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Abstract
The development of patient-specific prosthetics, medication administration, the manufacture of tissues and 
organs, and surgical planning have all benefited significantly from the use of three-dimensional (3D) 
printing during the past few decades. The enthusiasm for customized healthcare has increased because the 
United States of America launched its Precision Medicine Initiative in 2015. In a nutshell, the phrase 
“personalized medicine” refers to medical care that is tailored to the patient. Nevertheless, the biomedical 
materials utilized in 3D printing are often stable and can’t react or be adaptive and intelligent in the body’s 
interior environment. Ex-situ fabrication of these substances, which includes printing on a flat substrate 
before releasing it onto the target surface, may cause a discrepancy between the printed portion and the 
target areas. The 3D printing is one method that might be used to provide customized treatment. The four-
dimensional (4D) printing is developed while employing components that can be tweaked with stimulation. 
Several researchers have been looking at a new area recently that blends medicines with 3D and 4D 
printing. The development of 4D printing overcomes a number of these issues and creates a promising 
future for the biomedical industry. Smart materials that have been pre-programmed can be used in 4D 
printing to create structures that react interactively to outside stimuli. Despite these benefits, dynamic 
materials created using 4D technology remain in their development. As a result, several ideas for 
pharmaceutical products and formulas that may be customized and printed have emerged. Furthermore, 
Spritam®, the first medicine produced by 3D printing, has indeed reached a medical facility. This paper 
offers a summary of several 3D and 4D printing technologies and how they are used in the pharmaceutical 
industry for customized medicine and drug delivery systems.
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Introduction
Smart materials, also known as responsive or adaptive materials, are created materials with the capacity to 
continuously respond to environmental cues, altering their characteristics and functionalities for a 
particular demand or use [1–6]. These substances often react to stimuli including heat, ionic strength, pH, 
electromagnetism, light, humidity, and mechanical pressure [7]. They can also carry out living-like tasks 
such as self-assemble, self-healing, self-evolution, shape memory, detecting, and triggering [8–11]. 
Investigators have been compelled to create various techniques for behavior improvement and 
functionality in connection to certain purposes through the development and testing of structural systems. 
Due to the inherent mechanical and control limits of such machinery, smart materials have outpaced 
traditional production, becoming more complicated in terms of topologies, nano- and micro-structures, 
physical-chemical, as well as mechanical aspects [12].

A more recent version of “dimensional printing” known as “four-dimensional (4D) printing” has been 
made possible by recent developments in three-dimensional (3D) printable advanced materials. The 
concept of 4D printing acknowledges time as a fourth dimension and enables printed structures to modify 
their structural morphology in response to any outside input [13–14]. Excipients manufacturing, also 
known as 3D printing, has emerged in recent years as a versatile technique and a priceless replacement for 
conventional manufacturing for the construction of multiple substances through such a layer-by-layer 
methodology, resulting in the development of various types of medical technology, wearable devices, 
scaffolds, actuators, soft robotics, and flexible electronics [15–24].

However, personalized medicine does come with certain challenges. Major challenges are the 
production of these personalized medicines, which raises questions like: How can they be tailored to meet 
individual needs? How much time does it take to make a personalized therapeutic, and how can they be 
made routinely?

Here, the advancement of pharmaceuticals may benefit from the use of 3D and 4D printing. This 
cutting-edge technology was initially presented in 1986 by Hull [25], and it allows for the printing of 3D 
objects with different geometrical by depositing a variety of (bio)materials. Being a cutting-edge technique 
for tissue engineering, organ manufacturing, regeneration of drugs, and medication administration, 3D 
printing has been helpful in the biomedical field (Figure 1) [26]. Moreover, the ability to create patient-
specific tailored orthotics, prostheses, craniofacial implantation, and medical equipment using personal 
information made 3D printing a significant draw in this sector [27]. It should be stressed that 3D printing 
has a substantial effect on medical learning and planning of surgery because 3D anatomical designs could 
be printed by accurately recreating the infinitesimal anatomical landmarks of body tissues. This has a 
favorable influence on the total time needed for the surgical procedure, its effectiveness, precision, and 
achievement, and could also be used to recruit young surgeons [28–29].

The creation of structures using 4D printing technology is possible since these structures may change 
over time in terms of shape, property, and functioning [30]. The capacity to self-assemble, self-repair, and 
multitasking is just a few of the amazing properties of 4D printed products. The technique became more 
logical as a result of time constraints and printer independence.

The planned activities and intellectual sensitivity of 4D material printing enable reactions to stimuli 
such as heat, light, pH, magnetic fields, etc. [31]. This new concept is built on three components: a smart 
material, a smart machine, and a geometric “program” [32]. Tibbits’ team [33] used a StratasysTM Connex 
500 printer and a rigid plastic foundation with a soft component that extended when exposed to water to 
build a series of dynamic primitives (ring stretching, linear stretching, and folding). The expandable 
substance was a cross-linked hydrophilic polymer that, upon contact with water, transformed into a 
hydrogel and underwent a significant volume increase of up to 200% [34]. A bioinspired 4D printed 
hydrogel capsule for intelligently controlled medication release was created by Zu et al. [35].
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Figure 1. History of 3D printing development in pharmaceutical industry

In the pharmaceutical industry, wherein tissues and organs are by nature multifaceted and 
multipurpose settings, the creation of substances that are dynamic and biocompatible after printing is the 
next hurdle. Another significant problem of 3D and 4D printing is that intended objects are often produced 
on a flat, plane substrate first (ex-situ printing), and afterwards moved to the desired non-planar regions, 
like those found in the human body. Therefore, the printing procedure is fully deterministic, with limited 
“real-time knowledge” of the target geometry-except through computed tomography or laser scanning-thus 
leading to a possible mismatch between the printed part and target surfaces.

In this short review, a brief introduction to 3D and 4D printing as an intriguing method for creating 
cutting-edge smart materials for the development of medications. The most recent advances in 3D and 4D 
printing are then discussed, especially as they pertain to the pharmaceutical sector.

