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Abstract

Unmet medical needs in treating critical-size bone defects have led to the development of
numerous innovative bone tissue engineering implants. Although additive manufacturing allows
flexible patient-specific treatments by modifying topological properties with various materials, the
development of ideal bone implants that aid new tissue regeneration and reduce post-implantation
bone disorders has been limited. Natural biomolecules are gaining the attention of the health
industry due to their excellent safety profiles, providing equivalent or superior performances
when compared to more expensive growth factors and synthetic drugs. Supplementing additive
manufacturing with natural biomolecules enables the design of novel multifunctional bone
implants that provide controlled biochemical delivery for bone tissue engineering applications.
Controlled release of naturally derived biomolecules from a three-dimensional (3D) printed
implant may improve implant-host tissue integration, new bone formation, bone healing, and
blood vessel growth. The present review introduces us to the current progress and limitations of
3D printed bone implants with drug delivery capabilities, followed by an in-depth discussion on
cutting-edge technologies for incorporating natural medicinal compounds embedded within the
3D printed scaffolds or on implant surfaces, highlighting their applications in several pre- and
post-implantation bone-related disorders.

Keywords
3D printing; Bone implant; Drug delivery; Natural products; Herbal medicine

1. Introduction

The human body is supported by the skeletal system, which consists of bones, cartilage,
ligaments, and tendons. The skeleton protects the internal organs and stores vital minerals,
while bone marrow produces blood [1]. Bone tissue can remodel itself through a close
interplay between bone-resorbing osteoclast cells that digest old or damaged bone and bone-
forming osteoblast cells that deposit new bone material. Every year, worldwide incidences of
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bone diseases and other bone-related complications, including bone infection, bone tumor,
and bone loss, have increased due to growing life expectancy and the aging population [2,3].
Natural bone undergoes constant remodeling; however, it is unable to heal large bone defects
by itself, also known as critical-sized bone defects. These are generally caused by severe
infection, osseous abnormalities, trauma, and tumor resection [4]. To treat such defects,
surgical procedures are stringently required. Due to this, bone grafts are in high demand in
several countries as an advanced solution for bone disorders.

Despite many advances in the past few decades, the treatment of critical-sized bone

defects remains a significant concern, and there is a clinical need for improved therapeutic
strategies. In the current treatment of bone repair, standard bone-grafting approaches such as
autogenic, allogenic, or xenogenic grafts are used. Autologous bone graft is considered the
“gold standard” among them because of its osteogenic, osteoinductive, and osteoconductive
potential [5]. Compared to the autografts, allografts and xenografts have limited clinical
success due to the potential of disease transmission and immunological rejection [6].
Nevertheless, autografts show several drawbacks, such as donor site morbidity, scarce supply
of healthy tissues, and costly surgery, severely restricting their use. These limitations have
prompted research in alternative bone grafting approaches and synthetic bone grafts have
developed as a potential therapeutic choice for treating bone disorders and reconstructing
bone defects [7].

Since then, traditional processing techniques have been utilized to fabricate many
biomedical scaffolds that provide a proper microenvironment for the attachment and
proliferation of cells, fulfilling all criteria for an ideal scaffold [8]. Ideal bone grafts must
fulfill specific requirements, including biocompatibility, appropriate structural, functional,
and mechanical properties that mimic native bone and do not elicit adverse immunological
reactions [9]. Traditional processing techniques have been utilized to fabricate a number
of biomedical porous implants or scaffolds. Such porous scaffolds provide a proper
microenvironment for the attachment and proliferation of bone cells, fulfilling all the criteria
for an ideal scaffold [8]. However, conventional fabrication techniques remain a source of
considerable concern due to their inadequacy at producing customizable shapes to meet
specific patient needs [10].

Three-dimensional (3D) printing, also known as additive manufacturing, has led to a striking
revolution in medicine and biology by enabling the production of customized implants and
scaffolds [11]. The success of 3D printing in fabricating bone scaffolds primarily relies on
its ability to create versatile constructs with precise, complex, and customized geometry
entirely through computer-aided design (CAD) based on a patient’s MRI (magnetic nuclear
resonance) or CT (computed tomography) scan, eliminating the need for part-specific
tooling [10]. Further, additive manufacturing technology decreases processing time for low-
volume production and reduces raw material waste. 3D printed bone grafts often possess
extremely precise and sophisticated macro- and microstructures, which are key requirements
for synthetic constructs; however, they rarely provide the desired ‘functionality’ equivalent
to the native host tissue. The function of novel 3D printed scaffolds should not be limited

to providing adequate mechanical and structural support but needs to be extended to deliver
biological signals to guide and direct tissue regeneration.
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Recent advances in 3D printing also enable the introduction of biomolecules in extremely
precise, spatially predefined locations for localized targeted therapy in bone disorders.
Various pathological conditions disrupt the equilibrium between bone-forming osteoblast
and bone-resorbing osteoclast cells. While a number of pharmaceutics are available to

treat bone disorders, oral administration of drugs has limited therapeutic efficacy due

to the high volume of distribution and low drug concentration at the desired tissue

site. Consequently, higher pharmacological dosages are required to achieve therapeutic
effects, frequently resulting in adverse side effects and unnecessary accumulation in non-
target tissues, leading to cytotoxicity [12]. To address these challenges, researchers have
proposed a localized drug delivery system to treat bone disorders by incorporating active
pharmaceutical and biological agents directly within bone scaffolds. During the past decade,
targeted therapy has contributed to considerable progress in bone disease treatment by
controlling pathological reactions and improving device function [13,14]. Integration of
adequate doses of different biological agents within complex 3D matrices further enhances
the functionality of these scaffolds [15]. For example, one study reported that a recombinant
human bone morphogenetic protein 2 (rhBMP-2) eluting 3D printed PCL/p-TCP scaffold
was evaluated for osteogenesis efficiency in critical size defects of /n vivo sheep models
[16]. The collagen sponge loaded with rhBMP-2 on a 3D printed scaffold increased the
overall volume of new bone tissue growth compared to the control group.

The use of natural medicinal compounds (NMCs) in bone tissue engineering has the
potential to be a safer and more effective alternative to synthetic drugs, with potentially
fewer and less severe side effects. Osteogenic, antibacterial, anti-inflammatory, and
anticancer properties of natural herbal medicines make them a potential option for
preventing infection, reducing inflammation, and inducing apoptosis of cancer cells, while
promoting bone formation [17-20]. Researchers have studied the use of compounds such
as curcumin and aloe vera gel extracts in bone tissue engineering applications because

they stimulate new bone growth [21,22]. Functionalizing 3D printed scaffolds with natural
biomolecules that possess osteogenic, angiogenic, anticancer, and antibacterial properties is
a promising approach for addressing musculoskeletal disorders.

In this review, we will discuss the current advances and critical concerns in localized

drug delivery based on different 3D printed biomaterials. Here, we focus on potential and
promising applications of novel drug delivery vehicles incorporated with NMCs from 3D
printed scaffolds to treat various bone disorders (Fig. 1). We will then discuss effective
strategies for drug loading and release in terms of possible drug-material interactions.
These strategies may guide researchers toward the effective design, fabrication, and
implementation of these multifunctional scaffolds for various bone disorders. We hope this
review offers new insights toward developing novel functional 3D printed scaffolds, which
may provide the localized delivery of specific NMCs to treat bone-related disorders and
promote bone regeneration simultaneously.
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2. Common bone disorders and the use of natural medicinal compounds
(NMCs)

2.1. Osteoporosis and NMCs with Osteogenesis properties

Abnormalities in bone remodeling can cause various skeletal disorders, among which
osteoporosis is the most common metabolic bone disorder associated with low bone mass
and deterioration of microarchitectural bone tissue. Older people are more vulnerable to
osteoporosis due to increased bone resorption induced by low levels of parathyroid hormone
and calcitonin. Moreover, osteoblast or bone-forming cells become less active, and calcium
absorption decreases at older age. Some inevitable genetic factors such as petite body frame,
family history, race, and gender can be linked to a higher risk of developing osteoporosis.
Prolonged exposure to certain medications, including corticosteroids, heparin, cytotoxins,
anticonvulsants, and cyclosporine, may be associated with osteoporosis.

Various anti-osteoporotic medications have been approved to treat osteoporosis and
osteoporotic-related fractures. However, patients and medical advocates are concerned about
the safety and efficacy of anti-osteoporotic drugs over time. Bisphosphonates, a group of
drugs approved by the FDA to treat osteoporosis, reduce osteoclastic bone resorption at bone
remodeling sites. However, bisphosphonates, such as alendronate, ibandronate, risedronate,
and zoledronic acid, showed serious and worrisome side effects within a year of its launch,
including an increase in bone fragility or bone fractures in patients. Calcitonin is the
hormone that inhibits osteoclast activity by binding to the calcitonin receptors in osteoclasts
and, therefore, reduces bone resorption. However, this polypeptide hormone produced by the
thyroid gland has various side effects, including flushing, nausea, vomiting, and diarrhea.
Anabolic agents increase the number of both osteoblast and osteoclast cells, resulting

in increased bone density. Side effects of anabolic agents include male characteristics in
women and liver toxicity.

Scientists have been searching for safer alternatives to osteoporosis medications due to
their long-term side effects and limited efficacy for osteoporotic fractures. The therapeutic
components found in herbal plants are effective in preventing and treating osteoporosis. A
regular diet rich in fruits and vegetables with higher amounts of vitamin C, magnesium,
potassium, and beta carotene contributes to increased total bone mass, which supports
osteoporosis treatment. Calcium and vitamin D3 supplements also reduce fractures and
strengthen bones.

