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a b s t r a c t 

Cancer is a critical cause of global human death. Not only are complex approaches to cancer prognosis, accurate 

diagnosis, and efficient therapeutics concerned, but post-treatments like postsurgical or chemotherapeutical ef- 

fects are also followed up. The four-dimensional (4D) printing technique has gained attention for its potential 

applications in cancer therapeutics. It is the next generation of the three-dimensional (3D) printing technique, 

which facilitates the advanced fabrication of dynamic constructs like programmable shapes, controllable locomo- 

tion, and on-demand functions. As is well-known, it is still in the initial stage of cancer applications and requires 

the insight study of 4D printing. Herein, we present the first effort to report on 4D printing technology in cancer 

therapeutics. This review will illustrate the mechanisms used to induce the dynamic constructs of 4D printing 

in cancer management. The recent potential applications of 4D printing in cancer therapeutics will be further 

detailed, and future perspectives and conclusions will finally be proposed. 
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Additive manufacturing (AM) or three-dimensional (3D) printing

echnology which builds up the successively layer-by-layer manner of

aterials, has attracted attention in a wide range of applications be-

ause there are various alternatives of materials in the manufacturing

rocess, accessible adaptabilities in the process, as well as its ability

o easily produce intricate objects [1–3] . 3D printing has been further
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dvanced with the addition of a fourth dimension, resulting in the con-

ept of four-dimensional (4D) printing. 4D printing technology is an

dvanced fabrication of dynamic products which can respond to spe-

ific stimuli such as light, temperature, magnetic field, electrical field,

ltrasound, pH value, enzymes, and so on [4] . It applies smart materi-

ls to the fabrication procedure of the existing 3D printing technology

 4 , 5 ]. Smart materials allow changes in the printed constructs over time

y following specific stimuli [ 6 , 7 ]. Their stimuli-responsive behaviors
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ave been considered another dimension of the manufacturing proce-

ure. It can be mentioned that time is the 4 th dimension of the process

 3 , 8-10 ]. Although 3D printing technology has manifested in wide med-

cal applications with the advantages of precisely defined architecture

nd individual constructs [ 8 , 11-14 ], there are still challenges, such as

calability and static structures that cannot change over time or adapt to

ynamic environments [ 8 , 15 ]. Thus, 4D printing has emerged to address

hese challenges and play a significant role in the innovative fabrication

f dynamic constructs. 

Cancer is a severe health problem that results in morbidity and mor-

ality. Cancer death has been considered one in six global deaths [16] ,

he second cause of death worldwide [17–19] . In addition, there is still

n increasing trend in the future, with 13.1 million cases expected in

030 [ 19 , 20 ]. With the complexity of cancer disease and patient het-

rogeneity, one-size-fits-all treatments could not provide satisfactory

utcomes [12] . Although cancer is a severe issue, it can be curable if

here are accurate diagnoses and effective treatments in the early stages,

uch as colorectal cancer [21] . Compared with normal tissues, cancer

nd tumor tissues have particular environments because of abnormal

etabolisms [ 7 , 22 ]. In particular, enzymes such as protease (like matrix

etalloproteinases (MMPs)), esterase, hyaluronidase (HAase), and so on

resent upregulated levels in cancer and tumor regions [ 7 , 22 ]. Besides,

he pH of the regions is more acidic than regular sites such as intracel-

ular endosomes (pH = 5.0-6.5) and extracellular sites (pH = 6.5-7.2)

ecause the high glycolysis rate of cancer provides overproduction and

ecretion of lactic acid [ 7 , 23 ]. These factors can be used as biomarkers

hat identify the targeted cancer area [ 24 , 25 ]. Therefore, the incorpo-

ation of smart materials, such as pH- or enzyme-responsive materials,

n 4D printing has the potential to enhance localized treatments ow-

ng to the specific microenvironment of cancer. In addition, other types

f smart materials, including light-responsive, magneto-responsive, and

emperature-responsive materials have the potential to play crucial roles

n creating dynamic constructs for 4D printing applications [26–28] . The

tilization of smart materials in 4D printing for cancer therapeutics will

e illustrated in this review article. 

As mentioned, 4D printing has intervened to enhance the potential

f cancer therapeutics such as operation, hyperthermia, photothermal

herapy, chemotherapy, and therapeutic devices. Therefore, it is pos-

ibly anticipated as the next alternative to cancer management, which

ffers potentially personalized treatments. Recently, there has been a

eview of 3D and 4D printing in the fight against breast cancer, the sec-

nd most common cancer in the world [29] . It has been pointed out

hat the advanced potential of breast cancer management with 3D and

D printings has allowed new strategies to achieve on-demand man-

gement. Since 4D printing is still in its early stages, it requires an

nderstanding of materials and a demonstration of application possi-

ilities. This article is the first overview of 4D printing applications

n cancer therapeutics, to the best of authors’ knowledge (see Fig. 1 ).

his overview will first be presented through 4D printing approaches

ike a shape memory effect (SME), magnetothermal and magnetically-

riven effects, a photothermal effect, swelling and shrinking effects, and

 biologically-driven effect. Then, the point of how the effects apply to

D printing in potential applications in cancer therapeutics will be il-

ustrated. Finally, challenges and future perspectives will be proposed. 

echanisms of 4D printing approaches 

4D printing utilizes smart materials in the manufacturing procedure

f existing 3D printing. Smart materials refer to materials that enable

esponse to specific stimuli, leading to changes like shape transforma-

ion, controllable functions, and property changes [ 4 , 30 ]. Recent publi-

ations summarized categories of smart materials in the field of med-

cal applications as physical, chemical, biological, and multi-stimuli,

 6 , 8 , 30 ] which are used to perform the change of dynamic constructs.

erein, we present the mechanisms of 4D printing approaches, which

re concluded in Table 1 and illustrated in Fig. 2 : SME, magnetothermal
2 
nd magnetic driving effects, photothermal effects, swelling and shrink-

ng effects, and biologically-driven effects. The details of potential ap-

lications in cancer treatments will be illustrated in the next section. 

hape memory effect (SME) 

The SME is a performance in which materials can remember their

hape. They enable geometry to recover to the original shape (one-way

hange) or change reversible shape changes (two-way or multiple-way

hanges) [55] under stimuli such as heat, light, humidity, pH, electric-

ty, or magnetic field [56] . It can minimize the volume of biomedical

evices, scaffolds, or implants inserted into the body, which eases inci-

ions and patients’ injuries [39] . For example, Kim and Lee [31] fabri-

ated bifurcated stents based on shape memory polyurethane (PU), and

he stents with a kirigamin structure smoothly traveled inside a mocked

essel with branched parts. The SME has appeared in several materials,

uch as alloys, polymers, hydrogels, and composites, induced by various

hase transformations. 

Shape memory alloys (SMA) such as Au-Cd, Cu-Sn, Ti-Pd, Ni-Al, Ni-

l, Cu-Zn-Al, Fe-Mn-Si, Ni-Ti-Cu, nitinol, or an equiatomic nickel and

itanium alloy [ 5 , 57 ] have been performed through martensitic trans-

ormation, which can be triggered with temperature or high mechanical

oad. The SME of alloys is carried out under the change of twinned and

etwinned martensite [ 5 , 58 ]. For instance, Kim, Ferretto, Leinenbach

nd Lee [32] fabricated complex structures of Fe-based SMA (Fe-SMA).

he Fe-17Mn-5Si-10Cr-4Ni (wt.%) powder was chosen in a fabrication

rocess with laser powder bed fusion (L-PBF). The Fe-SMA-based strip

as easily deformed by bending without damage, and the bent strip

ould completely recover within 5 s when heated at 300°C, as shown in

ig. 2 (a) . Moreover, the Fe-SMA-based metamaterial presented a self-

ealing behavior. 

Shape memory polymers (SMPs) such as poly(lactic acid)

PLA)[ 33 , 40 ], PU [ 38 , 59 ], polycaprolactone triol, poly( 𝜀 -caprolactone)

imethacrylate [8] can perform a change when shifted between the glass

tate and rubber state [9] . Their SME employs a transition temperature

T trans ) which is a melting temperature (T m 

) for semicrystalline poly-

ers and a glass transition temperature (T g ) for amorphous polymers

 58 , 60 ]. The SME has four stages that are: (1) a printed object is

eated up to a constant temperature that is higher than Tg, (2) the

bject is loaded, and its shape is transformed to the desired one, (3)

he loaded object is cooled down to a lower temperature that is lower

han Tg, and the mechanical constraints are removed while an inelastic

train is in the object, resulting in a programmed shape, (4) the object

s reheated to obtain the original shape [15] . For example, Jia, Gu

nd Chang [33] presented a self-expandable vascular stent based on

hape memory PLA, an intelligent solution for stent implantation in

ardiovascular disease. The stent with a hexagonal nested structure

as fabricated by a fused deposition modeling (FDM) 3D printer. The

rinted stent was deformed to a temporary shape by compression at

0°C. Amorphous PLA chains served as the switchable components,

hich achieved external response and memorized temporary shape.

he compressed stent maintained the temporary shape for over a week

t room temperature. The temporary shape rapidly recovered to the

riginal shape within 5 s at 70°C. The temperature used to induce the

MP in implantation applications has introduced that it should be in a

ange of 20°C to 37°C to prevent harm to the body [58] . Pandey, Mohol

nd Kandi [34] modified the shape and functionality of a PLA/ poly

 𝜀 -caprolactone) (PCL) composite. PLA served as a fixed phase to mem-

rize an original shape, and PCL acted as a reversible phase to modify

he transition and fixation of a temporary shape. The T trans of PLA/PCL

lends decreased with the increase of PCL from 61.5°C to 49.1°C for a

atio of PLA30/PCL70; however, the decrease of PLA content decreased

he recovery ratio from 97% to 73%, as seen in Fig. 2 (b) . PLA70/PCL30

rovided the optimum fixity and recovery ratio. The PLA70/PCL30

racheal scaffolds showed shape memory performance in hot water.

he tracheal scaffolds received the original shape and fitted to the
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Fig. 1. Shows schematic illustration of 3D and 

4D printing technologies in advanced applica- 

tions of cancer management. 