3D printing
Rapid prototyping or excipients manufacturing, both of which are terms used to describe 3D printing, are 
crucial in the development of medicines since they allow for the production of scaffolds that can either fix 
or substitute traditional modes of distribution (Figure 2). Using a bottom-up strategy is 3D printing. The 
cutting of magnetic resonance (MR) or digital picture of the product yields cross-sectional information that 
is used by a computer program to direct production. Because of this, manufacturing having greater 
structural intricacy may be done layer by layer utilising this method, which is especially useful for 
individual-specific implants [36]. The excipients manufacturing method known as selective laser sintering 
(SLS), fused deposition modelling (FDM) is one of the most widely utilised fast prototyping techniques, and 
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light-assisted 3D-printing [stereolithography (SLA)] is the primary 3D printing subcategories that employ 
hard polymers for product production. Another type is bioprinting that employs polymeric hydrogels 
containing cells. The following list of concepts describes these strategies.

Figure 2. Flow chart for 3D printing

Conventional 3D printing technologies

The majority of traditional 3D printing methods use nozzle-based processes, wherein inks are printed one 
layer at a time under a spatial control that produces a certain design. The techniques comprise extrusion-
based, near-field electrospinning (NFES), light-assisted, as well as inkjet-based ones [37–39].

FDM

One of the most popular quick prototyping methods is FDM, which was created and patented in 1989 by 
Crump [40]. Automotive, aviation, model creation for visualisation, design verification, and healthcare are 
just a few of the industries that have employed these technologies [41]. FDM works by first melting a 
thermoplastic polymer that has been added to the machine (in the type of a strand or particle) in the 
reactor vessel, then being ejected via a nozzle onto the platform and imprinted layer by layer to create a 3D 
shape. A computer program shifts the nozzle’s stance in the x-y plane during the manufacturing procedure 
to generate the design that best. As one layer is finished printing, the nozzle advances along the z-axis a 
predetermined length to print the subsequent layer. After the desired shape is produced, this procedure is 
repeated [42]. The size of the nozzle, print quality, angle, and spacing between fibres in succeeding layers, 
as well as the numbers of layers, all affect how finely detailed the finished version will be [43].

The fundamental advantage of FDM is its capacity for many mouldings with different materials. The 
method involves controlling nozzles carrying several thermoplastics such that they extrude consecutively, 
giving rise to a final shape with a variety of qualities. Additional benefits of the FDM include its speed, 
affordability, and simplicity [44]. As there is no solvent used in this procedure, organic solvents like acetone 
and chloroform that may be harmful to cells are eliminated [45]. The technology’s drawback is the dearth of 
components that are pharmaceutical grade and biocompatible and can be used as thermoplastics. 
Additionally, it is difficult to find materials with the proper melt viscosity, which should be high enough to 
deposit and low enough to extrude [46].

Light-assisted 3D-printing (SLA)

Millions of micromirrors are controlled by a computerised micromirror arrangement in light-assisted 3D 
modelling, also known as SLA, so attempt to crosslink a photo-polymerizable pigment into the required 
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shape [47]. Many complicated biological constructions may be swiftly printed using this technique, but only 
when using photocrosslinkable dyes [48]. Its rapid printing velocity of 200–1,600 mm/s, great clarity 
(depending on the measurement of the micromirrors), and good cell survival are its key benefits. Moreover, 
medications may be included with the ink before printing, resulting in matrix inclusion and regulated 
medication release. The main constraint is a smaller variety of inks that almost always depend on UV-
crosslinking, perhaps putting cancer development at risk due to reactive oxygen moiety production [49].

SLS

The excipients manufacturing method known as SLS was created and trademarked in 1989 by 
Deckard [50]. This method involves the employment of laser light as the power source to melt a thin coating 
of powdered substance (metals, ceramics, and thermoplastic polymeric materials) that has been spread out 
in the shape of a powder bed. The computer program instructs the beam to ignite the substance and weld it 
together to create the two-dimensional (2D) form. A fresh coating of powder is disseminated on the top of 
the station by a piston to sinter the subsequent layer after the created platform has moved down 1 level of 
thickness following producing a layer. Until the last component is created, this process is carried out [51]. 
Excess material is cleaned when the fabrication is finished using a brushing or pressurized air. The ability 
to fabricate massive, intricate scaffolds is a benefit of SLS. An additional benefit is the fact that the sintering 
item is situated in firm powder particles and a protective layer is not required, SLS doesn’t really require 
additional support networks throughout the manufacturing process. Like FDM, SLS is a solvent-free 
manufacturing technique; therefore, the produced object is devoid of any solvent residue. Since spherical 
particles are fused to generate the product, this ultimately produces a rough texture; the major drawback of 
SLS is the fact that the item surface is just not clean and requires polishing [52].

3D printing based on extrusion

By forcing ink through with a tiny nozzle with force or other pressure changes, extrusion-based 3D printing 
generates an ongoing filament that enables layer by layer ink layering [53]. Using FDM and a temperature-
controlled extruder, thermoplastic materials may be printed into the desired shape. In contrast to inkjet-
based printing, extrusion-based 3D printing maintains a continuous flow and may, as a result, smoothly 
print inks onto such a surface. It is possible to add a pharmaceutical to the ink before printing, allowing for 
the drug’s continual release through microbial oxidation. On the other side, the extruder printing pace is 
rather slow (10–50 m/s), which makes larger constructions less feasible [54].

3D printing with inkjet

The Hewlett-Packard Corporation created the inkjet which was the initial excipients manufacturing 
printing technology in the 1970s as just a 2D printing technique. Eventually, in 1992, a cylinder as well as 
an elevating station that can travel along the z-axis was coupled towards this technology, and a 3D printing 
device was constructed [55]. For uses in tissue engineering, heat, as well as piezoelectric inkjet printers, are 
increasingly employed. A prepolymer mixture called ink, which could also comprise cells, is put in an ink 
cartridge for thermal inkjet printing. Little air bubbles produced by heating in the printing face serve to 
expel the ink droplets from the cartridge once it is inserted into the computer-controlled printer head. Ink 
thickness, the amplitude of the switching cycle, and the gradients of the implemented temperature may all 
influence the size of the droplets [56]. The piezoelectric inkjet printer’s operating system relies on utilizing 
suitable possibilities for the printer’s piezoelectric material, which produces the pressure required to expel 
the ink droplets out of the nozzle. The quick manufacturing and low cost of the gadget are the main benefits 
of inkjet printing [16].