Herbal medicines can prevent or alleviate osteoporosis symptoms by acting on the bone
cells, inhibiting inflammation, reducing oxidative stress, and increasing estrogen hormone
levels [23]. Herbal medicines also increase bone density while decreasing bone resorption.
The phytoestrogens produced naturally by plants increase intestinal calcium resorption,
decrease calcium excretion, and promote calcitonin synthesis. In addition, NMCs inhibit
the production of proinflammatory cytokines, which contribute to osteoporosis and bone
loss. The antioxidant capacity of NMCs scavenges free radicals, reducing the expression
of cyclooxygenase-2 (COX-2) and tumor necrosis factor a (TNF-a). The reduction of
COX-2 and TNF-a expressions reduces osteoclast activity by reducing the production of

J Control Release. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bose et al. Page 5

the receptor activator of NF-ligand (RANKL). Table 1 shows the various NMCs that have
demonstrated promising effects on bone regeneration.

2.2. Osteomyelitis and NMCs with antibacterial properties

Osteomyelitis is generally defined by bacterial infection-induced bone and bone marrow
inflammation. Despite being one of the oldest diseases of humankind, the pathophysiology
and treatment regimens of musculoskeletal infections are relatively unexplored. Even with
the advances in antibiotic therapy, sterility of implant sites, and aseptic surgical treatments,
the incidences and socio-economic burdens of osteomyelitis are still on the rise.

Based on the mechanism by which it begins, bone infections can be classified into two
broad categories: endogenous seeding and exogenous seeding. Endogenous seeding, also
known as hematogenous infection, is mainly caused by bacterial transport through the
bloodstream, and children are predominantly affected by it. The most common exogenous
bacterial inoculations are generally caused by an adjacent fracture site and also include
infections from prosthetic devices or surgical tools. Once orthopedic scaffolds are implanted
in the physiological system, they function as foreign materials, making them susceptible

to microbial infections. Early-linked revisions of total knee arthroplasty (43.9%) and total
hip arthroplasty (21.5%) are both most commonly caused by prosthetic joint infection (PJI).
These infections can appear anytime after surgery and are categorized as early, delayed,

and late prosthetic joint infections (PJI). Early infection (<3 months) is caused by the
introduction of highly virulent bacteria at the time of surgery. Delayed infection (3 months-
2 years) is also acquired at the time of operation but is caused by less pathogenic microbes.
Late infection (>2 years) is mainly caused by hematogenous infection [31].

Osteomyelitis is classified as either acute or chronic, based on the duration of the
infection [32]. Acute infections that evolve over several days to a few weeks are mainly
characterized by inflammatory changes in the bone. Acute infections can be easily

cured with antibiotic therapy. Chronic osteomyelitis relapses and persists over several
months to years and is mainly characterized by necrotic bone. Treatment of osteomyelitis
includes surgical debridement followed by appropriate antibiotic therapy for at least 4—

6 weeks. Approximately 75% of all osteomyelitis is caused by bacterial pathogens in

the genus Staphylococcus, among which the Staphylococcus aureus (S. aureus) strain is
responsible for 30-60% of implant-related infections [33]. The ability to form biofilms,
resist antimicrobial agents, and secrete a toxin that eliminates host defenses makes S.
aureus an extremely virulent pathogen. Other microbial species that cause osteomyelitis
are Escherichia coli (in the Enterococcus family), Pseudomonas such as Pseudomonas
aeruginosa (P. aeruginosa), and Streptococcus. Ticarcillin/clavulanate and fluoroquinolone
are the preferred antibiotic therapies for Enterobacteriaceae, whereas cefepime and
piperacillin/tazobactam are the top choices for 2. aeruginosa infections [34].

In the case of implant-associated osteomyelitis, antibiotic-impregnated bone cement has
been used to repair the defect created by surgical removal of the infected implant and
nearby bone and tissue [35]. Nevertheless, antibiotic resistance and antibiotic-induced
mechanical strength deterioration are major concerns. Antibiotic resistance is increasing due
to widespread antibiotic usage and abuse and the stagnation in discovering novel antibiotics.
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However, plant-derived NMCs can combat the rise of antibiotic resistance. NMCs are
promising alternative antibiotic sources because they have several mechanisms of action
against bacteria, easy availability, and proven pharmaceutical effectiveness. Antivirulence
activities of NMCs can avoid resistance by targeting bacterial virulence and nonessential
cellular process [36]. The actions against bacteria reduce the development of resistance
toward NMCs, maintain novel antibacterial action mechanisms of NMCs, and enhance

the effectiveness of pharmacological agents against bacteria [37]. In addition, 50% of FDA-
approved antibacterial agents are from plants [38]. The use of medicinal herbs to treat
infection is common, and a growing body of evidence has shown that using NMCs alone or
with other antibiotics can arrest bone infection-causing bacteria, as described in Table 2.

2.3. Osteosarcoma and NMCs with chemopreventive properties

Osteosarcoma has early metastasis, poor prognaosis, rapid progression, and a high degree of
malignancy. It is estimated that 4.4 people per million in the United States are diagnosed
with osteosarcoma each year, representing for less than 1% of all cancers diagnosed in adults
[46]. It is the third most frequent primary malignancy among children and young people.
Typically, osteosarcoma occurs in the lower extremity metaphysis of long bones among
adolescents, however this is not the case in older patients. The incidence of craniofacial

and axial osteosarcoma continues to rise with age, contributing for 40% of all occurrences
beyond the age of 60 [47].

Before the mid-70s, amputation was the mainstay for osteosarcoma treatment, with an
extremely poor survival rate of 20%. Adjuvant chemotherapy, introduced in the 1970s,
boosted the five-year survival rate for osteosarcoma patients to 50% [48]. By 1990, the
conventional treatment had shifted to a new combination of neoadjuvant and adjuvant
chemotherapy and surgery, which increased the survival rate to more than 65% [48].
However, current studies have revealed that this rate appears to have plateaued for the last
two decades, even with the introduction of combined chemotherapy.

Nowadays, osteosarcoma patients receive pre-surgical chemotherapy, which helps to
decrease the tumor size before a surgical resection of the entire volume of diseased

tissue and a post-operative chemotherapeutic regimen [49]. After pathological diagnosis,
standard chemotherapeutic drugs including doxorubicin, ifosfamide, cisplatin, and high
doses of methotrexate are administered and continued for 6-10 weeks, prior to local control.
Surgical options can be either limb salvage or amputation. Limb salvaging chemotherapy

is considered a safe treatment strategy for 85-90% of patients with severe osteosarcoma.

To avoid recurrences, resection eliminates the area of diseased tissue with at leasta 2 cm
margin. Amputation, once considered to be the standard surgical treatment for osteosarcoma,
is now reserved for only non-resectable tumors in soft tissue. Chemotherapy is restarted
within 2-3 weeks of surgery once the incision is healed [50].

Osteosarcoma survival rate has been unchanged over the past three and a half decades,
although combined chemotherapy has been introduced [51]. The most concerning
factors include complications and incidences of fatal toxicity related to high doses of
chemotherapeutic agents, such as methotrexate [52]. The common side effects include
gastrointestinal reactions and myelosuppression, which typically manifests as decreased
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bone marrow activity, resulting in reduced production of blood cells. Recent studies have
also shown that high doses of chemotherapeutic agents show no advantages over less

toxic moderate dosages in terms of survival rate. The main side effects of doxorubicin

are cardiotoxicity, and the incidence of heart failure increases with high doses of adriamycin
therapy [53]. Cisplatin is associated with major concerns, including peripheral neuropathy,
hearing loss, kidney damage, and hypomagnesemia, while the most severe side effects of
ifosfamide include bladder toxicity.

Indeed, therapeutic compounds derived from natural sources are used in the current
treatment of osteosarcoma [54]. Herbal medicines are often more desirable than synthetic
drugs since their extracts contain various pharmaceutical compounds such as flavonoids,
phenols, and other secondary metabolites. NMCs are also less toxic to humans and bring in
synergistic anticancer effects [55]. The multitargeting ability of natural extracts influences
multiple cellular pathways to regulate proteins, genes, and multiple factors that induce
apoptosis in cancer cells and boost immune system action against cancer cells [55,56].
NMCs have been investigated for their efficacy in inducing osteosarcoma cell death through
different pathways, as presented in Table 3.

2.4. Osteoarthritis and NMCs with anti-inflammatory properties

Osteoarthritis is one of the primary causes of global disability, affecting approximately

250 million people worldwide [66]. The degenerative joint disease can cause joint locking,
severe pain, stiffness, or loss of flexibility. As the world’s population ages and the frequency
of obesity rapidly rises, the socioeconomic burden and substantial health costs related

to osteoarthritis continue to increase dramatically. For a long time, osteoarthritis was
viewed as a simple degenerative “wear and tear” disease, limited to the degradation of
articular cartilage; consequently, the pathophysiology of the disease and the development

of diagnostic tools were severely neglected. However, in recent years, new insights have
revealed osteoarthritis to be a joint disease, and researchers have prioritized the search for
new treatments in light of its status as a disease.

The pathogenesis of osteoarthritis is a complex process involving mechanical, inflammatory,
and metabolic factors that ultimately destroy articular cartilage, inflammation in the
synovium, osteophyte formation, and bone hypertrophy. As the largest synovial joint, the
knee is the most frequent site for painful osteoarthritis, accounting for roughly 85% of
osteoarthritis cases, followed by the hip and hand [67].

