded
by methyl-a-CD the overall hydration of the obtained poly(pseudo)
rotaxanes is similar to the free PEG hydration, although the hydration of
threaded PEG chains themselves is lower. An increase in temperature
causes a fast dehydration of methyl-a-CD, which in turn makes the poly
(pseudo)rotaxanes to aggregate forming supramolecular gels. In com-
parison with temperature-responsive polymers that undergo
coil-to-globule transitions, the response to changes in temperature of
poly(pseudo)rotaxanes of methyl-a-CD is faster since the dehydratation
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and movements of methyl-a-CDs along the polymer axle have lower
kinetic energy barrier [122]. The main limitation of this approach is that
methyl-a-CD is less prone to form poly(pseudo)rotaxanes than o-CDs.
This issue was overcome by using PEG/a-CDs polyrotaxanes as ink for
extrusion 3D printing followed by methylation of the threaded a-CDs
post-printing (Fig. 10 Al). After methylation, a-CDs can freely move
along the PEG axle. As the temperature increases the methylated a-CDs
dehydrate and interact each other along the axle; a further increase in
temperature causes the crystalline aggregation of methylated «-CDs
among adjacent threaded chains. This two-step changes in aggregation
can be seen as a change in the 3D printed hydrogel from transparent to
opaque first and from swollen to shrunk as the temperature continues
increasing (Fig. 10 A2) [123].

4.3. pH

Polyrotaxanes sensitive to pH and ionic strength have been prepared
by combining dimethacrylamide-PEG (3.5% w/w) and a-CD (20% w/w)
[124]. The pH-responsiveness of the 3D printed objects, after
direct-writing, UV-cross-linking and washing, relied on changes in the
protonation of the stacked CDs, which in turn reversibly altered the
micro-crystalline aggregation. Since the pKa of CDs has been reported to
be 12.3 for primary -OH and 13.5 for secondary -OH [125], the 3D
printed networks must be chemically stable even at higher pH values. In
parallel, the acrylamide groups conferred responsiveness to ionic
strength. Both pH and ionic strength variables caused changes in the
ring-shuttling motions along the polyrotaxanes and in the swelling of the
acrylamide chains, triggering multi-stage anisotropic shape changes.
The 3D printed hydrogels retained the shape after printing with high
fidelity in pH <9 medium (Fig. 10 B1). An increase in pH beyond 12.5
made the -OH groups of a-CD to be negatively charged and thus re-
pulsions among the a-CDs occurred, which broke the micro-crystalline
aggregates and favored the random movement of the a-CDs along the
PEG axle. As a consequence, the 3D printed hydrogel became softer and

randomly shuttlihg state of the rings

Fig. 10. (A1) 3D printed PEG/a-CD polyrotaxane-based hydrogel was subjected to methylation of the a-CDs units to confer fast temperature-responsiveness.
Methylated a-CDs are more hydrophilic and move along the PEG axle. As the temperature increases and the system dehydrates, the methylated a-CDs first
arrange along the axle and then participate in the crystalline aggregation of the polyrotaxane chains. (A2) This temperature-induced changes in aggregation are
macroscopically transmitted as a change from transparent to opaque at 40°C and the shrinking of the 3D printed hydrogel at 90°C. Reproduced from Lin et al. [123]
with permission from the Royal Society of Chemistry. (B1) 3D-printed pyramid obtained with a dimethacrylamide-PEG (3.5% w/w) and a-CD (20% w/w) ink, which
exhibited self-supportive properties after UV cross-linking. At pH below 9, the crystalline arrangements of a-CDs among the polyrotaxanes conferred structural
integrity. (B2) An increase in pH above 12.5 triggers the ionization of «-CDs, they repel each other, and the structure is disentangled. Reproduced from Lin et al.

[124] with permission from the Royal Society of Chemistry.
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deformed (Fig. 10 B2). The process was reversible and immersion in pH
<9 medium allowed recovering the initial shape. The sensitiveness to pH
and ionic strength could be reinforced by copolymerization of the
dimethacrylamide-PEG/a-CD  poly(pseudo)rotaxanes with sodium
acrylate and thus taking benefit of the responsiveness of polyacrylic
acid. 3D printed hydrogels combining regions with and without sodium
acrylate showed strong anisotropic pH-dependent swelling, developing
very varied changes in shape [124].