3D printing using a laser

Another printing technology that utilizes a pulsed laser beam, a donating layer, and a receiver layer is laser-
assisted 3D printing. The idea behind this technique is that ink is put on top of a ribbon with a very thin 
coating that absorbs energy. The ribbon is positioned parallel to the receptor. A vapor bubble is created 
when the pulsing laser source is concentrated on the light absorber material. This bubble exerts pressure 
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that causes the ink to distort and produce droplets. Such cell-loaded hydrogel drops are sent in the 
direction of the sensor, where they’re gathered and crosslinked [57]. Due to the lack of a nozzle and the 
nonintrusive printing method used with this technology, it has the benefits of not clogging and not 
mechanically stressing the cells. They all improve cell viability. But, relative to certain other printers, this 
technological system seems to be more costly [58].

New methods for 3D printing

By merging sophisticated biomaterials with traditional 3D printing, new 3D printing methods seek to 
overcome their geometrical limits. For instance, utilizing the mini-tissue technique, multi-material 3D 
printing, which typically uses an extruder 3D printer, may create detailed constructs that mimic real 
tissues. Cluttering and slow printing speed, nevertheless, hinder this strategy [59]. Others here have 
created a method of 3D printing using multiple materials with light assistance that produces accurate 
architectural details. The main benefits associated with this method are the reduced mixing of various inks 
and the wide range of high-precision constructions; nevertheless, the disadvantages are scale-up, 
mechanization, resolution, and ink choice [60]. A micro-extrusion printer used for integrated 3D printing 
extrudes the required design into a printing fluid intended as a sacrifice. After cross-linking the appropriate 
printed build, the fatal bath is eliminated. Less geometrical limitations can be placed on the finished build as 
a result. This method’s primary drawbacks are its slow printing velocity and the need for an appropriate 
sacrificial print bath [61].

4D printing
According to the stimulus available in the milieu, additive-produced structures made of intelligent (smart) 
substances can self-modify into a specified shape or perform a predetermined purpose (Figure 3); these 
techniques are referred to as “4D printing” [33, 62]. The very same advanced manufacturing processes and 
tools covered previously in the 3D printing segment are used in 4D fabrication. The kind of substance used 
determines the fundamental distinction between 3D and 4D printing. A 3D printed object must have at least 
one intelligent activity, including such “composite materials” or “self-actuation,” to be classified as a 4D 
printed object [63]. Compared to 3D printing, 4D printers provide several benefits. The inclusion of the 
fourth dimension, duration, in the 3D structure allows for both temporal as well as spatial regulation of the 
manufactured good. By producing buildings that are dynamic and animated, 4D printing solves one of the 
main problems with 3D printing. Most frequently, “materials that demonstrate alterations to their physical 
or chemical characteristics in a regulated and useful manner following exposure to an environmental 
stimulation, including such temperature, humidity, light, magnetic field, or pH,” are known as intelligent 
components. In reaction to the above forms of inputs, a 4D printed product may alter its shape, color, 
functionality, or other chemical or physical attributes. Due to the intellect of the substance, the fully 
programmable condition and functionality of the 4D printed products remove the requirement for 
additional post-processing equipment or procedures, shorten manufacturing time, and in some situations 
may also help with the application procedure [33]. For instance, dynamic reaction after implant allows 
contouring smart scaffolding that displays compaction before in vivo application to be employed in non-
invasive treatments and self-assemble to the necessary complicated shape [64].

Aspects affecting 4D printing

The kind of added fabrication technique, the responsive substance, the kind of stimuli, the interaction 
process between both the stimulation and the content, and the mathematical modelling of the material 
transformation are the five primary aspects that affect the operation of 4D printing.
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Figure 3. A schematic showing the many stimuli and reactions, including swelling, self-assemble, self-repair, and the potential 
for usage in pharmaceutical applications, are shown for smart materials

Applications of 3D printing
Uses for dermal applications

Transdermal drugs have been around for a while and offer several benefits, including being simple to 
administer, non-invasive, painless, and excellent for self-administration. Nonetheless, the stratum 
corneum’s impermeability renders pharmaceutical molecule permeation over the skin impossible without 
injections [65]. Hence, from the middle of the 1990s, the manufacture of high-resolution microneedle 
coverings with diameters that vary from 150 μm to 200 μm has grown into a popular study area. Nowadays, 
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scientists may create whole microneedle patches using a variety of 3D printing processes, or they can cover 
already produced patches with the correct medication solution.

Uses for bone tissue engineering

A tissue with strong mechanical toughness and mineralization is bone. As a result, it is necessary to 
improve the mechanical characteristics of the printed polymers to better mimic those of bone tissue. 
Several types of research have been published in the literature that demonstrates the creation of 3D printed 
scaffolding for tissue engineering of bones. The engineering of bone tissue techniques employs a variety of 
types of cells. Mesenchymal stem cells made up of bone marrow or adipocytes constitute the most popular 
ones among all [66]. They are the best cell type to examine to regenerate bone because of their strong 
potential to develop into bone cells.

Oral medication formulations produced via 3D printing

Compared to conventional methods, 3D printing offers significantly greater operational flexibility for the 
production of tablet medications. More options are now available than with basic tablet compression 
because of its ability to create sophisticated tablets with the instant release, staggered release, prolonged 
release, pulsatory release, and the incorporation of numerous medications designed for multiple patterns 
all in one tablet [67]. For instance, recently presented a unique tablet design of a tablet which boosted the 
quick release of the drug of 3D printed tablets. The polymethacrylate tablets have internal passageways 
with specified widths, lengths, and arrangements. These canals raise the surface-to-volume ratio of the 
tablet, enabling a quicker rapid drug release. The precision of the channels was impacted by the 3D printing 
method utilized, FDM. Greater quality would make the printed structure more complicated and have a 
greater capacity for drug loading, which may let the drug release be more carefully regulated [68].