Table 1 

The conclusive effects including shape memory, magnetothermal/ magnetically-driven, photothermal, swelling/shrinking, and 

biologically-driven effects used in 4D printing approaches. 

Effects Details Stimuli Examples 

Shape memory effect (SME) An object can memorize its original shape, leading to 

one-way, two-way, or multiple-way shape changes 

Temperature, Light, Magnetic 

field, Electricity, Humidity, pH 

[31–37] 

Magnetothermal effect 

Magnetically-driven effect 

An object can react to both changes in temperature and 

magnetic fields. 

An object can be driven by a magnetic field. 

Magnetic field, Temperature 

Magnetic field 

[38–40] 

[41–43] 

Photothermal effect An object can respond to both light and temperature. Light, Temperature [44–47] 

Swelling/shrinking effect A volume change of an object can be induced with a 

water uptake behavior. 

Ion concentration, pH value [48–52] 

Biologically-driven effect An object is driven by biological molecules. Biological molecules [ 53 , 54 ] 
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rachea model. Another group represented 4D-printed vascular stents

ased on shape memory poly(glycerol dodecanoate) acrylate (PGDA)

ith T trans in a range of 20°C-37°C, which was suitable for operations

n the human body [60] . The PGDA-based stent showed a high fixity

atio at room temperature, a recovery rate of 98% at 37°C, a stable

yclability of more than 100 times, and a rapid recovery speed of 0.4 s

t 37°C. In addition, dynamic constructs with shape memory abilities

ave been manufactured with other types of 3D printers, for example,

 shape memory balloon structure based on isobornyl acrylate (IBOA)

nd aliphatic urethane diacrylate (AUD) by a stereolithography (SLA)

rinter [35] or a buckminsterfullerene-like structure based on tert-Butyl

crylate (tBA) and di(ethylene glycol) diacrylate (DEGDA) by a digital

ight processing (DLP) printer [36] . 

Hydrogel is a network of cross-linked hydrophilic polymer chains

nd is widely used in biomedical applications with a mimic ability of

xtracellular microenvironment [61] . It is able to have SME by switch-

ng polymeric molecular networks [58] . For example, Chen, Huang and

u [37] presented shape memory double network hydrogel incorporat-

ng polyacrylamide (PAAM) and gelatin (Gel). PAAM network was cova-

ently cross-linked, which served as memorizing an original shape and

he Gel network was reversibly cross-linked, which fixed a temporary

hape. As seen in Fig. 3 (c) , the shape memory behavior was examined

hrough the shape deformation with stretching, twisting, and compres-

ion. The shape recovery was achieved under 40°C of hot water. 

agnetothermal effect and magnetically-driven effect 

The magnetothermal effect describes a performance that results in

eat induced by magnetic materials. The magnetothermal mechanism
3 
s categorized as the following three mechanisms of heat generation in

agnetic materials: (1) Eddy current loss, (2) hysteresis losses, and (3)

elaxation loss, including Neel relaxation, Brown relaxation, and pre-

ominant mechanism [62] . The magnetothermal effect employs mag-

etic and thermosensitive materials to perform dynamic constructs. For

xample, Liu, Wang, Wu, Dong and Sang [38] employed the magne-

othermal effect merging with the SME to induce intelligent products,

s seen in Fig. 2 (d) . The structures based on PLA, thermoplastic PU,

nd Fe 3 O 4 particles were manufactured as a re-entrant structure, which

as set as the original shape. It was transferred to a temporary shape

y a uniaxial quasi-static compression force at room temperature. When

he compressed structure was inserted into an alternative magnetic field

an induction coil), the original shape was recovered within 40 s with

n efficacy of 95.5%. With the programmable shape, this procedure has

een used to produce intelligent stents. For example, PLA/Fe 3 O 4 tra-

heal stents were fabricated as a curved rectangle of an S-shaped hinge

tructure [39] and a bioinspired structure with the entire skeleton of a

lass sponge and a fragment of the cage structure [40] . 

Indeed, the magnetothermal effect requires thermosensitive materi-

ls to respond to the temperature increase during the fabrication and

esign of dynamic constructs. In another aspect, only magnetic mate-

ials can perform 4D-printed constructs with the magnetically-driven

ffect through contactless control of motion. For example, the motion

f magnetic hydrogels based on alginate (Alg), methylcellulose (MC),

nd polyacrylic acid (PAA)-stabilized magnetic nanoparticles (MNPs) of

e 3 O 4 were assessed with various patterns [41] . The cubic-shaped hy-

rogel with the one-type ink of 20% MNPs performed the highest verti-

al jump of 8.0 ± 1.0 mm when attracted by a neodymium magnet. The

ymmetrical patterns of wheel-shaped hydrogel could travel around 50
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Fig. 2. Shows a conclusive image of effects induced in 4D printing mechanisms, including (a-c) shape memory effects (SME) of alloys, polymers, and hydrogels, 

(d-e) magnetothermal and magnetically-driven effects, (f) photothermal effect, and (g-h) swelling and shrinking effects, as detailed below. The Fig. is adapted from 

[ 32 , 34 , 37 , 38 , 42 , 45 , 48 ], and [50] with permission of John Wiley and Sons, Elsevier, American Chemical Society and John Wiley and Sons. 

(a) Fe-based strips were able to perform (i) shape deformation and (ii) recovery of SME under heat [32] . 

(b) (i) SME of strips based on various ratios of PLA/PCL was induced under the thermally activated stimulus. (ii) The shape transformations of PLA70/PCL30 scaffolds 

were investigated by placing them inside an incubator and iii) in a native tracheal [34] . 

(c) Shape recovery behaviors of polyacrylamide (PAAM) and gelatin (Gel) hydrogels were investigated using shape deformation techniques, including (i) stretching, 

twisting, and (ii) compression (scale bar = 0.5 inches) [37] . 

(d) A shape memory recovery of a reentrant structure consisting of polylactic acid (PLA), thermoplastic polyurethane (PU), and Fe 3 O 4 particles was induced by a 

magnetic field [38] . 

(e) (i) A magnetically-driven soft robot containing a drug reservoir in an anterior leg was used in drug delivery systems (DDSs). The anterior leg was deflected during 

the influence of the magnetic field, and the drug was released through the small aperture when the magnetic field was turned off. (ii) The assessment of the robot’s 

locomotion was examined inside an anatomical model with target cancer tissue. (iii) The soft robot could contain drugs inside the drug reservoir, and (iv) it could 

also carry a solid tablet. Moreover, (v) the turning locomotion scenario of the robot was tested on a map of the bronchiole network [42] . 

(f) (i) A multiunit implant consisting of melatonin (Mel), lauric acid (LA), polycaprolactone (PCL), and human insulin (hIn) was proposed as a delivery platform. (ii) 

The hIn was released by triggering with near-infrared (NIR) light [45] . 

(g) (i) Patterned hydrogels based on alginate (Alg) and methylcellulose (MC) were fabricated with different configurations, which led to various deformations like 

(ii) tube, helix, and rolling structures in 0.1 M CaCl 2 and DI water solution (scale bars = 5 mm) [48] . 