4.4. Mechanochromic responsiveness

Dynamic covalent chemistry has been investigated to cross-link poly
(pseudo)rotaxanes using ketoenamine bonds. The imine linkages are
reversible and may reinforce the self-healing properties of the micro-
crystalline domains of the poly(pseudo)rotaxanes improving their
properties for extrusion 3D printing without the need for photo-
crosslinking. 1,3,5-benzenetrialdehyde (BD) and 1,3,5-triformylphloro-
glucinol (TP) were evaluated as cross-linkers. BD provided fully
reversible links quite rapidly, while using TP and heating at 60°C the
links were semi-reversible due to imine-to-ketoenamine tautomeriza-
tion. In this later case, a mixture of polyrotaxanes and poly-
pseudorotaxanes was obtained. Grafting rhodamine B and fluorescein to
the PEG axles, the TP cross-linked poly(pseudo)rotaxanes showed
mechanochromic response when compressed. Under cyclic loading tests,
the emission of fluorescence changed. At 0% strain, the printed hydrogel
emitted at 533 and 582 nm upon irradiation (Aex = 450 nm). Upon
compression, the emission at 582 nm decreased, and the emission at
533 nm increased suggesting that the distances when the dyes increased
due to the reversible disentanglement of the micro-crystalline domains
[126]. These changes in fluorescence could be exploited in the future as
pressure Sensors.

4.5. Wearable sensors

The capability of CDs to form inclusion complexes with a variety of
drugs, biomolecules, and environmental contaminants make them
particularly attractive to develop a variety of electrochemical sensors
when combined with conducting polymers, as reviewed elsewhere
[127]. Unfortunately, examples of CD-based sensor fabrication using 3D
printing are still rare.

Hydrogel-based sensors should be able to undergo repeated de-
formations under cyclic stress without breaking. It has been shown that
polyrotaxanes in which the threading CDs are covalently linked as pairs,
i.e., one CD of a polyrotaxane chain with one CD of other polyrotaxane
chain, can enhance the capability of the hydrogels to support large stress
without breaking as the sliding rings can move and dissipate the energy
(Fig. 11 A1). Conductive rotaxane hydrogels have recently been devel-
oped by combining acrylated p-CD with bile acid derivatives bearing
polymerizable groups at both ends (Fig. 11 A2) [128]. The host-guest
assemblies were transformed into polyrotaxanes gels via DLP 3D print-
ing in the presence of acrylamide and conductive choline chloride
(ChCD) (Fig. 11 A3). The host-guest assemblies provided mobile
cross-linking points, which endowed the printed hydrogels with an
enormous capability to be reversibly stretched (>400% strain). The
stretching of the hydrogels caused an increase in the resistance, which
showed a linear dependence with the strain. This finding together with
an excellent electrical stability allowed detecting from tiny to large
stretch signals. The polyrotaxanes exhibited bioadhesion to human skin
and were highly sensitive to physiological movements. 3D printed sen-
sors prepared with these polyrotaxanes were shown able to detect
real-time human electrocardiogram signals [129].

Polyrotaxanes of polyaniline and p-CD have been found useful to
prepare resistive random access memory (RRAM); i.e., a type of com-
puter memory that works by changing the resistance across a dielectric
solid-state material. The p-CD units threaded along polyaniline may
serve as insulative sheaths. Compact B-CD units act as an insulated
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molecular wire and decrease the conductivity by 2 orders of magnitude.
Polyaniline/f-CD polyrotaxanes were characterized by formation of
hydrogen bonds between the aniline repeating units and the OH-6 of
B-CD. These polyrotaxanes were soluble in water and offered high
resistance to electric current when placed between an anode (aluminum,
Al) and a cathode (ITO). However, they switched to low resistance when
the voltage surpassed a certain value. The response was reversible and
very fast (29 ns), and the process could be cyclically repeated. The
electric current causes the protonation of polyaniline imine N. This
proton doping notably enhances the conductivity of the device. The
electrodes and the polyrotaxanes dielectric layer can be prepared by 3D
printing to obtain flexible RRAM devices that may find application for
wearable devices [129].

Only recently 3D printed stretchable conductive electrodes for
wearable electronics have been prepared from inks in which zipper-like
assemblies stabilized liquid metal-in-water emulsion gels [130]. The
droplets containing eutectic gallium indium were stabilized using
polyvinyl alcohol (PVA) chains bearing $-CD and adamantane moieties
(Fig. 11 B1). The host-guest interactions acted as bridges among the
droplets serving as dynamic cross-links and enabling extrusion 3D
printing. When the 3D structure was stretched, the droplets released the
liquid metal generating continuous conductive pathways (Fig. 11 B2).
Under rest, the droplet recovered their content and performed as in-
sulators. Repeatable cyclic changes in conductivity were obtained in a
wide range of strains; the 3D printed system being very sensitive even to
ultralow strains.