Current management for osteoarthritis falls into three broad categories based on a
comprehensive assessment of the severity and the patient’s lifestyle: 1) personal lifestyle
modifications or the non-pharmacological approach 2) pharmacological, and 3) surgical
interventions. Basic treatment of osteoarthritis starts with educating and encouraging
patients to exercise regularly and adopt a healthier lifestyle by quitting smoking, limiting
alcohol consumption, and maintaining a proper sleeping and diet regime. The next level of
treatment includes providing patients with expert advice from physiotherapists on weight
loss training and physical activities such as aerobic exercise, swimming, cycling, and
elliptical training. Bracing, splinting, and the usage of a cane are other non-pharmacologic
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treatments that can help patients with painful joints continue daily activities and reduce
osteoarthritis symptoms [68].

Acetaminophen can be used as a pharmaceutical therapy for mild osteoarthritis. It is
effective and low-cost drug with less gastrointestinal side effects than nonsteroidal anti-
inflammatory drugs (NSAIDs) [69]. NSAIDs such as diclofenac, ibuprofen, and naproxen,
are prescribed as a second-line treatment when the symptoms are moderate. However, they
can cause serious side effects such as gastrointestinal bleeding, renal dysfunction, and high
blood pressure.

As an alternative to NSAIDs, COX-2 inhibitors like celecoxib are used, which have
similar efficacy as standard NSAIDs and may cause fewer gastrointestinal side effects.
However, they are more expensive and elevate the risk of cardiovascular complications.

If acetaminophen or NSAID therapy does not relieve a patient’s symptoms, low doses

of opioids are suggested. However, prescribing opioids introduces a high risk of patient
drug abuse or addiction, requiring prescription drug monitoring programs (PDMPs).
Patients with moderate to severe osteoarthritic pain may find short-term (1-2 months)
relief with intra-articular corticosteroids. However, excessive use causes skin atrophy,
dermal depigmentation, and severe cartilage destruction. Other treatments like intra-articular
hyaluronic acid derivatives, nutraceuticals such as glucosamine and chondroitin sulphates,
and topical capsaicin have generated several controversies, either about their efficacy or
related adverse effects, and are thus not recommended [70,71].

Herbal medicines have been studied as an alternative anti-inflammatory compound to reduce
the toxicity and side effects of NSAIDs [72]. NMCs suppress the function of chemokines,
cytokines, and adhesion molecules. They also inhibit arachidonic acid and nitric oxide
pathways [73]. However, just like any other medicinal compound, interactions between
active compounds should be considered, and consult physicians if there is any concern.
NMC:s effectively repair osteoarthritis-related bone fractures by controlling inflammatory
cytokine productions, as described in Table 4.

3. Strategies of natural medicine delivery from biomaterials

NMCs have shown efficacy for treating a variety of bone diseases. However, their
bioavailability is heavily compromised due to its high degradation in physiological
environment. In addition, many of these compounds exhibit nonpolar/hydrophobic
properties, limiting their potential in controlled release systems. Various novel drug delivery
carriers synthesized from organic and inorganic materials have been introduced to address
drawbacks that limit their clinical applications. Innovative drug delivery vehicles can
improve drug efficacy by approaching targeted sites, enhancing drug permeability, and
improving stability and bioavailability while reducing cytotoxicity. These delivery vehicles
also modulate drug release kinetics to achieve sustained release for long-term treatments.
In this section, we focus on advanced drug delivery systems and their applications for bone
tissue engineering.
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Lipid-based drug delivery systems

3.1.1. Liposomes—Liposomes are sphere-shaped vesicles comprising phospholipid
bilayers enclosing an aqueous compartment. This distinctive structure provides liposomes
with a unique ability to incorporate both hydrophobic and hydrophilic pharmaceutical
agents, where shell-like phospholipid bilayers provide housing for the hydrophobic drugs
within the membrane and hydrophilic molecules are typically entrapped within the aqueous
core [80]. Liposomes are extensively employed as drug delivery systems because of their
ability to: alleviate undesired tissue-toxicity, protect the encapsulated drug from external
environments and enhance drug stability, allow targeted site-specific delivery, and control
release kinetics. Our group fabricated liposomal curcumin, incorporated within 3D printed
calcium phosphate scaffolds with a designed shape and porosity [81]. Encapsulation of
curcumin into liposome enhanced its bioavailability and exhibited sustained release of
curcumin from the bone scaffold. Liposomal curcumin released from 3D printed scaffold
showed cytotoxicity toward osteosarcoma cells, while it promotes osteoblast cell attachment,
viability, and proliferation.

Polymer-based drug delivery systems

3.2.1. Polymeric Micelles—Miicelles are self-assembled nano-constructs formed by
amphiphilic polymers that arrange their hydrophobic end toward the inner core and point
the hydrophilic section outward to form a core-shell structure [82]. Above critical micelle
concentration (CMC) and critical micelle temperature (CMT), the hydrophobic segments
form a hollow core which entraps the non-polar drugs, thus enhancing their water solubility
and bioavailability. Micelles are excellent drug carriers because of their unique properties,
including high drug loading capacity, non-toxicity, ease of modification, biocompatibility,
and controllable drug release kinetics. A self-assembled curcumin-loaded micelle using
alendronate-hyaluronic acid-octadecanoic acid was fabricated to enhance the therapeutic
efficacy of curcumin on osteosarcoma [83]. Sustained release from micellar curcumin
exhibited higher cytotoxic activity against MG-63 osteosarcoma cells and slowed tumor
growth in osteosarcoma-bearing mice, compared to free curcumin. Micelles also have
challenges in drug delivery applications, such as the risk of premature drug leakage and
instability in blood circulation. To address these limitations, surface modification of the
micelles is often carried out.

3.2.2. Polymeric nanoparticles—Polymeric nanoparticles are solid colloidal particles
ranging in size from 1 to 100 nm. They have gained popularity as drug carrier candidates
owing to their straightforward drug-loading procedures, which include incorporation and
entrapment of drug molecules during nanoparticle formulation, adsorption of drug molecules
after nanoparticle formation by incubation in a drug solution, or chemical conjugation of
therapeutic molecules into the nanoparticle matrix [84]. Polymeric nanoparticles also have
favorable properties in terms of their large surface area with surface functional groups,
which allow for site-specific target delivery, excellent biodegradability, biocompatibility, and
the ability to modulate size and size distribution as well as controlled release kinetics [85].
A study showed that nanoparticle-encapsulated curcumin exhibited synergistic effects with
antibiotic ciprofloxacin to inhibit the growth of Pseudomonas aeruginosa by downregulating
mexX and oprM gene expressions [86]. This study shows curcumin promotes bacterial cell
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death and can be used with other antibiotics to improve their efficacy and reduce bacterial
resistance. Polymeric nanoparticles also have some limitations as drug delivery carriers,
including risks of toxicity due to the use of PVA during synthesis, and difficulty with scaling

up.

3.2.3. Hydrogels—Hydrogels are networks of hydrophilic cross-linked polymers
capable of swelling while absorbing a significant amount of water and shrinking

while facilitating controlled drug release. Drugs are loaded into hydrogels during either

the polymerization or sol-gel transition stage when the polymer chains absorb a high-
concentration aqueous drug solution [87]. Hydrogels have excellent biocompatibility due

to their highly porous structure and high water content, similar to physiological tissue. These
properties allow effective drug loading into the gel matrix, controlled biodegradability for
subsequent drug release, and responses to stimuli such as physical, chemical, and biological
changes, ultimately making them a potential platform for drug delivery purposes [88].

A recent study exhibited the fabrication of quercetin-bioglass sodium alginate injectable
hydrogel for articular cartilage repair. The hydrogel improves the bioavailability of
quercetin, upregulates genes that maintain chondrocyte phenotype, and reduce inflammatory
response by promoting M2 macrophage polarization [89]. However, as drug delivery
vehicles, hydrogels have drawbacks such as insufficient mechanical properties, limited
loading capacity for hydrophobic drugs, and rapid drug release due to large water content
and high porosity.

Inorganic drug carriers

3.3.1. Mesoporous silica—Mesoporous silica is an inorganic nanoconstruct
characterized by a uniform and ordered arrangement of mesopores (pore size 2-50

nm) within an amorphous silica matrix. Mesoporous silica exhibits a honeycomb-like
porous structure into which functional and therapeutic agents can be loaded by diffusion
mechanisms; the resulting load capacity is high due to high pore volume and the large
and active surface area [90,91]. Mesoporous silica can also provide target-specific drug
delivery by either introducing surface modifications or incorporating magnetic materials,
both without causing cytotoxicity. Another advantage of mesoporous silica, which has
attracted considerable attention for drug delivery purposes, is its drug release kinetics,
which can be easily tailored due to the narrow distribution of pore sizes and tunable pore
diameters. Curcumin-loaded mesoporous silica within a chitosan film has been fabricated
to improve functional properties of chitosan food packaging film [92]. pH-responsive and
sustained release of curcumin from mesoporous silica demonstrated efficient antimicrobial
activity against £scherichia coli and Staphylococcus aureus. The major drawbacks of
mesoporous silica include premature drug leakage, melanoma promotion, and hemolysis
caused by an adverse interaction between the surface silanol groups of mesoporous silica
and phospholipid groups present in the red blood cell membrane.

3.3.2. TiO, nanotubes—Titanium oxide nanotubes (TNTS) are electrochemically
fabricated oxide layers on titanium implant surfaces. Parameters of the anodization process,
such as voltage, time, and electrolyte type, can control the dimensions of TNTs [93].