(h) (i) Bioinspired microneedles were printed by a projection microstereolithography (P 𝜇SL) process, and a programmable deformation of printed bards was achieved 

by rinsing, drying, and fixing, which was shown by (ii-iv) SEM images of the microneedle with deformed barbs [50] . 
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b  
m. This magnetically-driven effect has been widely used to control the

irection of a smart robot, which travels to cancer cells for on-demand

rug release on the target [ 42 , 52 , 53 , 63 ]. For instance, Joyee and Pan

42] presented an untethered soft robot with multi-modal locomotion

apability, which was fabricated by a magnetic field-assisted projection

tereolithography (M-PSL) technique. The robot was comprised of elas-

ic polymer and iron oxide nanoparticles (IONs). The optimized design

f its shape was a body with an anterior leg, a posterior leg, and trans-

erse grooves on the lower and side surfaces. This groove-based design

llowed bi-directional locomotion, which manifested the blending an-

le up to 146°C on a xy plane and the tilt angle to 22°C on a z axis. To

roduce a drug delivery system, a drug reservoir was inserted into the

nterior leg of the robot and covered by a film on the top of the reservoir.

he reservoir wall and film were made of the particle-polymer compos-

te, which generated a restrictive capillary force from surface tension to

revent drug leakage. When the robot was moved under the influence

f the magnetic field, the bottom of the anterior legs was deflected, and

 tension force was applied towards the magnet. The drug would be re-
4 
eased when an up-thrust pressure generated by the turned-off magnetic

eld overcame the restrictive force, as illustrated in Fig. 2 (e-i) . The lo-

omotion capability of the robot was proven inside an anatomical stom-

ch model and a lung model, as shown in Fig. 2 (e-ii-iv) . Furthermore,

he advantages of 4D printing in the fabrication of magnetic composites

ave facilitated the tailored patterns and oriented magnetic domains

ithin the structural design [64] . For example, magneto responsive soft

aterials with programmed magnetization via mechanically-guided 4D

rinting were presented [43] . A composite ink based on polydimethyl-

iloxane (PDMS), crosslinker, catalyst, silica nanoparticles, and NdFeB

articles was printed between a series of designed joints on a stretched

ubstrate by a direct ink writing (DIW) technique. The printed structures

ere magnetized under 3.25T of an impulse field. The shape deforma-

ion was activated by removing the magnetized material and joint. The

agnetized flat shape was rapidly transformed to a curved shape within

.2 s under 200 mT of a magnetic field. 

The magnetic field has been widely used in biomedical applications

ecause it provides non-invasive management, deep tissue penetration,
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Fig. 3. Shows 4D printing applications in surgical resections. (a) The shape memory scaffolds with an intraluminal structure performed (i) shape recovery under 

the light stimulus. (ii) The scaffolds were incorporated with an optical fiber cable in the pipeline as a smart device to support the lumen treatment of cancer lesions 

[70] . (b) A schematic mechanism of a self-expandable C-shape was applied as smart tracheal stents [85] . The Fig. is adapted from [70] and [85] with permission of 

American Chemical Society and Elsevier. 
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nd a localized heat source [65] . The addition of magnetic materials in

onstructs can perform remote triggering of shape recovery [33] . Espe-

ially the hard-magnetic composites enable the remote control to shape

ransformation [ 26 , 66 ]. The high amount of MNPs is involved in the

aster speed of heat induction and higher temperature [65] . In addi-

ion, the magnetic-based constructs have the potential to induce hyper-

hermia in cancer therapeutics. The incorporation of magnetic compos-

tes under high frequencies of an alternating magnetic field (AMF) is

ble to occur dissipative behavior, which leads to generating heat [26] .

he ability of heat generation in the magnetothermal and magnetically-

riven effects is a strong advantage for cancer hyperthermia [65] . Like-

ise, the remote-control abilities are useful for precise positioning con-

rol in cancer therapeutics such as drug delivery systems (DDSs) [ 63 , 67 ].

hotothermal effect 

The photothermal effect is a phenomenon in which photothermal

aterials absorb the energy of light and then turn it into heat, causing

he raised temperature of materials [ 68 , 69 ]. The heat of the photother-

al effect relates to energy loss from an interaction between light and

atter molecules. It can be generated from three mechanisms as follows:

i) the plasma resonance effect of metals; (ii) the electron-hole genera-

ion and relaxation of semiconductors; and (iii) the molecular orbital

xcitation and lattice vibration of molecules of carbon- and polymer-

ased materials [ 68 , 69 ]. The raised heat from the photothermal effect

s beneficial for abating cancer cells in photothermal therapy [70] . This

hotothermal effect is used to induce dynamic constructs by employ-

ng light-responsive materials to cause heat and then allow reactions of

emperature-responsive materials. 

Near-infrared (NIR) light has attended various wavelengths of light

n treatments because of noninvasive, spatiotemporal, and deep pene-

ration [71] into the tissue, especially the second region of NIR. [11] .

or example, the Gel/Alg/PCL scaffolds coated with PDA showed an

xcellent photothermal effect in which the temperature was raised to

4°C within 1 min under 0.2 W/cm 

2 illumination. In contrast, the scaf-

olds without PDA had no temperature increase. The in vivo photother-

al effect of scaffolds was proven in the subcutaneous area of mice.

he temperature of coated PDA scaffolds reached 55°C while the tem-

erature of Gel/Alg/PCL scaffolds was only raised to 42°C [44] . An-

ther strategy of the photothermal effect applied in the control of re-

ease was a multiunit implant of protein/antibody/hormone delivery,

hown in Fig. 2 (f) [45] . The implant was printed as four rectangular
5 
nits, which consisted of melanin (Mel), lauric acid (LA), PCL, and hu-

an insulin (hIn), with a cross-shaped PCL axis as a center as seen in

ig. 2 (f-i) . Mel is a NIR-sensitive biopolymer used as a photothermal

gent for inducing the photothermal effect. PCL was used to block heat

iffusion. The unit irradiated with 1.5 W/cm 

2 of 808-nm NIR laser for

 min showed a temperature increase from 21.9 ± 1.1°C to 45.4 ± 1.2°C,

hich resulted in melted LA and loss of the shape of the irradiated unit

 Fig. 2 (f-ii) ). Moreover, bone tissue engineering scaffolds have been de-

eloped with 4D printing by providing the perfect shape fitting in the

rregular bone defect [46] . The scaffolds consisted of 𝛽-tricalcium phos-

hate (TCP) and thermal-responsive shape memory poly(lactic acid-co-

rimethylene carbonate) (P(DLLA-TMC)) with a T trans of 45°C. In addi-

ion, black phosphorus nanosheets and osteogenic peptides were loaded

nto the scaffolds to induce a photothermal effect and osteogenic differ-

ntiation. Upon NIR irradiation, the on-demand deformation/recovery

f scaffolds was carried out at 45°C and 37°C, respectively. With the

bilities of reconfigurable shapes and bone formation support, the scaf-

olds were useful for narrow paths in bone implantation. Similarly Luo,

in, Chen and Wei [47] fabricated cell-laden constructs with a shape-

orphing ability. The biphasic scaffold consisted of Alg/PDA structures

n the middle of the scaffold and cell-laden Alg/gelatin methacryloyl

GelMA) structures at the end. The shape-morphing ability of scaffolds

nvolved the contents of Alg/PDA, by which 70% of alginate/PDA in the

caffold provided a completely folded shape under NIR irradiation with

.5 Wcm 

− 1 for 180 s. After shape deformation, the scaffold maintained

he deformed shape with high cell viability for at least two weeks. 

welling and shrinking effects 

The swelling/shrinking effect of hydrogel has been driven by water

ptake behavior, which is actuated by ion concentrations and pH val-

es [ 10 , 72 ]. It enables the hydrogel to generate shape-morphing ability

hrough the nonuniform internal stress [48] . The swelling/shrinking ef-

ect can be programmed by different components across the hydrogel

hickness/plane 48 or different crosslinking densities [ 49 , 50 ]. For ex-

mple, Alg/MC hydrogels were prepared with different configurations

f distributive components in the plane, as seen in Fig. 2 (g-i) [48] . The

hape-morphing direction was programmed via the printed strip at a

pecific angle, which affected the elastic tensor. As a result, the shape

eformation of hydrogel sheets with the printed strips at various angles

f 0°, 45°, and 90° provided a tube-curling structure, a helical structure,

nd a rolling structure, respectively, as depicted in Fig. 2 (g-ii) . Simi-
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c  
arly, the swelling/shrinking effect has been employed to induce shape

eformation of the printed object with different crosslinking densities

 49 , 50 ]. Cao, Tao, Gong, Wang, Wang, Ju and Zhang [49] demonstrated

 4D-printed hydrogel based on methacrylated alginate (SA-MA) hydro-

el. The SA-MA hydrogel showed a step-wise shape deformation when

mmersed in Ca 2 + and chitosan solutions because the ion exchange in-

reased crosslinking density, which led to the volume change of hydro-

el. In addition, the SA-MA bilayer hydrogels with different degrees of

ethacrylation could perform various degrees of the shrinking effect in

he Ca 2 + solution. Another group employed the 4D printing technique

ith the shrinking effect to support complex features of microneedle fab-

ication [50] . The bioinspired microneedle with backward-facing curved

arbs shown in Fig. 2 (h) was fabricated by a projection microstere-

lithography (P 𝜇SL). The photopolymerization of the DLP started on

he surface of the precursor solution and gradually propagated into the

olution, which generated a gradient of crosslinking density within lay-

rs. After the printing process, the uncured monomer in the bottom part

f the barbs was diffused out by immersing the microneedle in ethanol,

hich led to the loosened space in the network. As a result, the bottom

art of the barbs shrank, and the barbs bent downward when the mi-

roneedle was dried. Finally, the cured shape was fixed by UV exposure.