In sum, the information collected in Section 4 highlights the enor-
mous potential of CDs for 4D printing. However, biomedical applica-
tions require that the stimuli-responsiveness or the evolution over time
of the properties of the 3D object occurs in a range compatible with
physiological or pathological values. This field is expected to evolve
rapidly in the coming years.

5. Concluding remarks and perspectives

Additive manufacturing and CDs can be considered the perfect
technology-material tandem. 3D printing is the appropriate technolog-
ical platform to take full advantage of the ability of CDs to form inclusion
complexes, creating the most suitable conditions for the formation of
host-guest pairs. Advances in knowledge about the thermodynamic and
kinetic control of the formation of drug/biomarker-CD inclusion com-
plexes and of poly(pseudo)rotaxanes with peptides and polymers open
up a wide range of possibilities in 3D and 4D printing.

On the other hand, the CDs transform weak inks into self-supportive
and self-healing materials with the right mechanical properties for the
3D printing process. Moreover, the CDs participate in the stabilization of
the manufactured objects through very varied cross-linking reactions
that are easy to couple to current printers. CDs are very useful tools for
very precise control of the architecture of the 3D object from the nano-
scale, which provides an added value that is difficult to achieve with
other materials.

The role of CDs as facilitators of the printing process, stabilizers of
active substances, structural agents of the formed object, and bio-
functional agents capable of specific molecular recognition and sensi-
tiveness to stimuli can give rise to a wide variety of personalized
medicines and medical devices with enhanced features. In addition,
their natural origin, from a renewable source, their well-known safety
profile, and their compatibility with very broad polarity solvents,
including the aqueous medium, are advantageous pillars for the imple-
mentation of sustainable and environmentally friendly production pro-
cesses, as demanded in the context of fourth and fifth industrial
revolutions.

CDs have also been shown useful as components of gels used to fill
the spaces among strands of 3D printed structures made of thermoplastic
polymers and hybrid composites. In that case, the 3D printed structure
acts as rigid scaffold that confers mechanical support, while the soft CD-
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Fig. 11. (A1) Slide ring hydrogels prepared via cross-linking of CD units; (A2) slide ring hydrogels prepared via cross-linking of host-guest units. (A3) The host was
acrylate p-CD (CD-AC) and the guest molecule ethyleneglycol lithocholate derived diacrylate (LCA-AC). These components were mixed with acrylamide (Am),
conductive choline chloride (ChCl), an initiator (LAP), and a light absorber (tartrazine dye) for the preparation of DLP 3D printed sensors. The stretching of the
hydrogels causes a rapid change in the resistance (conductivity) of the hydrogels. Reproduced from Xiong et al. [128] (Creative Commons Attribution 4.0 Inter-
national License). (B1) Preparation of an emulsion of a liquid metal (eutectic gallium indium) in water using polyvinyl alcohol (PVA) chains bearing $-CD and
adamantane moieties as droplets stabilizers. The CD-adamantane interactions acted as dynamic bridges among the droplets and enabled extrusion 3D printing. (B2)
At rest, the liquid metal remains confined in the isolated droplets and there is no conductivity. When the printed structure is stretched, the droplets leakage the liquid
metal, which creates conductive pathways. The process is reversible thanks to the rapid formation of the host (-CD)-guest (adamantane) assemblies when the stress

ceases. Reproduced from Wang et al. [130] (Creative Commons License CC-BY 4.0).

based hydrogel may provide an adequate environment for cell adhesion
and proliferation while simultaneously deliver active substances that
drive cell differentiation to the required lineage [131,132]. Alterna-
tively, the very diverse techniques developed to graft CDs onto a variety
of materials can be suitable for the final finishing of 3D printed objects
with empty hosting cavities that may be available for a variety of
host-guest interactions [133]. Moreover, the capability of CDs to form
inclusion complexes with a wide range of chromophores [134] may also
endow the 3D printed objects with security components to avoid
counterfeit.

Overall, CDs can be considered as an emerging material in the field of
3D printing capable of contributing to the current needs for mass cus-
tomization in terms of human-centricity, sustainability, and resilience.
However, there is still a paucity of knowledge on the effects that the
interactions of CDs with other components (oils, polymers, co-
monomers) may have on the printability of the starting materials and
the properties of the printed objects. The evolution over time of the
printed devices and responsiveness to physio(patho)logical variables
requires detailed investigation to fully exploit the biomedical applica-
tions of 4D printing. Successful preliminary results guarantee rapid
evolution of the field in the coming years.
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