Owing to their high total surface area, enhanced wettability, good biological wear resistance,
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antibacterial features, and their potential to act as drug delivery vehicles, TNTs became
popular in bone tissue engineering. However, the critical challenge of TNTs as a drug
delivery system is their uncontrolled drug release kinetics. To improve the benefits of
nanotubes, several studies have investigated the effects of biodegradable coatings and
surface modifications designed to modulate the drug release kinetics. The direct-drop
method has been employed to coat curcumin onto TiO, nanotubes formed on and around
Ti6Al4V implant surface for orthopedic applications [94]. Results indicated that curcumin
coated nanotubular surface demonstrated antibacterial properties against £scherichia coli
and Staphylococcus aureus within 24 h. While the curcumin coated TiO, nanotubes did not
show cytotoxic effects on human mesenchymal stem cells, it increased cell proliferation, and
induced /n vitro osteoblast differentiation by upregulating alkaline phosphatase expression.

3.4. Biomimetic/bioinspired drug delivery systems

3.4.1. Exosomes—Exosomes are membrane-bound extracellular vesicles ranging in
size from 30 nm to 150 nm [95]. Their primary function is facilitating intercellular
communication by transporting biomolecules, including ribonucleic acids (RNAs),
deoxyribonucleic acids (DNAs), proteins, and lipids. Exosomes are extensively used as
drug delivery systems for their outstanding advantages, including long-term stability, high
drug loading capacity, target selectivity, low immunogenicity, and enhancing drug solubility
[95]. An /n vivo study showed osteoblast-derived bio vesicles enhance osteogenesis [96].
The exosomes secreted by mineralizing osteoblasts were shown to activate the Wnt/—catenin
pathway, which in turn induced the osteogenic differentiation of bone marrow stromal cells
(ST2 cells) in an in vitro study [97]. Osteoclast-derived exosomes containing RANK inhibit
in vitro osteoclastogenesis by binding to RANKL in the bone microenvironment [98].

4. Mechanism of drug loading on bone scaffolds

To date, the focus of conventional bone scaffolds has been primarily aimed at providing
structural support for regenerating or replacing bone tissue, whereas future bone grafts aim
at designing and constructing “functionalized scaffolds” that not only help in bone-tissue
regeneration but also simultaneously treat various bone-related disorders. 3D printed bone
scaffolds with controlled porosity enable the achievement of the appropriate mechanical
and biological properties for bone tissue engineering. Such 3D printed bone scaffolds

can be combined with NMCs and/or NMCs with nano or micro-sized drug delivery

carriers to provide a localized drug delivery system, potentially enhancing bone healing,
and reducing post-implantation problems. Numerous /n vitro and in vivo studies have
shown that scaffold-based local drug delivery systems enhance bioavailability and the
sustained delivery of biomolecules while alleviating tissue toxicity. Incorporating drug
molecules into 3D scaffolds is achieved by the following methods: physical entrapment,
unspecific adsorption, physisorption, and chemisorption. In the case of physical entrapment,
biomolecules or pharmaceuticals are incorporated within the 3D printed scaffolds during
manufacturing. Other drug-loading strategies, such as unspecific absorption, physisorption,
and chemisorption, have been introduced to address this challenge. These methods allow the
incorporation of a variety of drug molecules without compromising their pharmacological
efficacy. It is worth mentioning that most non-porous metallic scaffolds cannot absorb
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pharmaceuticals and thus require a polymer or ceramic coating before drug loading to
achieve successful drug loading and the gradual release of the drug [99]. This section
focuses on effective strategies for incorporating drugs into metal, ceramic or polymeric
scaffolds for various bone tissue engineering applications. Various drug loading and drug
release mechanisms are shown in the schematic illustrations found in Fig. 2.

Physical entrapment

Physical entrapment is a popular drug loading method in which therapeutic molecules are
physically enclosed within the 3D biomaterial matrix during the synthesis of the scaffold.
The therapeutic drug molecule or biologically active substance is physically mixed with the
biomaterials before scaffold fabrication. A favorable interaction between the drug and the
biomaterial is essential for homogeneous drug distribution and high drug loading efficiency
[100]. The scaffolds can be fabricated using the prepared drug-materials mixture in a 3D
printer at mild temperatures [101]. Although therapeutic molecules for enhancing bone
regeneration can be physically entrapped in 3D printed scaffolds with an appropriate porous
structure, this approach results in low surface resolution of the printed parts. The main
advantage of physical entrapment is a lower risk of loss of activity of the drugs since no
harsh chemicals are used. However, high printing temperatures limit the available drugs to
those that can withstand unfavorable processing environments.

Several studies demonstrate that natural medicinal compounds can be physically entrapped
in 3D scaffolds and tested for their biological properties. One such study found that poly
(lactic acid)/nanohydroxyapatite composite scaffolds embedded with Equisetum arvense
extract (EE) improved /n vitro biological properties [102]. Due to the accumulation of EE
on the surface, the scaffold shows an initial fast release of EE, followed by a sustained
release for three weeks. /n vitro release of EE enhanced proliferation and cell attachment of
human adipose tissue-derived mesenchymal stem cells (AT-MSCs). It also induced /n vitro
osteogenic potential by increasing ALP activity and mineralization.

In another study, human umbilical cord-derived mesenchymal stem cells loaded on a
PCL-graphene oxide (GO)- Cissus quadrangularis (CQ) scaffold showed enhanced bone
regeneration compared to control samples in /n vivo rat models. This result demonstrated

the synergistic effect of GO and CQ on new bone formation in the defect site [103]. A

recent study confirmed the potential for biomedical applications of aloe vera-embedded,
cellulose nanofibril-reinforced bio-hydrogels deposited by direct ink writing [104]. The

3D structures of this application were precisely printed without shrinkage or swelling
because their mechanical properties had been improved by the uniform dispersion of 2,2,6,6-
tetramethylpiperidin-1-oxy-oxidized cellulose nanofibers within a system that showed strong
hydrogen bonds interactions.

4.2. Unspecific adsorption

In unspecific adsorption, a drug solution is adsorbed and immobilized on the surface of a
3D printed scaffold without any physical or chemical interaction forming between the drug
particles and the biomaterials. Numerous studies have reported successful incorporation

of therapeutic molecules into 3D scaffolds by unspecific adsorption [105,106]. The drug-
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loading ability of unspecific adsorption is mainly determined by the structural parameters of
the scaffold, including the specific surface area (SSA) and porous architecture [105].

SSA is defined as the ratio of the total surface area of the material to its mass, and it

is directly related to the quantity of therapeutic molecules absorbed in the scaffold. One
study reported that changing the SSA value from 11 to 88 m2.g™1 leads to a 14-fold

increase in the adsorption of cytochrome con HA particles [107]. Pore architectures, such
as total porosity, pore interconnectivity, pore size distribution, and pore shape, are additional
parameters that determine drug loading efficiency [108]. Increased scaffold porosity results
in a higher surface area, which improves the drug loading efficiency. The total porosity is
linearly related to the quantity of drug embedded on a biomaterial surface. For example, a
study showed that increasing the total porosity of B-TCP beads from 20 to 40% improved
vancomycin adsorption by up to 200% [109].

Another study found that microporous HA enhanced the adsorption efficiency of
vancomycin, gentamicin, and ciprofloxacin antibiotics compared to dense HA [110].
Similarly, ampicillin and cytochrome ¢ adsorption were 5- and 10-fold greater, respectively,
on 3D printed PLA scaffolds with micropores compared to dense scaffolds [105].

4.3. Physisorption

Physisorption or physical interaction is another driving force often used to immobilize
biologically active substances or drugs in the scaffold carrier. In physisorption, drug
molecules are adsorbed on scaffold surfaces by hydrogen bonding, van der Waals forces,
electrostatic, hydrophobic, or hydrophilic interactions with biomaterials [111,112].

Unlike nonspecific absorption, electrostatic interactions between polar drugs and the charged
surfaces of biomaterials allow the surfaces to have a higher affinity and enhanced drug
loading ability. For example, a study investigated the loading efficiency of cisplatin in two
different nano-structured hydroxyapatite (HA) carriers: plate-shaped HA nanocrystalline
material (HAps) and needle-shaped HA nanocrystalline material (HAns) [112]. Although
HAns has a lower surface Ca/P ratio than HAps, the more negatively charged surface of
HAns resulted in a more favorable electrostatic binding with positively charged hydrolyzed
cisplatin and exhibited higher drug loading efficiency than the uncharged Haps’s surface.
The loading efficiency of growth factors, such as BMP-2 and VEGF, was also enhanced by
introducing a negative charge on the surface of the scaffold [113].

Another form of physical interaction between biologically active molecules and the scaffolds
are hydrophobic and hydrophilic interactions. Generally, hydrophobic molecules in drug
solutions attach more favorably to the hydrophobic surfaces of the scaffold. In contrast,
hydrophilic interaction between drugs and the scaffolds can restrict drug loading capacity
due to the increased interface phase tension between the drug solution and the scaffold
surface [114]. For example, one study showed that increasing the hydrophobicity of HA
scaffold led to improved adsorption affinity for hydrophobic lysozyme [115]. However,
hydrophilic HA carriers showed low drug loading efficiency for highly water-soluble drugs
such as riboflavin sodium phosphate and metoprolol tartrate [114].
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While physisorption is a simple and effective method of drug loading, it can restrict the
loading efficiency due to weak interactions and result in undesired drug release.

4.4. Chemisorption

To overcome the limitations of physisorption, covalent interactions or chemisorption has
emerged as a promising approach to drug loading in scaffolds. In chemical adsorption,

the binding between drug molecules and biomaterials is obtained by covalent bonds.
Although the drug is loaded at a slower rate in chemisorption compared to nonspecific
adsorption or physisorption, this approach can prevent burst release due to the strong bonds
between drugs and scaffolds. Other advantages of chemisorption are improved drug stability,
homogeneous distribution of biomolecules in the scaffold matrix, and lower probability of
drug aggregation.