These effects have been incorporated with other effects, like the

ME, to enhance the potential in biomedical applications [ 51 , 73 ].

or instance, a dynamic micro-structure with multi-responsive bilayer

embranes consisted of shape memory poly( 𝜀 -caprolactone)-diacrylates

PCLDA) and hydrogel layers [51] . It was used to control multi-scale

tructural morphing for bone repair, supporting the potential of bone

epair. It could appropriately wrap around the bone defect through the

welling and shape memory effects. Moreover, swelling and shrinkage

ffects have been induced by a pH stimulus. For example, the swelling

ehavior of hydrogel-based materials allows shape morphing through

eprotonation and protonation [ 7 , 52 ]. To illustrate, hydrogels based

n carboxyl groups have occurred the swelling effect at a high pH be-

ause the carboxyl group becomes deprotonated and induces electro-

tatic repulsion forces between molecules. On the other hand, the car-

oxyl groups perform the shrinkage effect at a low pH because of pro-

onation [52] . 

iologically-driven effect 

The biological-driven effect refers to behavior caused by biological

timuli like enzymes and cells. The biological stimuli help perform dy-

amic structures of the 4D printing technique. As previously discussed

n the introduction section, the enzyme is another unique factor in the

ancer environment. It can thus identify the cancer site in a range of

arly-stage tumors [24] and facilitate to control drug release in cancer

reatments [ 53 , 74 ]. For example, Ceylan, Yasa, Yasa, Tabak, Giltinan

nd Sitti [53] employed the MMP-2 enzyme in activating drug release.

nother group applied enzymes to the enhancement of drug release and

he degradation of products inserted in the body [74] . Moreover, sperm

ell has gained attention in the applications of drug carriers because

perm is naturally optimized to swim in the reproductive system [75] .

or instance, Magdanz, Sanchez and Schmidt [54] created a micro-bio-

obot that consisted of a microtube and a single cell. The microtube was

abricated by rolling titanium and iron layers [54] with lithography and

rocessing technologies [76] . The magnetic materials incorporated into

he microtube enhance the direction control under an external magnetic

eld. The magnetic field intensity of 22mT at a 2cm distance was well

sed to guide the microtube. This strategy is sound in drug delivery for

ynecological diseases because the sperm could perform drug encapsu-

ation and travel to the target site. 

D printing technologies in cancer therapeutics 

The proposed mechanisms of 4D printing approaches are used to

rive dynamic structures in potential cancer therapeutic applications,
6 
uch as surgical resection, DDSs, hyperthermia, photothermal therapy,

nd others like a pharmaceutical model. The applications and successes

f 4D-printed structures in cancer therapeutics are outlined in Table 2 . 

urgical resection 

Surgical resection is the direct removal of cancerous tissue. It has

een widely used in clinical cancer treatments [ 71 , 77 ]. 3D printing tech-

ology in the resection has been used to fabricate devices, models, and

caffolds with the ability to create personalized fabrications. For exam-

le, Ock, Kim, Lee, Yang, kim, Jeong, Choi and Kim [78] printed in

itro phantoms to guide skin cancer resection to support a surgical plan.

he phantoms could help directly mark information on a patient’s skin

n an operating room that no other methods had provided before. Fur-

hermore, 3D-printed models have been proven to encourage potential

utcomes of surgical therapeutic [ 79 , 80 ] and comprehension of med-

cal information to patients [81] . Besides the models and devices, 3D

rinting has been used to fabricate implanted scaffolds with multifunc-

ionality for surgical resection. However, resection treatments still risk

aving residual cancer cells, possibly leading to local recurrence and

ostsurgical effects [82] such as peritoneal adhesion [83] , tissue defects

ike lumen of cancer lesions [70] , and bone defect [84] . 

4D printing technology can provide dynamic structures to address

hese concerns about conventional resection and postsurgical effects.

eng, Zhang, Jiang, Liu, Yuan and Leng [70] proposed an intelligent

edical device enabling controllable expandable scaffolds under light

rradiation. The scaffolds employed the SME of PU to obtain the recov-

ry process and gold nanoparticles (AuNPs) which are a good candi-

ate for photosensitizer in the NIR range [ 16 , 18 ] to achieve the pho-

othermal effect. The PU/AuNPs scaffold was initially compressed to

 flat position and rapidly expanded on the targeted lesion site under

ight stimulation. The intraluminal scaffold was rapidly returned to its

riginal shape within 70 s under light irradiation with 2 W/cm 

2 of in-

ensity, as demonstrated in Fig. 3 (a-i) . The expandable performance

as practical to fulfill tissue defects caused by cancer lesions ( Fig. 3 (a-

i) ). The existing AuNPs also generated heat in the composite scaffolds

ith the plasma resonance effect under the activation of 520 nm irra-

iation, which approached photothermal therapy. Additionally, a peri-

oneal adhesion might occur after peritoneal surgery. 3D-printed disc-

ike nanogels were used to prevent postsurgical peritoneal tissue adhe-

ions after ovarian cancer surgery [83] . The nanogel based on poloxamer

07 was able to contain paclitaxel and rapamycin. It employed a sol-gel

ransition of poloxamer 407, which formed sol at 5°C and turned into

el at 37°C to encapsulate and release drugs. The disc-like nanogels were

esigned to fit in the peritoneal cavity of mice after ovarian surgery and

erved as a physical barrier by concealing the interface between the sur-

ical incision and the organ. At the same time, drugs were further used to

reat residual tumor cells after the surgery. In addition, Chen, Jin, Yang,

iu, Liu, Cai, Shen and Guo [85] designed a 4D-printed C-shape stent,

hich acted as tracheal support with self-expandable behavior and en-

bled controlled drug release, as shown in Fig. 3 (b) . The stent was com-

rised of inner, middle, and outer layers that are PCL, Fe3O4 loaded in

CL, and paclitaxel (PTX) drug loaded in 1-hexadecanol/ethylene-vinyl

cetate (EVA) layer. The stent provided good self-expandable behaviors

hrough compression/expansion. It generated heat when 38.7Gs of AMF

as applied. As a result, the PTX was released at 43°C, its release was

aster than 37°C because of temperature-responsive 1-hexadecanol. The

tent was proven by being implanted into a tracheal ribbit. It maintained

irway patency for 30 days without mucus or sputum blockages. 

rug delivery systems (DDSs) 

Chemotherapy is a drug treatment that uses chemicals or drugs to kill

bnormal cells [86] . The biggest concern of conventional chemother-

py is the lack of specific chemotherapeutic drugs for cancer cells be-

ause the drug can affect both normal and cancer tissues [ 17 , 87 ]. Be-
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Table 2 

Advanced applications of the 4D printing technology in the field of cancer therapeutics. 

Platforms Materials Other carried 

materials 

Additive 

manufacturing (AM) 

types 

Aims 4D mechanisms Tissue/Organ Ref. 

Surgical Resection 

scaffold Gold nanoparticles 

(AuNPs), 

Polyurethane (PU) 

A high-temperature 

printed mode of 

3D-Bioplotter (direct 

writing) 

The ability of programmable 

shape was used to support 

the lesion lumen which could 

be caused from the 

postsurgical operation. 

- photothermal effect 

- shape memory 

effect 

cancer lesions 

[70] 

scaffold Poly-(ethylene 

oxide) − b- 

poly(propylene 

oxide) − b- 

poly(ethylene oxide) 

(PEO − PPO − PEO or 

polox- 

amer/pluronic), 

Paclitaxel (PTX) and 

Rapamycin 

A fused deposition 

technology printer 

The disc-like nanogels with a 

reversible sol-gel transition 

were used to prevent the 

postsurgical peritoneal 

adhesion. 

- reversible sol-gel 

transition 

ovarian cancer 

[83] 

stent Poly( 𝜀 -caprolactone) 

(PCL), Fe 3 O 4 , 1- 

hexadecanol/ethylene- 

vinyl acetate (EVA) 

copolymer 

PTX An extruder-based 

3D printer with a 

roller bed 

The self-expandable 

performance of C-shape 

consisted of a PCL layer, a 

Fe 3 O 4 -based layer, and a 

PTX-loaded layer was 

induced by an alternative 

magnetic field (AMF) in 

order to enhance tracheal 

treatments. Concurrently, the 

stimulation with AMF 

induced the cancer cell death 

due to heat. 

- shape memory 

effect 

- magnetothermal 

effect 

malignant tracheal 

stenosis [85] 

Drug delivery systems (DSSs) 

scaffold Alginate (Alg), 

Polydopamine 

(PDA), Gelatin (Gel) 

Doxorubicin 

hydrochloride 

(DOX-HCl) 

A co-axial 3D printer A Gel-based core part of 

core/shell fiber scaffolds 

served as the control of 

drug-loaded release under 

near-infrared (NIR) 

irradiation. 

- photothermal effect 

- reversible sol-gel 

transition 

breast cancer cells 

[71] 

scaffold Alg, Gel, PCL, PDA DOX-HCl, 

dexamethasone 

(DEX) 

An extruder-based 

3D printer 

A Gel-based core part of 

multilayer core/shell 

scaffolds served as the 

control of drug release under 

NIR irradiation. The PCL and 

PDA layers protected drug 

leakage for the long-term 

incubation. 