Personalized medicine dosage using 3D printed structures

Personalized medicine, which has tougher criteria for sustained release and complicated geometries, may 
be produced via 3D printing. It has previously been used to customize medication’s size, dose, form, and 
even color. It has also been used in a variety of ways, such as vaginal rings, tablets, and microneedle 
panels [69–70]. Using 3D printing, therapies may be customized to the patient’s condition. To improve the 
taste of the drugs and, consequently, the adherence of young patients, Scoutaris et al. [71] designed 
chewable candy-like compositions that could be 3D printed and were based on Starmix® candies. The 
tablets might be printed in a variety of forms, such as hearts, lions, bottles, and bears, and they increased 
the flavor (reduced bitterness). Furthermore, drug-release tests revealed that drugs dissolve after 60 
minutes of ingestion [72].

Vascular tissue treatment via 3D printing

An incredibly crucial component of tissue repair is vascularization, thus 3D printing brings vascularization 
methodologies and contributes its benefits to produce vasculature and, as a result, healthier vascularized 
constructions [73]. Although co-polymers of poly(propylene fumarate)-co-poly(caprolactone) materials 
may be printed using SLA as well as inkjet printing, the most common uses currently concentrate on 
bioprinting. The building structure also contains fibroblasts and cells of smooth muscles. In certain 
experiments, spheroids and multicellular aggregation were combined to create scaffold-free constructions. 
Mice were used for testing 3D printed vasculature grafts consisting of Matrigel and endothelial progenitor 
cells [74]. These investigations all yielded encouraging vascularization findings.

3D printed implants that release drugs

Typically, biomedical implants are placed in the body to partially or completely restore the functions of a 
missing biological tissue, considerably boosting the patient’s quality of life. Implants with controlled drug 
release and site selection are now available as the implant business has evolved towards personalisation 
and customisation. Using a traditional production process, it is challenging to meet the complicated design 
and specifications of these implants. As a result, implantable medication delivery systems have been 



Explor Med. 2023;4:560–75 | https://doi.org/10.37349/emed.2023.00161 Page 568

created during the past ten years using 3D printing, which has great potential in modern medicine. One 
indication of this is the growing preference among doctors for local delivery of chemotherapeutic drugs, 
which results in decreased systemic blood amount of drug, fewer side effects, and higher antitumor 
activity [75–76].

3D printing in nerve tissue treatment

The anisotropic alignment of the nerve fibers causes the directional (uniaxial) structure of nerve tissue. 
After such a lesion, a severed nerve’s proximal and distal terminals are brought together using nerve leads. 
Moreover, they may be created via 3D printing to offer patient-specific structures with such a sophisticated 
internal design. Devices for nerve tissue engineering are typically made using a variety of design and 
manufacturing techniques, notably SLA, inkjet printing, FDM, and bioprinting. Moreover, constructions for 
nerve tissue engineering purposes were printed using fibrin, gellan gum, collagen, carboxymethyl chitosan, 
polyurethane, and agarose [77–78].

Uses of 4D printing in medicine delivery
Numerous research investigations in the field of biomedicine describe the use of 4D printing to design 
tissues and organs. The printing of cell-filled constructs, self-folding tubes, including biosensors is a few 
examples of what is known as 4D bioprinting. Drug administration systems created using 4D printing are a 
relatively new notion, and while some studies did not specifically reference 4D printing, their models did 
contain certain 4D printing elements. This part will address what may be classified as 4D printing in the 
drug delivery sector and its application programs since the idea of 4D printing are previously defined in 
bioprinting technology [79].

4D printed hydrogels as drug delivery systems

Hydrogels should be mentioned as the initial application. They have the special ability to absorb and hold a 
lot of liquid, whether they are constructed of polymers that are either synthetic or natural. Hydrogels have 
also been discovered use as drug delivery methods because of their biodegradability and biocompatibility. 
About the fourth dimension of hydrogels, particular hydrogels’ stimulus sensitivity makes them great 
prospects for 4D drug delivery methods and may help with medications’ sustained release (Figure 4). The 
4D printing of hydrogels has been demonstrated in several types of research using a variety of methods and 
bio-ink formulas. Few have, nevertheless, actually used them as 4D printed medicine delivery devices [80].

Oral formulations created via 4D printing

An outstanding shape-memory expandable gastroretentive drug delivery system (SMX GRDDS) device was 
created by Melocchi et al. [81]. FDM was carried out using a Kloner3D® 240 Twin with a 0.5 mm nozzle. 
The prototype medicine used in the printing process was the xanthine oxidase antagonist allopurinol (ALP), 
as well as the printed material was a combination of poly(vinyl alcohol) (PVA) and glycerol (GLY). A circular 
helix-shaped construction with a width of 15 mm and a height of 17 mm was printed using the combination 
PVA05GLY-ALP at a rate of 23 mm/s. The crew demonstrated how they could print various forms utilizing 
printing moulds. The SMX GRDDS in its temporary structure was put into a capsule intended for oral 
consumption. The printed structure was exposed to 0.1 mol/L HCl at 37℃, which replicates the acidic 
environment in the gastrointestinal, and the capsule instantly started to deteriorate. Irrespective of the 
printed form, the technology demonstrated a continuous release of the medication over the period of 2 h 
[81].

Microneedles produced via 4D printing

Han et al. [82] have demonstrated the use of innovative 4D printing to create a microneedle matrix that 
improved tissue adherence. A combination of Sudan I as a light absorber, phenylbis(2,4,6-
trimethylbenzoyl), and phosgene oxide as a photoinitiator was 3D-printed by the team using a specially 
constructed projections microstereolithography. Han et al. [82] imprinted horizontal curving prongs on the 



Explor Med. 2023;4:560–75 | https://doi.org/10.37349/emed.2023.00161 Page 569

Figure 4. A summary of the uses of stimuli-responsive hydrogels in 4D printed medication delivery systems

microneedles which might flex into a curved geometry following post-printing dissolution to improve tissue 
adherence again for the microneedle matrix. Relative to a needle lacking barbs, the barbs caused skin 
adherence to rise 18-fold. Adhesion is thought to be crucial when a cutaneous drug-eluting technology is 
finally releasing its medicine over time. A model medication, the luminous rhodamine B compound, was 
used to show transdermal drug delivery [82].