The covalent bonding commonly occurs between phosphate, hydroxy, carboxyl, and amine
groups of the scaffold biomaterials and the drugs. For example, alendronate was chemically
adsorbed on biphasic TCP/CP (calcium pyrophosphate) through the ligand exchange [116].
Similarly, the zoledronate can be covalently linked to the surface of HA [117]. In the case of
polymers, chemisorption can reduce unfavorable interactions between drugs and polymers.
In addition, ibuprofen can be covalently linked to the carboxylic acid-functionalized
polyethylene glycol scaffold [118].

Chemisorption did not gain considerable popularity due to the complexity of the procedure
and high cost, yet this process allows a sustained and controlled drug release pattern from
the scaffold at different environmental pH values.

5. Controlling drug release

In tissue engineering applications, controlled release can help to achieve long-term drug
presence at clinically relevant concentrations at the local tissue site. However, an initial
burst release of the drug is commonly observed right after the scaffold implantation at the
defect site. The large porosity and high surface-area-to-volume ratio of the scaffold usually
trigger the burst release of drugs. The initial burst release of osteogenic or antibiotic drugs
is often desirable to enhance wound healing and promote immediate relief from bacterial
invasion right after implantation [119]. In the case of chemopreventive drugs, an initial
higher drug release event followed by sustained release from the scaffold helps to eradicate
residual malignant cells in the surrounding tissue sections in case of post-osteosarcoma
resection defect repair [21]. However, it can cause adverse effects and tissue toxicity if

the local drug concentration exceeds the maximum therapeutic limit. In such cases, the
amount of drug delivered by the burst release needs to be carefully monitored since failure
to control the release often results in ineffective treatment and economically inefficient
usage of drugs [119]. Thus, novel strategies such as controlling the porosity of the 3D
printed scaffolds, modifying the drug-materials interaction, or applying a coating as a drug
release matrix have been introduced to modulate the drug release kinetics. The ultimate
goal is to develop localized drug delivery systems with well-maintained therapeutic drug
concentrations delivered to target sites with minimal side effects on the surrounding cells
and tissue [120].
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Particularly, in the case of bone tissue engineering applications, controlled release of
osteogenic drugs from 3D printed bone scaffolds has resulted in enhanced attachment,
proliferation and differentiation of osteoblast or osteoprogenitor cells, which has led to
improved bone regeneration and uncomplicated defect repair in animal models. [18,81,121—
123].

5.1. Controlling pore architecture

Controlling pore structure is commonly used to manipulate the release kinetics. When
comparing pore sizes, the presence of large pores promotes the initial burst release due

to enhanced water adsorption and drug solubilization. In contrast, small pores result in
sustained and long-term drug release because of the greater surface area available for
drug adsorption than large pores [124]. A study that investigated the effects of pore

size distribution on the release of antibiotics from hydroxyapatite microspheres found
that a slower release of antibiotics was obtained by reducing the mean diameter of the
hydroxyapatite microspheres from 0.82 to 0.53 um [125]. A recent study showed different
release profiles of paracetamol from 3D printed polyethylene oxide (PEO) and ethyl
cellulose (EC) polymeric scaffolds with different porosities [126]. Drug release increased
1.5 times in an acidic medium when the total porosity of the PEO scaffold changed from
28 t0 61.7%. An increase in the total porosity of EC from 3.9 to 45.1% resulted in about a
6-fold increase in paracetamol released in the medium.

5.2. Controlling drug-material interactions

5.3.

The interaction between a drug and the scaffolds that contain it is a crucial factor influencing
the drug release kinetics. A study demonstrated that positively charged cisplatin on a
negatively charged HA scaffold showed a slower drug release than from a neutral cisplatin
complex [112]. In a similar study, formation of covalent bonding between a BMP-2-derived
peptide and chitosan/HA scaffolds helped the peptide molecule to achieve zero-order release
kinetics for a duration of 3 months. The peptide-loaded scaffolds also showed superior
osteogenesis compared to scaffolds without the peptide [127].

Modifying coating materials

Calcium phosphates have been widely used as suitable coating materials in bone tissue
engineering due to their superior bioactivity, bone composition similarity, and integrity with
drugs. The controlled release of BMP-2 incorporated in a calcium phosphate coating on Ti
disks yields enhanced osteogenic activity compared to the release of BMP-2 from uncoated
Ti disks, which shows a burst release of the drug [128]. Antimicrobial peptides (AMPs) can
be incorporated into Ti implants by creating titania nanotubes with a multilayer coating of
CaP and a phospholipid coating. Sustained release of AMPs is achieved by the CaP- and
phospholipid-coated Ti implant, which shows antibacterial activity with no cytotoxicity to
osteoblasts and red blood cells [129]. Biodegradable polymer coatings on scaffolds have also
been widely studied as the ideal delivery systems due to their non-toxicity, biocompatibility,
biodegradability, and their ability to control drug release [130]. A recent study uses a
PCL/PEG-coated CaP-based scaffold loaded with curcumin to enhance osteogenesis and
inhibit osteosarcoma cell proliferation. Curcumin was incorporated into the PCL/PEG,
which consists of FDA-approved bioresorbable polymers, to obtain the controlled release
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kinetics. Curcumin in 3D printed TCP scaffolds showed osteogenesis effects and decreased
proliferation of osteosarcoma cells [123]. Another recent study demonstrated that controlled
vitamin D3 release from 3D printed TCP scaffolds coated with a mixture of hydrophilic

and hydrophobic polymers restricted osteoclast activity without showing cytotoxicity to
osteoblast cells [131].

5.4. Tailoring spatiotemporal drug delivery

Despite many advancements, there are still challenges in delivering proper drugs at the
different stages of bone healing to enhance therapeutic effects. One possible strategy for
addressing these challenges is to introduce a sequential drug delivery system. Following
bone trauma, wound healing and the bone regeneration process consist of the following
phases: inflammation (0-3 days), proliferation (3—7 days), and remodeling (7 days-several
months). Thus, the efficient delivery of drugs at the ideal time is essential to improving drug-
mediated bone tissue engineering applications. Sequential drug delivery is being studied
extensively to improve the bone healing process. A combination of BMP-2 and BMP-7
loaded on poly-electrolyte complexes of poly(4-vinyl pyridine) along with alginic acid
microspheres have been investigated for use in sequential delivery [132]. The delivery
system was designed to produce an initial higher release of BMP-2, followed by the slower
release of BMP-7. This sequential approach improved osteogenesis differentiation of bone
marrow-derived stem cells (BMSCs) compared to individual drug delivery systems. Another
study of the sequential release of bone growth factors showed synergistic effects on the

in vitro differentiation of BMSCs compared to a single BMP drug [132]. Similarly, the
sequential release of dexamethasone and VEGF from PVA hydrogel/PLGA composites was
studied for bone tissue engineering; the results showed that zero-order release of drugs

from the composites was achieved over a 4-week period, which reduced inflammation and
induced angiogenesis [133].

5.5. Controlling the printing process

The 3D printer’s layer-by-layer fabrication process can create a scaffold that modulates the
release behavior of pharmaceutical molecules. During the 3D printing process, the drugs
can be embedded in multilayer structures created from various materials. This technology
results in the sequential release of drugs from the scaffolds. For example, diclofenac has
been loaded into a 3D printed structure with two different polymer layers: Eudragit E

100, which degrades below pH 5.0, and Eudragit L 100, which degrades above pH 6.0.
The embedded diclofenac demonstrated sequential release behaviors when pH levels were
changed [134]. Layer-by-layer fabrication technology has also been used in bone tissue
engineering. Isoniazid and rifampicin were each combined with a different binder and

then alternately deposited in four layers, with a sequence of isoniazid-rifampicin-isoniazid-
rifampicin. These isoniazid- and rifampicin-loaded 3D printed scaffolds achieved sequential
drug release /n vitroand in vivo, and exhibited no cytotoxicity toward rabbit bone marrow
mesenchymal stem cells [135].
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6. Current applications of 3D printed biomaterials for drug delivery

6.1. Ceramic 3D printed biomaterials as drug delivery vehicles to treat bone disorders

Ceramics have been researched as a viable dental and orthopedic implant materials owing
to their better tissue responses [136]. Among all biocompatible ceramics, alumina (Al,03)
and zirconia (ZrO,) are considered “bioinert” due to their minimal interaction with the host
tissue. Bioinert ceramics were primarily employed for load-bearing prostheses and dental
implants because of their high compressive strength and wear resistance. Alumina was
chosen for such load-bearing applications because of its chemical inertness, high corrosion
resistance, biocompatibility, and low wear rate. However, its low fracture toughness was

a concern [136]. Zirconia ceramics have been widely used in dentistry and are still
preferred as highly versatile materials for dental implants as well as for total hip and

knee replacements. The major advantages of these zirconia-based materials are excellent
biocompatibility, lower risk of allergic reactions compared to metals, excellent durability,
excellent aesthetic properties (similarity to human teeth), the highest fracture toughness
among similar classes of ceramics, and good corrosion resistance [137]. Unfortunately,
these two ceramics have not proved useful as vehicles for drug delivery. In contrast to
bioinert ceramics, calcium phosphate (CaP) ceramics, particularly hydroxyapatite (HA)
and tricalcium phosphate (TCP), are widely considered to be desirable bone substitute
materials due to their compositional similarities to bone, and their excellent bioactivity and
bioresorbability [138,139].