- photothermal effect 

- reversible sol-gel 

transition 

breast cancer cells 

[44] 

microrobot methacrylamide 

chitosan (ChMA), 

iron oxide 

nanoparticles (IONs) 

Azide-modified 

doxorubicin (DOX) 

A two-photon direct 

laser writing (TDLW) 

technique 

The microswimmer was 

design to be able to guide 

locomotion via a magnetic 

field and control on-demand 

releasing and dosing with 

switching the ultraviolet 

(UV) light on and off

- light- and 

magnetically-driven 

effects 

breast cancer cells 

[74] 

scaffold Alg, ION (Fe 3 O 4 ) DOX-HCL, Bovine 

serum albumin 

(BSA), Human 

mesenchymal stem 

cells 

A extrude-based 3D 

printer with a 

coaxial nozzle 

The hollow scaffolds 

encapsulated 

drug/protein/live cell in a 

part of Alg-based core. The 

on-demand release of these 

carried materials was 

induced through shape 

deformations of the end of 

ION-based shell under an 

external magnetic field. 

- 

magnetically-driven 

effect 

[67] 

millirobot poly(N- 

Isopropylacrylamide) 

(PNIPAM), laponite 

nanoclay 

([Mg 5.34 Li 0.66 Si 8 O 20 (OH) 4 ] 

Na 0.66 ), and NdFeB 

magnetic particles 

levofloxacin 

(L830182) 

A extrude-based 3D 

printer 

The millirobot was 

programmed to control 

locomotion with an external 

magnetic field. The 

drug-loaded release was 

activated by the mechanical 

centrifugal force which was 

generated by a rotating 

magnetic field 

- 

magnetically-driven 

effect 

breast cancer cells 

[63] 

scaffold Gel, chitosan, 

poly(lactic-co- 

glycolic acid) 

(PLGA) 

5-fluorouracil 

(5-FU), DOX-HCL 

An extrude-based 3D 

printer 

The sponge-like scaffolds 

employ the specific response 

in acidic environment to 

control drug release 

- swelling effect 

(pH-response 

behavior) 

breast cancer cells 

[96] 

( continued on next page ) 
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Table 2 ( continued ) 

Platforms Materials Other carried 

materials 

Additive 

manufacturing (AM) 

types 

Aims 4D mechanisms Tissue/Organ Ref. 

microrobot PNIPAM, 

poly(acrylic acid) 

(PAA), 

polyvinylpyrrolidone 

(PVP), silicon (Si), 

and Fe 3 O 4 

DOX A femto-second 

direct laser writing 

(Fs-DLW) printer 

The bioinspired 

microswimmer was 

programmed to respond to 

only acidic environment for 

controlling drug release. Its 

locomotion was guided by a 

magnetic field to reach the 

targeted site 

- 

magnetically-driven 

effect 

- swelling effect 

(pH-response 

behavior) 

HeLa cells 

[52] 

microrobot Gelatin methacryloyl 

(GelMA), lithium 

phenyl-(2,4,6- 

trimethylbenzoyl) 

phosphinate, ION 

Dextran-FITC drug, 

anti-ErbB 2 antibody 

A two-photon direct 

laser writing system 

A direction of the helical 

microswimmer was 

controlled under a magnetic 

field. When reached the 

targeted site, it could 

respond to MMP-2 enzyme to 

release drug. 

- 

magnetically-driven 

effect 

- biologically-driven 

effect 

breast cancer cells 

[53] 

microrobot dip-in laser 

lithography 

photoresist, 

negative-tone 

photoresist, Fe, Ti, 

Bovine sperm cell, 

DOX-HCI A 3D laser 

lithography 

The sperm-hybrid microrobot 

consisted of microstructure 

and a sperm cell. The sperm 

inserted inside the 

microstructure consisted of a 

microtube and flexible arms, 

which act as the drug-loaded 

sperm release upon hitting 

with targeted cells. 

- 

magnetically-driven 

effect 

- biologically-driven 

effect 

gynecologic cancer 

treatment [75] 

Hyperthermia 

scaffold PNIPAM, nanoclay, 

ION (Fe 3 O 4 ) 

A direct ink writing 

(DIW) technique 

The multiarm hydrogel 

scaffold generated heat under 

an AMF due to magnetic 

composite. It could induce 

both shape transformation 

and cell death under AMF. 

- magnetothermal 

effect 

human malignant 

melanoma cells [65] 

Photothermal therapy 

microrobot IP-S photoresist, 

propylene glycol 

methyl ether acetate 

(PGMEA), PDA, 

magnetic 

nanoparticles 

(MNPs) 

A 3D printing 

two-photon 

lithography system 

The helical microrobot was 

programmed to able to guide 

locomotion with a magnetic 

field and induce heat under 

NIR irradiation upon 

reaching the targeted cancer 

cells 

- 

magnetically-driven 

effect 

- photothermal effect 

[102] 

device poly(D,L-lactide- co - 

ɛ -caprolactone) 

methacrylate 

(poly(DLLA- co - 

CL)MA), gold 

nanorods 

functionalized with 

poly(ethylene 

glycol) methyl ether 

thiol (mPEG-SH) 

(PEGylated AuNRs) 

A digital light 

processing (DLP) 3D 

printer 

The multifunctional device 

induced both shape recovery 

of unfolded shape and heat 

under NIR irradiation, which 

were useful to insert devices 

like a stent into body and kill 

cancer cells, respectively. 

- photothermal effect 

- shape memory 

effect 

Human lung 

epithelial cells [103] 

device titanium (Ti) and 

polylactic acid (PLA) 

Cyanine7 (Cy7), Nile 

red 

a fused filament 

fabrication (FFF) 

printer 

The device served as 

anticancer drug carrier and 

induced radiopacity and 

photothermal conversion. 

- photothermal effect cancer cells (CT26 

cells) [82] 

Others 

device poly(ethylene 

glycol) 

diacrylate (PEGDA), 

bisphenol A 

ethoxylate 

dimethacrylate 

(BPADMA) 

A projection micro- 

stereolithography 

(P 𝜇SL). 

The shape morphing of cell 

culture array was used to 

facilitate the biological insert 

in the cassette configuration 

for the glioblastoma 

patient-derived organoid 

models 

- shape memory 

effect [108] 

soft robot non-aqueous 

photocurable resin 

Spot E elastic 

polymer, magnetic 

nanoparticle (MNPs) 

drug solution A magnetic field 

assisted projection 

stereolithography 

(M-PSL) 

The locomotion of soft robot 

was controlled by a magnetic 

field in order to travel to the 

target site. The on-demand 

drug release was induced 

with mechanical and 

magnetic properties by turn 

on/off the field. 

- 

magnetically-driven 

effect 

targeted cancer site 

[42] 
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e  
ides, the drug concentration is limited by saturation solubility, result-

ng in insufficient doses [88] . The DDSs have addressed the concerns,

hich they are one of the localized therapies that minimize drug dis-

ribution, leading to fewer side effects on normal tissues. 3D printing

as been used to fabricate drug-loading scaffolds for DDS. In addition,

D-printed scaffolds have been examined with studies of release evalu-

tion in order to DDS applications. For example, patches composed of

oly(lactide-co-glycolide) (PLGA), PCL, and 5-fluorouracil (FLU) were

abricated using an extruder-based printer [88] . The patches were pro-

osed as a drug manner with controllable release in a long-term incu-

ation over four weeks. Their drug release was studied through changes

n geometric modification. The patches with different pore types pro-

ided various FLU releases, and the increased thickness of patches also

educed FLU release. Similarly, the release of FLU drug coated on oral

ablets was studied through formulation composite and processing pa-

ameters [89] . Another team fabricated microporous scaffolds consist-

ng of intra-strut microscale porosity using porogen leaching and 3D

rinting [90] . The microscale pore helped slow down the drug release.

esides, a methotrexate (MTX) (4-Amino-10-methylfolate) was incor-

orated into PLA filaments to enhance the drug’s long-term incubation

91] . The PLA/MTX scaffolds maintained the drug for 30 days, and the

rug was consistently released over 30 days. Furthermore, 3D printing

as been widely used to create pharmaceutical models to understand pa-

ients’ responses to anticancer drugs and cancer environments by com-

ining live cells into the printing process, which is well-known as 3D

ioprinting [92–94] . Indeed, the strong points of 3D-printed scaffolds

n DDS have shown the personalized medicine, which can adjust dose

nd release rate [ 89 , 95 ]; however, the static constructs of 3D printing

ave limited the on-demand release, controllable dose, or mobile man-

ers. 