Drug-eluting 4D printing-implants

Stimuli-responsive implants for medication administration have a wide range of uses. Some teams have 
developed implants that potentially serve as medication delivery devices using cutting-edge 4D printing 
methods [83–84]. Few have successfully placed a (model) medication within a 3D-printed implant that 
responds to inputs. A new thermoplastic polyurethane (TPU) was introduced by Salimi et al. [85] and 
employed as a framework enabling drug-eluting implants. The team employed UV light-emitting diodes 
curing equipment as well as a pressurized extruded bioprinter (CELLINK, Sweden) to create a bar-shaped 
implant using a combination of TPU and poly(ethylene glycol) (PEG). As a prototype medication, 
paracetamol (16%) was inserted into the bar-shaped implant. The implant showed good biocompatibility 
but no discernible cytotoxic effect in the mouse fibroblast cell line. The substance was indeed flexible but 
rigid and provided a regulated delivery of paracetamol. Even though the implant exhibited certain 
advantageous characteristics, Salimi et al. [85] observed distortion of the implant before and during drug 
release, suggesting that the phase change materials of TPU should be adjusted.

Magnetically activated drug delivery system

A 4D printed material may be made using magneto-restrictive elements that are triggered by a magnetic 
field from the outside, which may help with targeted medicine administration for the least amount of 
adverse effects and the best dosage. For instance, using a traditional lithographic approach, Gazzaniga 
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et al. [86] created a formulation using a hydrogel bilayer. One of the layers had pH-responsive 
characteristics, which helped with drug release by altering the layer’s shape when exposed to a certain pH. 
A different layer, however, included iron oxide particles that allowed the formulation to be magnetically 
directed and guaranteed site-specific medication delivery. This specific discovery can be applied to the 
targeted administration of anti-cancer medications. Low oxygen partial pressure, a particular pH in tumor 
tissue, and the microenvironment of the tumor tissue can all stimulate the release of drugs [87].

pH-guided drug delivery system

It is conceivable to create a pH-directed controlled release medication delivery system employing smart 
substances that react particularly to pH change. A pH-sensitive formulation was used by Mathur et al. [88] 
to create a mucoadhesive system for drug delivery that changes form and adheres to the gut wall as it 
enters the small intestine (pH 6.5). These self-folding formulations showed raised drug absorption via the 
mucosal epithelium, decreased drug contact with intestinal fluid, and an extended residence time [88].

Conclusions
The creation of products in the healthcare and pharmaceutical industries now uses 3D printing technology. 
These advanced additive manufacturing techniques use computer-aided design and computer software to 
quickly and affordably produce compositions with complicated shapes. With the use of this method, the 
necessity for time-consuming, multi-step processes in the creation of various dosage forms was reduced. 
Spritam® which was released to the public in 2015 was the first medicine made via 3D bioprinting to get 
the US Food and Drug Administration approval. Over the past twenty years, several methods have been 
established, including inkjet printing, SLS, powder bed printing, SLA, pressure-assisted microsyringes, and 
fused accumulation simulation. Nevertheless, a lot of these approaches are still constrained by low 
productivity when compared to conventional approaches to medicine manufacturing. Scaling up is 
therefore crucial for closing the gap between the development and commercialization of 3D printed 
medication formulations. The biomaterials inherently impose further restrictions on the use of 3D 
bioprinting in the pharmaceutical business. The elevated temperatures may not be the best for the 
medicine formulations included inside the biomaterial, which are frequently required in 3D bioprinting or 
biomaterial sterilization procedures.

A unique idea called 4D printing enables the development of the technology for 3D printing to create 
intelligent, time-dependent goods. The goal of this notion is to create items that can self-assemble, self-
repair, and have many uses. The pharmaceutical and biological sectors hold greater promise for its use. 
Employing this sort of technology, it can be done to create unique smart pharmaceutical formulations. It 
still needs further study on software, mathematical modelling, mechanical, and chemical challenges because 
it is still in the early stages of development. There are a few self-assemble and multi-responsive substances 
that have been looked into for 4D printing. It is necessary to do a more in-depth study to identify raw 
materials that may serve as the input for 4D printing methods. In the event of biomedical usage, the printed 
product’s biocompatibility, biodegradability, and in situ milieu should all be taken into account. To produce 
4D printed biomedical devices that may be used in clinical settings, scientists are striving very hard. This 
study can be sure that 4D printing will revolutionise the industrial sector and unleash a multitude of 
hitherto undiscovered aspects that will contribute to making our future more intelligent.

Abbreviations
3D: three-dimensional

4D: four-dimensional

FDM: fused deposition modelling

SLA: stereolithography

SLS: selective laser sintering

TPU: thermoplastic polyurethane



Explor Med. 2023;4:560–75 | https://doi.org/10.37349/emed.2023.00161 Page 571

Declarations
Acknowledgments

The authors are highly thankful to ShriRam College of Pharmacy, Banmore, Morena, for providing necessary 
facilities and encouragement.

Author contributions

PS: Writing—original draft. VJ: Writing—review & editing, Supervision. PS and VJ read and approved the 
final manuscript.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright

© The Author(s) 2023.

References
Ji Y, Luan C, Yao X, Fu J, He Y. Recent progress in 3D printing of smart structures: classification, 
challenges, and trends. Adv Intell Syst. 2021;3:2000271.

1.     

Khoo ZX, Teoh JEM, Liu Y, Chua CK, Yang S, An J, et al. 3D printing of smart materials: a review on 
recent progresses in 4D printing. Virtual Phys Prototyp. 2015;10:103–22.

2.     

Breger JC, Yoon C, Xiao R, Kwag HR, Wang MO, Fisher JP, et al. Self-folding thermo-magnetically 
responsive soft microgrippers. ACS Appl Mater Interfaces. 2015;7:3398–405.

3.     

Gladman AS, Matsumoto EA, Nuzzo RG, Mahadevan L, Lewis JA. Biomimetic 4D printing. Nat Mater. 
2016;15:413–8.

4.     

Wang X, Guo Q, Cai X, Zhou S, Kobe B, Yang J. Initiator-integrated 3D printing enables the formation of 
complex metallic architectures. ACS Appl Mater Interfaces. 2014;6:2583–7.

5.     

Kim Y, Yuk H, Zhao R, Chester SA, Zhao X. Printing ferromagnetic domains for untethered 
fast-transforming soft materials. Nature. 2018;558:274–9.

6.     