Both physical and cell-mediated mechanisms in the physiological environment gradually
dissolve bioresorbable CaPs. The solubility of CaPs in physiological conditions increases
as the Ca/P ratio decreases. Solubility can also be increased by lowering crystallinity,
density, and grain size. HA, Cayg(PO4)g(OH),, is the most abundant mineral phase in
bones and has a Ca/P ratio of 1.67. TCP, Caz(POg),, has two distinct phases: the a-phase
and the p-phase. The solubility of a-TCP is higher than that of B-TCP. CaP ceramics
function well in numerous bone tissue engineering applications as coating materials and
bone fillers [140,141]. 3D CaP structures have drawn interest in bone defect repair in
tissue engineering applications [142]. Recent developments in additive manufacturing have
enabled the introduction of designed homogeneous porous architecture in HA and TCP
scaffolds, which provides high surface area for the effective impregnation and controlled
release of biologically active molecules [13]. Enhancing the functional properties of CaP
scaffolds by biological or therapeutic functionalization is an emerging trend in bone tissue
engineering.

Biological functionalization focuses on localized protein delivery, growth factors, or
hormones that promote osteogenesis, angiogenesis, and cell proliferation and recruitment.
However, therapeutic functionalization aims at treating various bone disorders or post-
implantation pathologies such as osteosarcoma, osteomyelitis, and osteoporosis. It is
worthwhile to mention that scaffold characteristics such as surface coating, microstructure,
porosity, and specific surface area play a crucial role in the controlled release of the drug or
biomolecule. These scaffolds quickly absorb and retain the active drug ingredient until they
are implanted /n vivo and then deliver the drug locally in a controllable manner over time,
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as shown in Fig. 3 and Fig. 4. One of the earlier studies on drug delivery from bone tissue
engineering scaffolds evaluated /n vitroand in vivo biological properties of alendronate
(AD) incorporated 3D printed TCP scaffolds (Fig. 3) [143]. To control the release of AD,

a polycaprolactone (PCL) coating was applied to 3D printed TCP (Fig. 3A). Controlled

AD release was achieved with a 1% PCL coating at pH 7.4 and pH 5.0 (Fig. 3B and C).
Diffusion regulates AD release at pH 7.4, whereas TCP scaffold degradation dominates at
pH 5.0; this difference in AD release regulation is demonstrated by Ca2* ion release in the
medium and SEM images of the surface morphology of the scaffolds (Fig. 3D). Control TCP
and PCL-coated TCP scaffolds at pH 5.0 release more Ca2* ions than control TCP at pH

7.4 buffer, indicating that TCP scaffolds degrade faster at the acidic pH, resulting in higher
drug release. Hematoxylin and eosin (H&E) stained sections of AD-loaded TCP scaffolds
with PCL coating (TCP + PCL + AD) showed significantly increased new bone formation

6 weeks after implantation compared to control TCP and PCL coated TCP (TCP + PCL)
scaffolds. Optical microscopy images of H& £-stained sections from TCP + AD + PCL and
TCP + AD show that PCL coating promotes new bone growth by preventing initial burst
release and achieving sustained release (Fig. 3E). In another set of experiments, our group
demonstrated that the controlled release of curcumin from 3D printed ceramic scaffolds
increases new blood vessel development and new bone formation (Fig. 4) [123]. At pH 5.0
and 7.4, PCL/polyethylene glycol (PEG) coating releases curcumin at a higher rate than
PLGA/PEG coating and no polymer coating. PCL/PEG coating increases the hydrophilicity
of curcumin, resulting in enhanced aqueous solubility (Fig. 4B). Faster polymer coating
degradation at pH 5.0 than at pH 7.4 leads to increased curcumin release in an acid
environment (Fig. 4C). The curcumin-loaded TCP scaffold with PCL/PEG (Cur coated TCP)
significantly enhances osteoid formation and mineralized bone, as shown after 6 weeks (Fig.
4D). Cur coated TCP also increases new blood vessel development compared to the control,
indicating that curcumin promotes angiogenesis in the defect site (Fig. 4E).

In general, /n vivo scaffolds are gradually degraded and replaced by new bone. Additionally,
the high affinity of ceramics for drugs and proteins also assists in the convenient loading

of biomolecules [13]. The drug release from ceramic scaffolds primarily follows two
mechanisms: diffusion of biomolecules viathe porous structure of the scaffold and

through controlled degradation. /n vivoand in vitro results have shown that 3D printed
ceramic scaffolds incorporated with therapeutic molecules enhance new bone growth and
angiogenesis, as shown in Fig. 5. Miao et al. demonstrated that dopamine-coated 3D printed
B-tricalcium phosphate (B-TCP) scaffolds loaded with melatonin were able to stimulate
osteogenesis [144]. The presence of melatonin improved the viability and proliferation of
bone mesenchymal stem cells. MT-DOPA/B-TCP also facilitated more new bone growth

in in vivo studies with the Sprague Dawley rat model than any other combination, such

as p-TCP, DOPA/B-TCP (dopamine-modified p-TCP), and MT- B-TCP (B-TCP decorated
with melatonin). Another study also reported that introducing vascular endothelial growth
factor (VEGF) encapsulated in chitosan/dextran sulphate particles on 3D printed calcium
phosphate cement scaffolds improved cell attachment and the proliferation of human
dermal microvascular endothelial cells [145]. Calcium-phosphate-based scaffolds (CPC)
incorporated with growth factor were fabricated by 3D plotting (Fig. 5A). The calcium
phosphate cement scaffold showed cracks after immersion in water for 3 days, whereas
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no crack formed when the scaffold was held in a humid atmosphere for 3 days (Fig. 5B).
Confocal laser scanning microscopy images were recorded of human dermal microvascular
endothelial cells (HDMEC) on a CPC scaffold incorporated with VEGF loaded or blank
microparticles, which had been held in a humid atmosphere for 3 days. The images indicate
that VEGF-loaded CPC scaffolds increased HDMEC cell proliferation and attachment on
days 1 and 7 (Fig. 5C). In a similar study, Kim et al. demonstrated that bone morphogenetic
protein-2—loaded nanoparticles with polycaprolactone (PCL-BMP-2/NPs) coating on a 3D
printed hydroxyapatite (HAp) scaffold significantly increased human mesenchymal stem
cell (hMSC) proliferation compared to the control (Fig. 5D) [146]. PCL-BMP2/NPs also
increased the capacity for new bone formation after 8 weeks of implantation compared to the
empty scaffold and 3D printed HAp (Fig. 5E).

Polymeric 3D printed biomaterials as drug delivery vehicles to treat bone disorders

Polymers have a long history in biomedical applications for orthopedic, dental,
cardiovascular, and soft tissue constructs, and perhaps they are the most commonly utilized
materials in bone tissue engineering applications as drug delivery vehicles [147]. Naturally
sourced polymers such as collagen, fibrinogen, silk, chitosan, hyaluronate and alginate

are used in orthopedic applications [148]. Although natural polymers have the potential
advantage of biological recognition, which makes them biocompatible and biodegradable,
they have several drawbacks, including immunogenicity, challenges in processing and
reproducibility, and risk of transmitting pathogens from animals [149]. On the other hand,
synthetic polymers provide great design flexibility and excellent control of mechanical and
chemical properties, making them a more attractive choice for drug delivery vehicles in
orthopedic applications. One of the disadvantages of using synthetic polymers is the risk of
potential pH reduction in the localized area due to the hydrolytic degradation and formation
of acidic by-products.

With the advent of 3D printing, synthetic polymers of a-hydroxy esters such as polyglycdlic
acid (PGA), polylactic acid (PLA), and a copolymer of these two monomers, polylactic-co-
glycolic acid (PLGA), are often customized into 3D shapes with designed interconnected
pores for drug delivery applications [150]. Apart from excellent biocompatibility, these
polymers also exhibit non-enzymatic hydrolysis and generate non-toxic byproducts like
carbon dioxide and water, which are easily eliminated from the body. Additional polymers
being researched for bone tissue engineering applications include polycaprolactone (PCL),
polyethylene glycol (PEG), polyanhydrides, polycarbonates, and polyfumarates [151-155].
PCL, owing to its impressive mechanical properties and desired biocompatibility, has

been utilized to develop a sustained drug delivery carrier. /n vivoand in vitro results

have shown that 3D printed polymer scaffolds incorporated with therapeutic molecules
enhance osteogenesis, as shown in Fig. 6. A recent study demonstrated potential of 3D
printed PCL scaffolds loaded with deferoxamine (DFO) and carboxymethyl chitosan for
improving bone regeneration in large segmental bone defects (Figs. 6A-D) [156]. Porous
polycaprolactone (PCL) scaffolds were manufactured by FDM (Fig. 6A) and treated with an
amine solution to impart a positive charge to the surface. Negatively charged chitosan was
added on the aminated scaffold surface, followed by positive-charged DFO incorporation.
The microstructures of the PCL scaffold, the intermediate aminated PCL scaffold (PCH),
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and the carboxymethyl chitosan/deferoxamine loaded PCL scaffold (PCD) were examined
by SEM (Fig. 6B). PCL scaffolds show fast release of DFO within 20 h which can promote
effective coupling angiogenesis and osteogenesis in damaged bone. Results of micro-CT
scans indicate that PCD shows the highest new bone formation and integration with the
scaffold, followed by PCH, PCL, and CON (rats without scaffolds) (Fig. 6C). Hematoxylin
and eosin (H&E) staining images indicated that PCD shows the highest new bone ingrowth
and vascular formation compared to any other groups after four weeks of implantation

(Fig. 6D). Lee et al. fabricated a 3D printed PCL scaffold (PCLS) with the 3D bio-printing
system [157]. Recombinant human bone morphogenic protein-2 (rhBMP2) was incorporated
with a polydopamine coating on PCLS to evaluate /in vitro osteoconductivity (Fig. 6E).