To enhance chemotherapeutical efficiency, 4D printing has a signif-

cant role in achieving the programmable functions of DDSs. The cur-

ent 4D printing applications in DDS for chemotherapy will be presented

hrough various categories of stimuli, including light, magnetic, pH, and

iological stimuli used to activate drug release, as entirely illustrated in

ig. 4 . 

ight-induced DDSs 

The porous scaffolds, like core/shell 44,71 and hollow [67] have at-

racted attention in DDSs. The photothermal effect has been utilized

o induce 4D-printed constructs through the sol-gel transition. The sol-

el transition enables the constructs to control on-demand drug release.

or example, Wei, Liu, Wang and Luo [71] fabricated drug-loading scaf-

olds comprising core-shell hydrogels, as seen in Fig. 4 (a) . The scaffolds

sed PDA/Alg as the shell and Gel as the core parts. Doxorubicin (DOX)

rug was loaded into the core part. The PDA induced the photother-

al effect under NIR irradiation, which caused a temperature rise in

he core-shell scaffolds. The raised heat then activated the sol-gel tran-

ition of Gel, which resulted in the release of the drug loaded in the

ore of Gel hydrogel. The hydrogel with 70%w/v of Gel concentration

aintained gel status at 37°C and transformed to sol at 50°C. With the

eversible sol-gel transition, the scaffolds could perform on-demand re-

ease by turning on/off the laser. As demonstrated in Fig. 4 (a-ii) , the

caffolds provided the stable photothermal effect under on/off NIR laser

llumination with 0.6 W/cm 

2 and 808 nm, which led to efficient control

f DOX release. The PDA/Alg scaffolds with loaded DOX proved that

n vitro 4T1 cancer cells decreased by 80% and in vivo tumor volume

as significantly reduced. Liu, Wang, Wei, Chen and Luo [44] devel-

ped a triple layer of core-shell scaffolds to improve long-term drug

elivery. The scaffolds were prepared by printing Gel/Alg mixture and

hen coated with PCL and PDA ( Fig. 4 (b-i) ). Drugs were added to the

atrix, including doxorubicin hydrochloride (DOX-HCl) or dexametha-

one (DEX). Gel, PCL, and PDA layers acted as drug encapsulation, drug

iffusion barriers, and heat induction to obtain a reversible sol-gel tran-

ition for on-demand drug release. The Gel/PCL/PDA scaffolds provided

n-demand drug release and controllable dose through light stimuli. As
9 
een in Fig. 4 (b-ii) , DOX drug was released according to NIR laser on/off

ith 808 nm wavelength and 0.3 W/cm 

2 , and the drug dose was fur-

her controlled with the end of fiber scaffolds. Another group presented

 light-triggered DDS of a double-helical microswimmer with a 6 𝜇m di-

meter and 20 𝜇m length. The microswimmer could control locomotion

ith the magnetically-driven effect and trigger degradation with the

iological-driven effect [74] . It was fabricated using methacrylamide

hitosan (ChMA) and superparamagnetic iron oxide nanoparticles (SPI-

Ns) by a two-photon-based 3D printer by which azide-modified DOX

rug was bound to amino groups on its surface as shown in Fig. 4 (c-

) . The ChMA-based microswimmer provided on-demand drug release

ith a controllable dose under the on/off condition of light stimulation.

pproximately 15% of the total drug was released when light (365 nm

avelength and 3.4 × 10 − 1 W/cm 

2 ) was turned on. In comparison, no

r slight drug was released when the light was off. The microswimmers

ere steered with an average speed of 3.34 ± 0.71 𝜇m/s under 4.5 Hz of

 10 mT rotating magnetic field and were partially degradable after 204

ours with no toxic products. 

agnetic-induced DDSs 

Wang, Liu, Chen and Luo [67] developed on-demand drug release

f scaffolds with the magnetically-driven effect. The scaffolds were de-

igned as hollow fibers consisting of Alg and IONs by a coaxial 3D

rinter, which enable the encapsulation of drugs, proteins, and living

ells into Alg gels in the core part, as shown in Fig. 4 (d-i) . The on-

emand release was induced through deformation under a magnetic

eld, as illustrated in Fig. 4 (d-ii-iv) . The higher amount of ION in scaf-

olds influenced the more excellent deformation process under a mag-

etic field on/off. DOX drugs were released from the only open ends of

ber under 0.42T of the magnetic field, and no drug was released with

he magnetic field off, as seen in Fig. 4 (d-v) . It implied that fiber could

ontrol dose through both open ends of scaffolds and the decrease of Alg

oncentrations. Another advantage of magneto-responsive materials is

he locomotion control with precise positioning under the external mag-

etic field. The magnetic composites have been widely used to fabricate

oft robots in DDSs [ 52 , 63 ] for localized treatments to enhance drug

elease efficacy and reduce drug resistance. For example, arbitrary hy-

rogels containing PNIPAM, Laponite nanoclay, and NdFeB magnetic

articles could provide temperature and magnetic responses [63] . The

ydrogels were designed as leptasteria-like robots and given magnetic

oments in the printing process and thermal expansion, which showed

arious locomotion forms under the magnetic field of a permanent exter-

al magnet. The abilities of locomotion were proven through traveling

n a stomach model, as demonstrated in Fig. 4 (e) . The levofloxacin drug

as loaded into a robot with leakage prevention under heated water.

he mechanical centrifugal force generated by a rotating magnetic field

ith 800 rpm frequency could enhance drug release. 

H-induced DDSs 

The DDSs, as mentioned earlier, are induced with exogenous stim-

li; afterward, DDSs induced with a biologically-driven effect will be

llustrated. Generally, the pH value of cancer and tumor environment is

lways particular from normal cells, as mentioned before. The pH value

s another factor that can induce some changes in materials, like the

welling/shrinkage effect [52] . Shi, Cheng, Wang, Chen, Wang, Li, Tan

nd Tan [96] fabricated intelligent scaffolds based on PLGA, Gel, and

hitosan. Gel and chitosan were crosslinked by a glutaraldehyde solution

o form a pH-responsive imine bond, which respond in an acidic envi-

onment. As a result, DOX and FLU drugs were rapidly released at pH 6.5

nd 5, whereas slight drugs were released at pH 7. Also, the scaffolds

oaded with drugs explicitly showed the efficiency of reducing tumor

olume. The pH-responsive scaffolds have been improved with control-

able locomotion abilities like soft robots. Microrobots have great atten-

ion for manipulating smaller particles, such as single cells, bacteria, and

ard-to-reach areas in the body, which leads to precisely targeted deliv-

ry [ 52 , 53 ]. The animal-inspired designs and fabrications of 4D-printed
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Fig. 4. Demonstrates potential applications of 4D printing in drug delivery systems (DDSs) in which drug releases were triggered by various stimuli, including (a-c) 

light-triggered, (d-e) magnetic-triggered, (f) pH-triggered, (g) enzyme-triggered, and (h) biologically-triggered drug release of DDSs, as detailed below. The Fig. is 

adapted from [ 71 , 44 , 74 , 67 , 63 , 52 , 53 ], and [75] with permission of Elsevier and American Chemical Society, respectively. 

(a) (i) The core/shell scaffold was fabricated by a co-axial 3D printing, which induced the reversible sol-gel transition by NIR irradiation and (ii) exanimated 

NIR-triggered release of doxorubicin (DOX) drug from the scaffolds with and without the NIR irradiation with 0.6 W/cm 

2 71 . 

(b) (i) The multilayer scaffold based on gelatin (Gel), polycaprolactone (PCL), and polydopamine (PDA) was fabricated by an extruder-based 3D printing with a 

coating method. (ii) The cumulative DOX drug release was examined with and without the influence of NIR irradiation on the ends of scaffolds [44] . 

(c) (i) The light-triggered microswimmer embedded DOX via the reaction between amino groups and the NHS group of the o -nitrobenzyl linker, which (ii) around 

15% of the DOX was released per minute from the microswimmer under 365 nm wavelength of light exposure [74] . 

(d) (i) The magnetically-driven hollow scaffold was fabricated by using a coaxial-nozzle extruder printer with 10wt% of alginate and iron oxide nanoparticles (IONs) 

as the shell part and drug/protein/cells loaded with 4%wt alginate as the core part. (ii-iv) The mechanism of drug release was induced by magnetic stimulation, 

which led to (v) cumulative DOX drug released from the scaffolds with both open ends, one open or closed ends for each hollow fiber of scaffolds [67] . 

(e) Multifunctional millirobots with a leptasteria-like shape had proven (i) controllable locomotion in stomach model (scale bar is 6mm) and (ii) drug loading/release 

under different conditions: soaking hydrogel in the levofloxacin solution at 24°C, heating hydrogel at 38°C and the addition of magnetic field (MF) which led to (iii) 

various drug releases [63] . 

(f) (i) A concept of the shape-morphing microswimmer with the pH-triggered drug release was applied in DDSs of cancer treatments. (ii) The shape-morphing 

microfish was fabricated with various point densities inside the body’s microfish, which involved with shape-morphing. (iii) The shape-morphing microfish delivered 

drugs to HeLa cells under different environmental pH levels and various conditions (with DOX drug and mouth opened, without DOX and mouth opened and with 

DOX and mouth closed). (iv) the quantitative amount of DOX drug was released over 6 hours. (the scale bar = 50 𝜇m) [52] . 

(g) (i) The helical microswimmer which could control its motion under a magnetic field, its drug release, and its degradation with MMP-2 enzyme was applied in 

DDSs. (ii) Epifluorescence images showed dextran-FITC drug release of the microswimmers under different conditions. At 1 𝜇g/mL of MMP-2, the microswimmers’ 

size increased and almost all drug was released within 48 hours while the conditions without MMP-2 obviously showed the residual microswimmer [53] . 