Sharma P, Jain V, Tailang M. Selection and role of polymers for designing of a drug carrier. In: Jesús 
Villarreal-Gómez L, editor. Drug carriers. London: IntechOpen; 2022.

7.     

Liu X, Yuk H, Lin S, Parada GA, Tang TC, Tham E, et al. 3D printing of living responsive materials and 
devices. Adv Mater. 2018;30:1704821.

8.     



Explor Med. 2023;4:560–75 | https://doi.org/10.37349/emed.2023.00161 Page 572

Duraj-Thatte AM, Manjula-Basavanna A, Rutledge J, Xia J, Hassan S, Sourlis A, et al. Programmable 
microbial ink for 3D printing of living materials produced from genetically engineered protein 
nanofibers. Nat Commun. 2021;12:6600.

9.     

He F, Ou Y, Liu J, Huang Q, Tang B, Xin F, et al. 3D printed biocatalytic living materials with 
dual-network reinforced bioinks. Small. 2022;18:2104820.

10.     

Balasubramanian S, Aubin-Tam ME, Meyer AS. 3D printing for the fabrication of biofilm-based 
functional living materials. ACS Synth Biol. 2019;8:1564–7.

11.     

Tofail SAM, Koumoulos EP, Bandyopadhyay ABS, Odonoghue L, Charitidis CA. Additive manufacturing: 
scientific and technological challenges, market uptake and opportunities. Mater Today. 
2017;21:22–37.

12.     

Zhou W, Qiao Z, Nazarzadeh Zare E, Huang J, Zheng X. 4D-printed dynamic materials in biomedical 
applications: chemistry, challenges, and their future perspectives in the clinical sector. J Med Chem. 
2020;63:8003–24.

13.     

Roy A, Hossain MS, Bhowmick A, Nizhum N, Kumar S. Prospects of 4D printing in pharmaceuticals. 
Pharmacologyonline. 2020;3:292–302.

14.     

Ngo TD, Kashani A, Imbalzano G, Nguyen KTQ, Hui D. Additive manufacturing (3D printing): a review 
of materials, methods, applications and challenges. Compos Part B Eng. 2018;143:172–96.

15.     

Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat Biotechnol. 2014;32:773–85.16.     
Dey M, Ozbolat IT. 3D bioprinting of cells, tissues and organs. Sci Rep. 2020;10:14023.17.     
Vijayavenkataraman S, Yan WC, Lu WF, Wang CH, Fuh JYH. 3D bioprinting of tissues and organs for 
regenerative medicine. Adv Drug Deliv Rev. 2018;132:296–332.

18.     

Zhang N, Singh S, Liu S, Zbijewski W, Grayson WL. A robust, autonomous, volumetric quality assurance 
method for 3D printed porous scaffolds. 3D Print Med. 2022;8:9.

19.     

Pang SS, Fang E, Chen KW, Leung M, Chow VL, Fang C. Patient-specific 3D-printed helmet for 
post-craniectomy defect–a case report. 3D Print Med. 2022;8:4.

20.     

Zhan S, Guo AXY, Cao SC, Liu N. 3D printing soft matters and applications: a review. Int J Mol Sci. 
2022;23:3790.

21.     

Sayegh MA, Daraghma H, Mekid S, Bashmal S. Review of recent bio-inspired design and manufacturing 
of whisker tactile sensors. Sensors (Basel). 2022;22:2705.

22.     

Bao C, Kim TH, Hassanpoor Kalhori A, Kim WS. A 3D-printed neuromorphic humanoid hand for 
grasping unknown objects. iScience. 2022;25:104119.

23.     

Sala R, Regond S, Pugliese R. Design data and finite element analysis of 3D printed poly(ɛ-
caprolactone)-based lattice scaffolds: influence of type of unit cell, porosity, and nozzle diameter on 
the mechanical behavior. Eng. 2022;3:9–23.

24.     

Hull CW, inventor; 3D Systems Inc., assignee. Apparatus for production of three-dimensional objects 
by stereolithography. United States patent US 5556590. 1996 Sep 17.

25.     

Pugliese R, Beltrami B, Regondi S, Lunetta C. Polymeric biomaterials for 3D printing in medicine: an 
overview. Ann 3D Print Med. 2021;2:100011.

26.     

Javaid M, Haleem A. 4D printing applications in medical field: a brief review. Clin Epidemiology Glob 
Health. 2019;7:317–21.

27.     

Liu T, Liu L, Zeng C, Liu Y, Leng J. 4D printed anisotropic structures with tailored mechanical 
behaviors and shape memory effects. Compos Sci Technol. 2020;186:107935.

28.     

Zhang Z, Demir KG, Gu GX. Developments in 4D-printing: a review on current smart materials, 
technologies, and applications. Int J of Smart Nano Mater. 2019;10:205–24.

29.     

Guvendiren M, Molde J, Soares RM, Kohn J. Designing biomaterials for 3D printing. ACS Biomater Sci 
Eng. 2016;2:1679–93.

30.     

Shaikh MQ, Graziosi S, Atre SV. Supportless printing of lattice structures by metal fused filament 
fabrication (MF3) of Ti-6Al-4V: design and analysis. Rapid Prototyping J. 2021;27:1408–22.

31.     



Explor Med. 2023;4:560–75 | https://doi.org/10.37349/emed.2023.00161 Page 573

Thiam BG, El Magri A, Vanaei HR, Vaudreuil S. 3D printed and conventional membranes—a review. 
Polymers (Basel). 2022;14:1023.

32.     

Tibbits S. 4D printing: multi-material shape change. Arch Des. 2014;84:116–21.33.     
Mallakpour S, Tabesh F, Hussain CM. 3D and 4D printing: from innovation to evolution. Adv Colloid 
Interface Sci. 2021;294:102482.

34.     

Zu S, Wang Z, Zhang S, Guo Y, Chen C, Zhang Q, et al. A bioinspired 4D printed hydrogel capsule for 
smart controlled drug release. Mater Today Chem. 2022;24:100789.

35.     

Peltola SM, Melchels FP, Grijpma DW, Kellomäki M. A review of rapid prototyping techniques for 
tissue engineering purposes. Ann Med. 2008;40:268–80.

36.     