The rhBMP2 was incorporated by soaking a polydopamine-coated PCL scaffold in rhBMP2
solution (500 ng/ml and 10 mM Tris buffer, PCLSD 500) for 24 h at room temperature,

and controlled rhBMP?2 release was achieved in PBS (Fig. 6F). rhBMP2 released from
dopamine-coated PCL (PCLSD) promotes cell growth and proliferation in MC3T3-E1 cells
compared to the controls (PCLS and PCLSD) after day 7 (Fig. 6G).

Hydrophilic polymers such as PEG are widely used as drug delivery carriers, however, their
poor mechanical properties limit these polymers to no- or low-load-bearing applications.
Bone is a natural ceramic-polymer composite made of inorganic apatite reinforcements
within the organic collagen matrix. Thus, ceramic-polymer composite materials are
considered to be excellent choices as bone tissue engineering scaffolds. Numerous
ceramic-polymer composite scaffolds such as PCL/HA, PLGA/HA, PLLA (Poly-L-lactic
acid)/HA, PVA (polyvinyl alcohol)/HA, PP (polypropylene)/TCP have been investigated for
drug delivery purposes [158-162]. These composites have shown significantly improved
mechanical and biological properties compared to pure ceramic and polymer scaffolds.

6.3. Metallic 3D printed biomaterials as drug delivery vehicles to treat bone disorders

For over 100 years, metals and their alloys have been commonly used as load-bearing
implant material for various dental and orthopedic applications due to their superior
mechanical strength [163]. In the early 1900s, stainless steel (316 L steel or ASTM F138)
and cobalt-based alloys (Co-Cr-Mo alloys, ASTM F75, F799) were primarily employed
as the standards for making load-bearing prosthesis; these materials were landmarks

for the development of modern metallic implants. Although these implants provided

the desired mechanical strength, easy manufacturability, and good tolerance, they still
had a higher modulus of elasticity and inferior biocompatibility compared to what was
desired for biomedical materials. Nonetheless, titanium (Ti) soon became the material

of choice for orthopedic implantable devices due to its lower elastic modulus, excellent
tissue compatibility, higher corrosion resistance, and superior specific strength. Although
commercially pure titanium (ASTM F67) demonstrated excellent osseointegration due to
the oxide layer surface, its alloy Ti6Al4V ELI (ASTM F136) gained more popularity in
subsequent years for its ultra-low elastic modulus (110 GPa), less than half that of 316
stainless steels [164].

Recent developments in materials chemistry, manufacturing, and metallurgy continue to
spur innovations in designs and diversifications of metal implants. However, metal-based
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drug delivery implants have received limited attention compared to polymer or ceramic-
based carriers, despite their unique advantages in localized drug delivery. Part of the
reason for their limited application as drug-eluting carriers is their lack of biological
interaction on the surface of the material, which causes poor tissue-material interactions.
Another disadvantage of metallic biomaterials is the release of toxic metal ions and
particulate debris through /n vivo corrosion or wear, which can lead to adverse biological
reactions and tissue damage [15]. Numerous surface coating and modification strategies
have been developed to overcome these challenges to improve tissue-implant interaction
and subsequent osseointegration, preserving the inherent mechanical properties of metallic
biomaterials [165].

Several studies have shown metallic implants coated with hydrophobic or hydrophilic
biodegradable polymer matrices can be used as controllable means to deliver drugs via
diffusion mechanisms. Ceramic coatings such as hydroxyapatite soon became some of the
most common coating techniques for localized drug delivery in orthopedic applications and
gained more popularity than polymers due to their excellent bioactivity and compositional
similarity to bone [166,167]. Considerable research has focused on the prevention and
treatment of implant-related infection (IRI) by incorporating antibiotics within polymer and
ceramic matrices, which release antibiotics in a sustained manner, limiting local toxicity
from high concentrations of antibiotics [168—171]. /nn vivo and in vitro results have shown
that ceramic-coated 3D printed metal scaffolds incorporated with therapeutic compounds
promote osteogenesis, angiogenesis, and antibacterial properties, as shown in Fig. 7. One
study investigated the osteogenic and angiogenic responses to vascular endothelial growth
factor (VEGF) loaded silicon substituted hydroxyapatite (SiHA) coated Ti6Al4V scaffold
in vitroand in vivo [172]. The porous Ti6Al4V scaffolds were manufactured using electron-
beam melting (EBM); VEGF was loaded onto the Ti6Al4V scaffolds after they had been
coated with SiHA (Fig. 7A and B). The presence of VEGF enhanced cell viability and the
proliferation of pre-osteoblastic cells as well as EC2 mature endothelial cells after 3 days
of incubation. Optical microscopy images of histological sections after Masson-Goldner’s
trichrome staining and von Kossa’s staining demonstrated that the release of VEGF from
the implant enhanced trabeculae development and angiogenesis in the /n7 vivo sheep model
(Fig. 7C and D). Another study showed that 3D printed stainless steel scaffolds achieved
biocompatibility and antibacterial properties when covered with a Ag incorporated zeolite
coating [173]. Selective laser melting (SLA) was used to create a microporous structure

of 316 L stainless steels (316 L SS, Control). To evaluate the antibacterial efficacy of

silver release from 316 L SS, a zeolite film (ZCs) and Ag-incorporated ZCs (Ag-ZCs) were
utilized to coat the 316 L SS. The SEM images indicate that the 316 L SS has interconnected
macro pores of 800 um (Fig. 7E). No morphological changes were observed after applying
the zeolite film with Ag incorporation. A zone of inhibition assay showed that Ag-ZCs
inhibit the growth of S.aureusand E. coli compared with other groups (Control and ZCs)
after 24 h (Fig. 7F). SEM images of S.aureusand E. coli on samples after 24 h demonstrate
that the number of colonies of these bacteria on Ag-ZCs is much lower than on the control
and ZCs. None of the scaffolds were cytotoxic to bone marrow stromal cells (BMSCs) at
day 5 (Fig. 7G).
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The inherent porous structure of the hydroxyapatite matrix acts as a unique drug reservoir,
which allows optimum loading and controlled release of therapeutic agents. Ti naturally
forms an oxide layer on its surface and anodization can further be utilized to synthesize
nanotubes on the metal surface. Titania nanotube arrays show potential as a promising drug
delivery system due to their excellent biocompatibility, high surface area, desired bioactivity,
and capability to load and release drugs /n vivo. The titania nanotubes have a porous
nanotubular structure, which enables them to be loaded with antimicrobial therapeutic agents
[174].

Other than coating techniques, researchers have also attempted to covalently attach
antibiotics to the implant surface to prevent the adherence of bacteria and implant-related
bacterial infections. Although not utilized frequently, other drug delivery carriers, such as
self-assembled monolayers and porous metal structures, were also explored in conjunction
with Ti for their drug-eluting capabilities. A few studies have explored the potential for
controlled antibiotic delivery via self-assembling antimicrobial peptides, biodegradable
magnesium foam, and non-degradable porous stainless steel implants [175-179]. Table

5 lists different 3D printed polymeric, ceramic, and metallic bone substitutes, their
manufacturing processes, and their ability to deliver biomolecules to treat major orthopedic
and dental complications.

6.4. Natural medicine delivery from 3D printed biomaterials as drug delivery vehicles to
treat bone disorders

The integration of pharmaceutical compounds and growth factors with 3D printed scaffolds
has been extensively utilized in bone tissue engineering. Nevertheless, these methodologies
frequently restrict clinical implementations due to drug resistance, exorbitant expenses,

and cytotoxicity concerns. NMCs are natural therapeutic alternatives with demonstrated
effectiveness in the management of diverse bone pathologies. However, the limited
bioavailability of these compounds has hindered their clinical translations. The nonpolar/
hydrophobic properties of NMCs also limit their use in systems designed for controlled
release. Recent studies have addressed these limitations by introducing various types of
polymer coatings and novel drug delivery carriers. In a recent study, the incorporation of
Cissus quadrangularis extract (CQE) with 3D printed TCP scaffolds was introduced using a
polydopamine coating (Fig. 8A—C) [121]. The polydopamine coating increased the release
rate of CQE from the scaffolds without compromising their mechanical strength; the coating
also enhanced biological properties both 7 vitroand in vivo. The results of an ALP assay
indicated that /n vitro differentiation of osteoblast cells was enhanced by the polydopamine
coating with 200 ug of CQE (CQE| ) when compared to the control group (Fig. 8B).

Masson Goldner staining images revealed that the presence of CQE combined with the
polydopamine coating on 3D printed scaffolds improved new bone formation (Fig. 8C).
Another /in vitro study found that a controlled release of soy isoflavones occurs as a result of
hydrophobic interactions and competitive electrostatic interactions between soy isoflavones,
scaffold degradation, drug solubility changes, and drug-protein complex formation [18]. Soy
isoflavones released from 3D printed scaffolds increased osteoblast cell proliferation and
cell attachment in a bioreactor system after 5 days (Fig. 8E), and also improved /n vitro
osteoblast cell differentiation at day 10 in the bioreactor system, as compared to the control
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(Fig. 8F). Similarly, gingerol and allicin were loaded into a 3D printed TCP scaffold with
a PCL/PEG coating to increase the rate of gingerol and allicin release (Fig. 8G) and to
evaluate their biological properties /n vivo [122]. H&E staining revealed that gingerol and
allicin in combination with PCL/PEG (T + G + A + PP) increase osteocytes and new bone
area by 90% and 30%, respectively, compared to the control tricalcium phosphate scaffold
(Fig. 8H). Optical micrographs of modified Masson-Goldner trichrome stained sections
demonstrate that bone mineralization in the presence of gingerol and gingerol+allicin
(gingerol and allicin) was increased at week 10 compared to control TCP (Fig. 8I).