(h) the sperm-hybrid micromotors were used in DDSs to treat cancer cells. (i) Scanning electron microscope (SEM) images of microstructures consisting of a tubular 

body and four flexible arched arms. (ii) The mechanism illustration of drug-loaded sperm release when exposed to the targeted cell. (iii) The schematic assessment of 

the delivery and release efficiencies of the drug-loaded sperms on a microfluidic chip, in which the sperm-hybrid drug delivery system was added on one side of the 

chip and a HeLa spheroid would be inserted on another one. (iv) Images of DOX-HCl distribution in the HeLa spheroid (the red arrows pointed at the sperm head.) 

[75] . 

m  

T  

a  

b  

a  

g  

(  

m  

D  

F  

v  

c  

p  

t  

a  

𝜇

E

 

icrorobots were used to fabricate smart microrobots in DDSs [52] .

he microrobots were inspired by the opening-closing of fish mouths

nd claw crabs. They controlled drug release through shape-morphing

ehavior under pH stimuli and propelled with magnetic propulsion,

s shown in Fig. 4 (f-i) . The shape-morphing was conducted with pro-

rammable expansion rates determined by the porosity of printed parts

 Fig. 4 (f-ii) ). To prove drug release with shape-morphing behavior,

icrofish was fabricated by a femto-second direct laser writing (Fs-

LW) and based on PNIPAAM, PAA, polyvinylpyrrolidone (PVP), and

e O . DOX drugs were loaded and encapsulated by immersing in en-
3 4 o  

10 
ironmental pH changes. The drug was released through opened and

losed mouths of microfish in a slightly acidic solution and pH ∼7.4 like

hosphate-buffered saline (PBS), respectively. The microfish was con-

rollably steered into HeLa cell clusters with permanent ferromagnets,

nd the drug was only released in an acidic environment in a cell 250

m away from microfish over 6 h, as depicted in Fig. 4 (f-iii-iv) . 

nzyme-induced DDSs 

The enzyme is a pathological marker in a cancer environment and an-

ther stimulus used to control drug release. Ceylan, Yasa, Yasa, Tabak,
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iltinan and Sitti [53] utilized the MMP-2 enzyme to induce drug re-

ease and IONs to allow mobile abilities for localized cancer treatments

s shown in Fig. 4 (g-i) . MMPs enzyme has been reported as a poten-

ial biomarker for breast cancer [25] . The double helical microswimmer

ased on GelMA and SPIONs was fabricated by a direct laser writing sys-

em with a two-photon polymerization and loaded with a dextran-FITC

rug [53] . The microswimmer locomotion could control under 20 mT

f a rotating magnetic field. The average speed was 3.36 ± 0.71 𝜇m/s,

nd the velocity linearly increased with increasing frequency, which was

djusted following various behavior like cork-screw or step-out move-

ents. 0.125 𝜇m/mL was at least the MMP-2 concentration that the

icroswimmer began to induce the swelling within 20 min. While the

welling behavior instantly began at 1 𝜇g/mL of MMP-2, which rapidly

ncreased the microswimmer volume, as seen in Fig. 4 (g-ii) . The volu-

etric expansion boosted drug release, ultimately released after com-

lete degradation. In addition, anti-ErbB 2 antibody was able to carry

nto the microswimmer to delivery at targeted sites. 

ell-induced DDS 

Xu, Medina-Sánchez, Magdanz, Schwarz, Hebenstreit and Schmidt

75] developed drug delivery vehicles that were driven and guided by

perm cells and magnetic-based composite. These sperm hybrid micro-

obots consisted of the bovine sperm cell and a printed magnetic mi-

rostructure. The sperm served as a propulsion source and drug carrier,

hile the microstructure controlled the sperm liberation. It consisted of

 tubular body and four flexible arched arms ( Fig. 4 (h-i) ), which was

abricated using 3D laser lithography and coated with Fe and Ti. The

rms would bend when hit with an outer boundary of cells and then

pen a way to liberate the sperm cells ( Fig. 4 (h-ii) ). The loading ratio

f encapsulated DOX-HCl into sperms with the original amount of DOX-

Cl in solution was around 15%. The average DOX-HCl encapsulation

as 15 pg per single cell. The sperm provided stable in vitro encapsula-

ion with less than 10% drug leakage into the medium after 8 h. In vitro

rug delivery efficiency on HeLa spheroid was tested in a microfluidic

hip, as seen in Fig. 4 (h-iii) . The locomotion of sperm-driven micro-

obots was induced under an external magnetic field of roughly 5 mT.

fter 8 h, the size of the HeLa spheroid was contracted and decreased by

round 40% ( Fig. 4 (h-iv) ), indicating the early stage of cell apoptosis.

he drug released into the spheroids achieved 87% cell-killing efficiency

ithin 72 h. 

yperthermia and photothermal therapy 

Generally, cell death has been induced under 42°C-46°C of tissue

emperature for 10 min [16] . Hyperthermia is a form of thermal abla-

ion in cancer treatments, which employs a higher temperature (than

ody temperature) to kill cancer cells [17] . Hyperthermia is induced by

arious stimuli, such as light, magnetic field, ultrasound, and electrical

urrent. It has great attention with minimal invasiveness, high speci-

city, and repeatability [ 82 , 97 ]. The light-induced hyperthermia can

e called photothermal therapy. It is another type of thermal ablation

ith a higher temperature, which is induced with various wavelengths

f light. On the other hand, photothermal therapy is called a specific

orm of hyperthermia [97] . Both are extremely useful in treating hard-

o-reach areas [18] . Significantly, the light in the NIR-I range (750-900

m) has attracted attention because of good biological penetration, and

nother in the NIR-II range (1000-1700 nm) allows deeper tissue pene-

ration [16] . 

3D printing has played an essential role in two functions: (i) pro-

ucing personalized structures that support hyperthermia procedures,

nd (ii) fabricating implanted scaffolds that enable induction to gener-

te heat for hyperthermia. In applications of personalized structures, 3D

rinting has facilitated individual devices and models, such as immobi-

ization devices [98] , flexible antenna [99] , and patient-specific replica

100] . In aspects of scaffold fabrication, 3D printing has been used
11 
o fabricate multifunctional scaffolds of light-sensitive and magnetic-

ensitive composites, which caused the temperature to increase. The

caffolds provided heat used to kill cancer cells and support tissue re-

eneration. For example, He, Dong, Yu, Chen and Hao [101] fabricated

aPCu scaffolds incorporating CaCO 3 /PCL scaffolds that were deco-

ated with Egyptian blue (CaCuSi 4 O 10 ). The Egyptian blue was added

o achieve heat on scaffolds with the second NIR stimulation. The raised

eat could damage osteosarcoma (OS) that is a primary malignant bone

umor, and the scaffolds also enhanced osteogenesis. 

These 3D-printed structures can be further improved by merging the

xisting benefits of 3D printing with the controllable response of smart

aterials to stimuli. 4D printing has transcended the limitations of static

rinted structures and offered advanced fabrications of scaffolds with

n-demand functions, like mobile robots [102] , scaffolds with shape

ransformation [65] , and smart devices with shape memory behavior

 70 , 103 ] upon specific stimuli. Recent 4D printing applications in hy-

erthermia and photothermal therapies shown in Fig. 5 have been pre-

ented. 

yperthermia 

Magnetic materials can induce shape transformation in thermosen-

itive materials and cell death with hyperthermia. For instance, 3D-

rinted structures were developed by incorporating magnetic hydrogel

nd an elastomer layer to achieve programmable shape transformation,

s seen in Fig. 5 (a) [65] . The structures were designed as multi-arm

tructures with a double layer of magnetic hydrogel and elastomer,

omposed of PNIPAM/Fe3O4 and silicone/nanosilica/benzophenone,

espectively, and interfacially linked with covalent bonds on the inter-

ace. Then, under an AMF actuation, the arm was induced to undergo

hape deformation by bending up and then holding the hydrogel matrix

f GelMA that encapsulated human malignant melanoma (A375) can-

er cells. The stimulation of AMF at 230 A of current provided steady

eat above 50°C temperature for 20min on the surface of the magnetic

ydrogel. The raised heat induced A375 death by reaching 50% during

he deformation. 

hotothermal therapy 

Light is another stimulus used to induce dynamic constructs and

llow heat induction in photothermal therapy for cancer treatments.

or example, the fabrication of a multifunctional device that pro-

ided both shape memory behavior and heat upon NIR irradiation

as discovered [103] . The device based on gold nanorods (AuNRs)

nd poly(D,L-lactide-co- ɛ -caprolactone) methacrylate (poly(DLLA-co-

L)MA) was fabricated by a DLP printer. The composite performed a

ast and stable NIR response, reaching 55°C within 20 sec after 808-nm

aser exposure at a power density of about 4.1 W/cm 

2 . It returned to the

riginal shape at room temperature within 1 min after the laser was off.

owever, the composite provided 40-45°C of raised temperature after

he laser exposure for 5-15 min when it was tested in water at 37°C.