Papaioannou TG, Manolesou D, Dimakakos E, Tsoucalas G, Vavuranakis M, Tousoulis D. 3D bioprinting 
methods and techniques: applications on artificial blood vessel fabrication. Acta Cardiol Sin. 
2019;35:284–9.

37.     

Jeong HJ, Nam H, Jang J, Lee SJ. 3D bioprinting strategies for the regeneration of functional tubular 
tissues and organs. Bioengineering. 2020;7:32.

38.     

Tetsuka H, Shin SR. Materials and technical innovations in 3D printing in biomedical applications. J 
Mater Chem B. 2020;8:2930–50.

39.     

Crump SS, inventor; Stratasys Inc., assignee. Apparatus and method for creating three-dimensional 
objects. United States patent US 5121329. 1992 Jun 9.

40.     

Casavola C, Cazzato A, Moramarco V, Pappalettere C. Orthotropic mechanical properties of fused 
deposition modelling parts described by classical laminate theory. Mater Des. 2016;90:453–8.

41.     

Xu N, Ye X, Wei D, Zhong J, Chen Y, Xu G, et al. 3D artificial bones for bone repair prepared by 
computed tomography-guided fused deposition modeling for bone repair. ACS Appl Mater Interfaces. 
2014;6:14952–63.

42.     

Yuan B, Zhou SY, Chen XS. Rapid prototyping technology and its application in bone tissue 
engineering. J Zhejiang Univ Sci B. 2017;18:303–15.

43.     

Wang X, Jiang M, Zhou Z, Gou J, Hui D. 3D printing of polymer matrix composites: a review and 
prospective. Compos Part B Eng. 2017;110:442–58.

44.     

Thavornyutikarn B, Chantarapanich N, Sitthiseripratip K, Thouas GA, Chen Q. Bone tissue engineering 
scaffolding: computer-aided scaffolding techniques. Prog Biomater. 2014;3:61–102.

45.     

Chia HN, Wu BM. Recent advances in 3D printing of biomaterials. J Biol Eng. 2015;9:4.46.     
Hribar KC, Soman P, Warner J, Chung P, Chen S. Light-assisted direct-write of 3D functional 
biomaterials. Lab Chip. 2014;14:268–75.

47.     

Tumbleston JR, Shirvanyants D, Ermoshkin N, Janusziewicz R, Johnson AR, Kelly D, et al. Continuous 
liquid interface production of 3D objects. Science. 2015;347:1349–52.

48.     

Wang Z, Kumar H, Tian Z, Jin X, Holzman JF, Menard F, et al. Visible light photoinitiation of 
cell-adhesive gelatin methacryloyl hydrogels for stereolithography 3D bioprinting. ACS Appl Mater 
Interfaces. 2018;10:26859–69.

49.     

Deckard CR, inventor; Board of Regents, The University of Texas System, assignee. Method and 
apparatus for producing parts by selective sintering. United States patent US 4863538. 1989 Sep 5.

50.     

Mazzoli A, Ferretti C, Gigante A, Salvolini E, Mattioli-Belmonte M. Selective laser sintering 
manufacturing of polycaprolactone bone scaffolds for applications in bone tissue engineering. Rapid 
Prototyp J. 2015;21:386–92.

51.     

Bai J, Goodridge RD, Yuan S, Zhou K, Chua CK, Wei J. Thermal influence of CNT on the polyamide 12 
nanocomposite for selective laser sintering. Molecules. 2015;20:19041–50.

52.     

Li J, Chen M, Fan X, Zhou H. Recent advances in bioprinting techniques: approaches, applications and 
future prospects. J Transl Med. 2016;14:271.

53.     

Zein I, Hutmacher DW, Tan KC, Teoh SH. Fused deposition modeling of novel scaffold architectures for 
tissue engineering applications. Biomaterials. 2002;23:1169–85.

54.     



Explor Med. 2023;4:560–75 | https://doi.org/10.37349/emed.2023.00161 Page 574

Huang Y, Zhang XF, Gao G, Yonezawa T, Cui X. 3D bioprinting and the current applications in tissue 
engineering. Biotechnol J. 2017;12:1600734.

55.     

Cui X, Boland T, D’Lima DD, Lotz MK. Thermal inkjet printing in tissue engineering and regenerative 
medicine. Recent Pat Drug Deliv Formul. 2012;6:149–55.

56.     

Gruene M, Unger C, Koch L, Deiwick A, Chichkov B. Dispensing pico to nanolitre of a natural hydrogel 
by laser-assisted bioprinting. Biomed Eng Online. 2011;10:19.

57.     

Mandrycky C, Wang Z, Kim K, Kim DH. 3D bioprinting for engineering complex tissues. Biotechnol 
Adv. 2016;34:422–34.

58.     

Kang HW, Lee SJ, Ko IK, Kengla C, Yoo JJ, Atala A. A 3D bioprinting system to produce human-scale 
tissue constructs with structural integrity. Nat Biotechnol. 2016;34:312–9.

59.     

Grigoryan B, Sazer DW, Avila A, Albritton JL, Padhye A, Ta AH, et al. Development, characterization, 
and applications of multi-material stereolithography bioprinting. Sci Rep. 2021;11:3171.

60.     

Wu W, DeConinck A, Lewis JA. Omnidirectional printing of 3D microvascular networks. Adv Mater. 
2011;23:H178–83.

61.     

Choi J, Kwon OC, Jo W, Lee HJ, Moon MW. 4D printing technology: a review. 3D Print Addit Manuf. 
2015;2:159–67.

62.     

Li X, Shang J, Wang Z. Intelligent materials: a review of applications in 4D printing. Assembly Autom. 
2017;37:170–85.

63.     

Miao S, Zhu W, Castro NJ, Leng J, Zhang LG. Four-dimensional printing hierarchy scaffolds with highly 
biocompatible smart polymers for tissue engineering applications. Tissue Eng Part C Methods. 
2016;22:952–63.

64.     

Henry S, McAllister DV, Allen MG, Prausnitz MR. Microfabricated microneedles: a novel approach to 
transdermal drug delivery. J Pharm Sci. 1998;87:922–5.

65.     

Cunniffe GM, Gonzalez-Fernandez T, Daly A, Sathy BN, Jeon O, Alsberg E, et al. Three-dimensional 
bioprinting of polycaprolactone reinforced gene activated bioinks for bone tissue engineering. Tissue 
Eng Part A. 2017;23:891–900.

66.     

Rowe CW, Katstra WE, Palazzolo RD, Giritlioglu B, Teung P, Cima MJ. Multimechanism oral dosage 
forms fabricated by three dimensional printingTM. J Control Release. 2000;66:11–7.

67.     

Sadia M, Arafat B, Ahmed W, Forbes RT, Alhnan MA. Channelled tablets: an innovative approach to 
accelerating drug release from 3D printed tablets. J Control Release. 2018;269:355–63.

68.     

Fu J, Yu X, Jin Y. 3D printing of vaginal rings with personalized shapes for controlled release of 
progesterone. Int J Pharm. 2018;539:75–82.

69.     

Martinez PR, Goyanes A, Basit AW, Gaisford S. Influence of geometry on the drug release profiles of 
stereolithographic (SLA) 3D-printed tablets. AAPS PharmSciTech. 2018;19:3355–61.

70.     

Scoutaris N, Ross SA, Douroumis D. 3D printed “starmix” drug loaded dosage forms for paediatric 
applications. Pharm Res. 2018;35:34.

71.     

Duan B. State-of-the-art review of 3D bioprinting for cardiovascular tissue engineering. Ann Biomed 
Eng. 2017;45:195–209.

72.     

Jang J, Park HJ, Kim SW, Kim H, Park JY, Na SJ, et al. 3D printed complex tissue construct using stem 
cell-laden decellularized extracellular matrix bioinks for cardiac repair. Biomaterials. 
2017;112:264–74.

73.     

Wang Y, Miao Y, Zhang J, Wu JP, Kirk TB, Xu J, et al. Three-dimensional printing of shape memory 
hydrogels with internal structure for drug delivery. Mater Sci Eng C Mater Biol Appl. 2018;84:44–51.

74.     

Kabb CP, O’Bryan CS, Deng CC, Angelini TE, Sumerlin BS. Photoreversible covalent hydrogels for 
soft-matter additive manufacturing. ACS Appl Mater Interfaces. 2018;10:16793–801.

75.     

Zhu W, George JK, Sorger VJ, Grace Zhang L. 3D printing scaffold coupled with low level light therapy 
for neural tissue regeneration. Biofabrication. 2017;9:025002.

76.     



Explor Med. 2023;4:560–75 | https://doi.org/10.37349/emed.2023.00161 Page 575

Lee SJ, Nowicki M, Harris B, Zhang LG. Fabrication of a highly aligned neural scaffold via a table top 
stereolithography 3D printing and electrospinning. Tissue Eng Part A. 2017;23:491–502.

77.     

Bakarich SE, Gorkin R III, in het Panhuis M, Spinks GM. 4D printing with mechanically robust, 
thermally actuating hydrogels. Macromol Rapid Commun. 2015;36:1211–7.

78.     

Wan Z, Zhang P, Liu Y, Lv L, Zhou Y. Four-dimensional bioprinting: current developments and 
applications in bone tissue engineering. Acta Biomater. 2020;101:26–42.

79.     

Mukhopadhyay P, Sarkar K, Bhattacharya S, Bhattacharyya A, Mishra R, Kundu PP. pH sensitive 
N-succinyl chitosan grafted polyacrylamide hydrogel for oral insulin delivery. Carbohydr Polym. 
2014;112:627–37.

80.     

Melocchi A, Uboldi M, Inverardi N, Briatico-Vangosa F, Baldi F, Pandini S, et al. Expandable drug 
delivery system for gastric retention based on shape memory polymers: development via 4D printing 
and extrusion. Int J Pharm. 2019;571:118700.

81.     

Han D, Morde RS, Mariani S, La Mattina AA, Vignali E, Yang C, et al. 4D printing of a bioinspired 
microneedle array with backward-facing barbs for enhanced tissue adhesion. Adv Funct Mater. 
2020;30:1909197.

82.     

Song Z, Ren L, Zhao C, Liu H, Yu Z, Liu Q, et al. Biomimetic nonuniform, dual-stimuli self-morphing 
enabled by gradient four-dimensional printing. ACS Appl Mater Interfaces. 2020;12:6351–61.

83.     

Zhang F, Wang L, Zheng Z, Liu Y, Leng J. Magnetic programming of 4D printed shape memory 
composite structures. Compos Part A Appl Sci Manuf. 2019;125:105571.

84.     

Salimi S, Wu Y, Evangelista Barreiros MI, Natfji AA, Khaled S, Wildman R, et al. A 3D printed drug 
delivery implant formed from a dynamic supramolecular polyurethane formulation. Polym Chem. 
2020;11:3453–64.

85.     

Gazzaniga A, Foppoli A, Cerea M, Palugan L, Cirilli M, Moutaharrik S, et al. Towards 4D printing in 
pharmaceutics. Int J Pharm X. 2023;5:100171.

86.     

Pingale P, Dawre S, Dhapte-Pawar V, Dhas N, Rajput A. Advances in 4D printing: from stimulation to 
simulation. Drug Deliv Transl Res. 2023;13:164–88.

87.     

Mathur V, Agarwal P, Srinivasan V, Panwar A, Vasanthan KS. Facet of 4D printing in biomedicine. J 
Mater Res. 2023;38:2–18.

88.     


	Abstract
	Keywords
	Introduction
	3D printing
	Conventional 3D printing technologies
	FDM
	Light‑assisted 3D-printing (SLA)
	SLS
	3D printing based on extrusion
	3D printing with inkjet
	3D printing using a laser
	New methods for 3D printing

	4D printing
	Aspects affecting 4D printing

	Applications of 3D printing
	Uses for dermal applications
	Uses for bone tissue engineering
	Oral medication formulations produced via 3D printing
	Personalized medicine dosage using 3D printed structures
	Vascular tissue treatment via 3D printing
	3D printed implants that release drugs
	3D printing in nerve tissue treatment

	Uses of 4D printing in medicine delivery
	4D printed hydrogels as drug delivery systems
	Oral formulations created via 4D printing
	Microneedles produced via 4D printing
	Drug-eluting 4D printing-implants
	Magnetically activated drug delivery system
	pH-guided drug delivery system

	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