ith shape memory function, it was proposed as an intelligent stent.

he composited-based stent was able to fix its temporary shape above

ts Ttrans and cooled to -20°C. The stent inserted in a porcine intestinal

egment was heated up with NIR exposure, which could open the intes-

ine within 40 s ( Fig. 5 (b) ) . Similarly, Deng, Zhang, Jiang, Liu, Yuan and

eng [70] presented PU/AuNPs-based smart devices mentioned earlier

n the surgical resection, which achieved photothermal therapy while

nducing shape recovery under 520 nm light exposure. The scaffold con-

ained AuNPs colloid in PU solution heated up to Ttrans of the compos-

te, 45°C, within 9 s under 2 W/cm 

2 of the light irradiation. The reaching

ime of Ttrans was different according to AuNPs concentration and light

ensity. In in vitro treatment, the survival of breast cancer cells was be-

ow 10% under light irradiation at the PU/AuNPs scaffold for 150s. Fur-

hermore, the printed constructs that induce heat used in photothermal

herapy have been improved to perform multimodal therapy. An intel-

igent platform that enabled on-demand drug delivery along with posi-

ional detectability and photothermal therapy was encountered [82] . It
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Fig. 5. Shows advanced applications of 4D printing in hyperthermia and photothermal therapies. (a) shows schematic images of fabrication processes and applications 

of magnetic hydrogels. (i) The hydrogels were fabricated via an extruder-based printer, a curing step, and a shape transformation under an alternating magnetic 

field (AMF). (ii) The hydrogel with abilities of deformation and heat induction was applied in magnetic hyperthermia. The magnetic hydrogel could induce both 

shape deformation and cancer cell death under the AMF [65] . (b) The shape memory polymer/Au-based stent that was inserted into a tubular organ could induce 

(i) photothermal and (ii) shape memory effects (SMEs) with near-infrared (NIR) stimulus for cancer treatments, (iii) which was examined by inserting the composite 

stent in the porcine intestinal segment [103] . The Fig. is adapted from [65] and [103] with permission of Elsevier and John Wiley and Sons, respectively. 
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n  
onsisted of bullet-shaped composites of Ti and PLA, which had good

adiopacity. Upon 808 NIR irradiation, the PLA/Ti bullet temperature

as increased by more than 45°C with the increase in Ti proportion.

t was limited to 10% vol, which above 10% vol had not significantly

hown the difference in the temperature increase. The Nile red was pre-

ared by adding LA and stearic acid (SA) mixture to the printed bullet.

he variable temperature under on/off NIR irradiation enabled the plat-

orm to control the release behavior of Nile red and Cyanine7 (Cy-7)

oaded in the bullet. The bullets noticeably induced apoptosis of murine

olorectal carcinoma cells (CT-26 cells) via in vitro and in vivo evalua-

ion. Another group presented a magnetically-driven helical microrobot

ith 180 μm of length and 90 μm of outer diameter, which was fabri-

ated by a 3D printer with a two-photo lithography system [102] . It was

oated with PDA and MNPs to achieve the photothermal effect and al-

ow magnetic control. Under external electromagnetic actuation, it was

ontrolled along the circular, square, and diamond paths with a speed

elocity of 0.278, 0.143, and 0.125 mm/s, respectively. The microrobot

rovided 71.87°C of raised temperature when exposed to 5 W/cm 

2 of

08 nm NIR irradiation for 120 s, which was sufficient to damage cancer

ells. 

ther approaches 

3D printing is significant in therapeutical devices or models, such

s a self-propelled robot for corrector cancer (CRC) [21] , a monolithic

D microfluidic device [104] , and anatomical or pharmaceutic models.

mong the various fabrications in cancer diseases, there are recent ap-

lications of 4D bioprinting in the pharmaceutical model. Regarding the

harmaceutic models, bioprinting has considerable interest with an ad-

anced fabrication of biological structures with multiple cells/drugs to

imic tumor microenvironment closely [ 105 , 106 ]. 4D bioprinting is de-

ned as the fabrication of dynamic biological structures, which directly

rint biological cells with smart materials in the same procedure. It has

ttracted considerable attention in biomedical applications [ 6 , 107 ]. In
12 
he field of cancer diseases, it was used to fabricate innovative biolog-

cal inserts for cell culture and histology [ 108 , 109 ]. Chadwick, Yang,

iu, Gamboa, Jara, Lee and Sabaawy [108] fabricated 4D-printed cell-

ulture arrays with the self-transformable ability, which was used in a

lioblastoma patient-derived model to assess the drug responses. The

rrays were made from thermoresponsive shape memory poly(ethylene

lycol) diacrylate (PEGDA) and Bisphenol A ethoxylate dimethacrylate

BPADMA) by crosslinking polymetric network with covalent bonds.

he PEGDA-based array was able to perform a temporary shape at room

emperature and revert to its original shape at 50°C. The arrays with the

bility of programmable shape morphing consisted of interconnected

ells, allowing insertion processing in only one step. Moreover, this

trategy was proposed as intelligent equipment to evaluate the potential

f immunotherapy. 

hallenges and future perspectives 

The 4D printing technique has been utilized in the advanced fabrica-

ion of dynamic constructs that respond to specific stimuli, enabling the

ttainment of on-demand functions like controllable locomotion, pro-

rammable shape transformation, on-demand carrier, or degradation.

hese capabilities are of great significance roles in improving various

pplications of 4D printing. In cancer therapeutics, 4D printing partici-

ates in enhancing localized treatments on targeted sites because of the

ynamic constructs’ specific responses and controllable abilities. Addi-

ionally, it has the potential to evaluate the therapeutic process to the

ext level. 4D printing has been proposed as a new alternative to en-

ance the precision of cancer therapies [ 29 , 52 , 53 ]. The significant po-

entials of 4D printing applications in cancer therapeutics have man-

fested in this review through surgical resection, DDSs, hyperthermia,

hotothermal therapy, and pharmaceutic model. Nevertheless, this tech-

ology remains in its initial stage and has encountered challenges. 

First, the practical uses of 4D printing in cancer therapeutics remain

ovel. There are in vitro results of 4D-printed constructs in therapeutics;
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owever, the examinations of in vivo situations and human scale have

till lacked and been expected in the future to assess clinical use. Sec-

nd, the insight of smart materials and the response’s body on smart

aterials are questionable. The use of the materials in the biomedical

eld has specific properties such as biocompatibility, cytotoxicity, and

echanical properties [8] . For example, the magnetic material is useful

o induce hyperthermia, guide motion, and trigger shape transforma-

ion; however, it should be suspicious with in vivo long-term safety and

ytotoxicity [65] . 

In another term of applying stimuli, the normal tissue should not ex-

erience side effects as a result of stimulations. Determining the targeted

rea is crucial in cancer therapeutics because cancer tissue is surrounded

y normal tissue. For example, the photothermal effect generates heat

n materials, which are used to induce dynamic constructs and cure

ancer cells. The heating temperature should not exceed the normal tis-

ues’ tolerance level. Excessive heat might affect normal tissue and lead

o unexpected results. The temperature used in implantation applica-

ions should range from 20°C to 37°C to prevent harm to the body [58] .

here are so attempts to decrease T trans as presented before and mate-

ial size. Like, nanomaterials can reduce the defined region of heat to

he nanoscale [68] . 

Finally, 4D printing is an interdisciplinary technique [4] that re-

uires design skills, manufacturing processes, material understanding,

nd modeling skills. The biological microenvironment is also compli-

ated and heterogeneous for each patient [8] . The following challenges

f 4D printing are design strategies for smart materials to achieve on-

emand functions of dynamic structures after the printing process and

odels of the statistically significant behavior of response situations.

he manufacture of 4D-printed structures is limited by real-time knowl-

dge [110] . Artificial intelligence (AI) and its subset, machine learning

ML), have been recommended as powerful tools to improve the abilities

f 4D printing [ 110 , 111 ]. In particular, Lin, Chou, Cheng, He, Monteiro-

iviere and Riviere [111] presented the efficiency of nanoparticle deliv-

ry on cancers and tumors, which was predicted by multiple ML. Likely,

he incorporation of Al and ML into 4D printing has supported the ad-

ancement of cancer research in the future. 

onclusion 

4D printing has emerged in advanced fabrications of dynamic con-

tructs for various applications. In this article, we have presented an

verview of the mechanisms of 4D printing approaches and the prospec-

ive of 4D printing in cancer therapeutics. The mentioned applications

ave already demonstrated the potential of 4D printing techniques in

ancer therapeutics. It discussed how emerging 4D printing will play a

art in being an innovative alternative in future development of can-

er investigations. Furthermore, the current 4D printing techniques in

ancer therapeutics, including the insight study of smart materials, the

evelopment of biocompatible dynamic structures in the body, the en-

ancement of design strategies in 4D printing, the material efficiency

odel for cancer, and the associated challenges and future perspectives,

ave been presented. It is expected that, as time goes, the 4D printing

echnology, incorporation with data science and engineering modeling

nd simulation skills, will be capable of producing even more complex

iostructures, which will enhance its application in the field of cancer

esearch and therapies. 
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