NMCs incorporated within 3D printed scaffolds also showed anti-inflammatory and anti-
cancer properties. The anti-inflammatory effects of soy isoflavone loaded 3D printed TCP
scaffolds were evaluated using the /n7 vivo animal model [18]. Optical microscopy images
of hematoxylin and eosin (H&E) staining 24 h after implementation showed inflammatory
cells in all samples (Fig. 9A). However, measurement of neutrophil recruitment based on
H&E staining indicates that genistein and a combination of genistein, daidzein, and glycitein
in a 5:4:1 ratio reduced neutrophil recruitment compared to the control. In another study,
liposomal curcumin was incorporated within 3D printed calcium phosphate scaffolds to
control the rate of curcumin release and enhance the /in7 vitro biological properties of the
curcumin (Fig. 9B) [81]. This study demonstrated that liposome-encapsulated curcumin
exhibited sustained release from the bone scaffold, which in turn improved /in vitro
osteoblast proliferation and chemoprevention compared to the free curcumin loaded bone
scaffolds (Fig. 9C). In yet another study, pH responsive epigallocatechin gallate (EGCG)
release from a 3D printed TCP scaffold enhanced the biological properties of the scaffolds
for bone tissue engineering [191], thereby improving /n vitro osteoblast cell proliferation
and cell attachment on the scaffolds (Fig. 9D). The /n vitro osteogenic potential of EGCG is
realized by upregulating osteoblast differentiation marker expressions such as Runt-related
transcription factor 2 (Runx2) and bone gamma-carboxyglutamic acid-containing protein
(BGLAP). EGCG release also induced endothelial tube formation, revealing its /in vitro
angiogenesis activities. However, EGCG loaded 3D printed scaffolds inhibited /n vitro
osteosarcoma proliferation (Fig. 9). Clearly, the incorporation of NMCs in 3D printed
scaffolds demonstrated tremendous capability in treating bone disorders, as summarized in
Table 5.

Critical concerns related to natural medicinal compounds

Batch to batch variation and isolation

The primary active components of medicinal plants and their concentrations vary depending
on the geographic origin and growing conditions, including temperature, humidity,

harvest time, storage conditions, and seasonal variation. In addition, herbal plants have

a complex mixture of more than one active ingredient with multiple potential targets.

Often, active compounds are isolated and identified after purification with advanced
technologies such as liquid chromatography, nuclear magnetic resonance (LC-NMR) and
liquid chromatography-mass spectrometry (LC-MS). However, such approaches require
reference standard compounds to identify the medicinal compounds. Proper knowledge of
extraction and separation techniques for NMCs is crucial since the techniques vary from
species to species. The purification process enhances the pharmaceutical efficacy of herbal
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medicine by removing impurities and helps determine the chemical profiles used to predict
drug properties.

7.2. Dosage and toxicity

Medicinal plants are prone to accumulating heavy metals from contaminated soil and

such contamination can pose a serious risk for poisoning. This type of bioaccumulation

in medicinal plants varies depending on the parts of the plant used and the geographical
regions and weather patterns where the plant was cultivated [194]. Detoxification procedures
are usually carried out to remove toxic or undesired parts from the herbal plant through

a series of processing steps, including pre-treatment methods such as physical processing,
chemical modification, and purification. Physical processing including cleaning, cutting,
and steaming reduces toxicity and enhances pharmaceutical efficacy [195]. Structural

or chemical modifications of the extracts are also carried out to minimize toxicity and
increase pharmacological efficacy [196]. (5/)-5-hydroxytriptolide (LLDT-8) is a medicinal
compound (isolated from T7ripterygium using high-performance liquid chromatography) that
has shown efficacy and safety in the application of artificial grafts [197]. Since chemical
modification can alter pharmaceutical efficacy and safety, it requires careful consideration
for pharmaceutical applications. Lastly, purification of natural compounds is a crucial step
that removes contaminants from plant products, thereby avoiding the occurrence of adverse
effects while enhancing pharmaceutical efficacy.

7.3. Standardization of natural medicinal compounds

The appropriate dosages and toxicity levels of each NMC along with quality control have
been identified as the most crucial monitoring parameters to ensure the safety and efficacy
of NMCs. However, the safety standards of NMCs fail to meet basic requirements as the
recommended dosages vary depending on the recommending organizations, including the
World Health Organization (WHO) and others [198]. The Federal Drug Administration
(FDA) in the United States also has established guidelines for the marketing and sale of
herbal medicines [199]. Due to the lack of standardization, inappropriate or high dosages
of natural medications are quite common and pose a real risk to public health and safety.
Apart from the issue of standardization, transparent information about cultivation conditions
and toxicity test results will be useful for determining appropriate dosage levels for
patients. Clinical and pre-clinical trials using NMCs will guide the optimization of dosage
standardization, determine toxicity levels, and expand the knowledge of herbal medicine
regarding drug mechanisms and interactions.

8. Summary and future perspectives

3D printing technologies have enabled the development of patient-specific implants by
modulating the internal architecture of the implant to mimic the physical characteristics of
human bone tissue. Various biocompatible materials including metals, ceramics, polymers,
and composites are available for the fabrication of implants using 3D printing technology;
material selection depends on the location of the bone defect site and the type of bone loss.
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Tremendous advances have been made in implant materials and technologies. The FDA

has issued a guidebook for 3D printed medical implants titled “Technical Considerations

for Additive Manufactured Medical Devices” [200]. Using these guidelines, the enhanced
multifunctional bone implants should balance innovation and safety to deliver patient
satisfaction and positive treatment outcomes. The FDA has implemented an approval process
for new implant designs and components to ensure the safe and effective use of bone
implants. The FDA also inspects medical devices for compliance with regulations that
govern layout, components, printing methods, sterilization, physical and mechanical tests,
quality checks, printing parameters, and biocompatibility [201,202].

Despite recent advances, implants do not always restore the biological function of native
bone tissue. Active pharmaceutical ingredients can be integrated into the implants and

can be used to overcome the limitations of conventional implants for treating bone
diseases and post-implantation pathologies. NMCs are promising candidates because of
their unigue physiological complexity, therapeutic simplicity, and wide range of biological
effects [203-205]. However, several concerns need to be addressed for the effective
implementation of NMC:s for treating bone disorders: (1) batch-to-batch variation and
reproducibility, (2) establishment of proper dosage, (3) purity and any possible unknown
toxicity, (4) lack of standardization. Improvement in extraction and purification techniques
will reduce the differences between NMC batches by eliminating impurities and isolating
the desired active compound. In addition, NMC-based clinical and pre-clinical trials will
suggest optimized dosages, confirm toxicity ranges, and expand herbal medicine knowledge
regarding pharmacological mechanisms and interactions. Therefore, developing novel drug
delivery systems requires a deeper understanding of connections between 3D printed bone
implants and NMCs, along with process optimization and drug loading strategies.

3D printing technologies allow the modulation of implant structures that directly affect
drug loading and controlled release. Modification of biomaterial chemistry also enables the
incorporation of NMCs within 3D printed implants v/a physical and chemical interactions
that improve cellular interactions and bone regeneration in critical-sized bone defects.
Therefore, optimization of drug loading mechanism, drug delivery vehicles, structural
parameters of the implants, surface modification of the implants, and the modulation

of the drug release profile must be critically assessed while designing multifunctional

3D printed bone implants that incorporate NMCs. In other words, it is important to
understand the structure-process-property relationships of these 3D printed systems for
their use in effective on-site drug delivery. Further advancements can potentially satisfy
critical clinical needs, especially for common musculoskeletal disorders and traumas,
including osteoporosis, osteomyelitis, and osteoarthritis. Improved multifunctional 3D
printed implants will continue to provide innovative clinical solutions for the secondary
reconstruction of patient-specific bone defects and traumas with natural medicine.
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Fig. 1.
Multifunctional 3D printed scaffolds incorporated with natural medicinal compounds

(NMCs) and drug delivery vehicles as a bone-targeted local drug delivery system for
controlled and sustained delivery of NMCs to treat, control, or prevent several bone
disorders, with minimized tissue toxicity.
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Strategies for drug loading and release from 3D printed bone scaffold.
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Fig. 3.

Ingvivo biological evaluation of controlled alendronate (AD) release from 3D printed
ceramic scaffolds. (A) SEM images of (i) tricalcium phosphate (TCP) scaffold and (ii)
polycaprolactone (PCL) coated TCP scaffold. (B) and (C) AD release from 3D printed TCP
with and without PCL coating at pH 7.4 and pH 5.0, respectively. (D) SEM images of

the surface morphology of the scaffolds at pH 7.4 and 5.0 after 7 days. (E) Hematoxylin
and eosin (H&E) stained sections after 6 weeks. The asterisk (*) indicates the scaffold.
Reproduced with permission [143] Copyright 2014, American Chemical Society.
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SEM, scanning electron microscopy; PCL, polycaprolactone; AD, alendronate; TCP,
tricalcium phosphate; TCP + PCL, control TCP and PCL coated TCP scaffolds; TCP +
PCL + AD, AD-loaded TCP scaffolds with PCL coating.
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Fig. 4.
In vivo biological evaluation of controlled curcumin release from 3D printed ceramic

scaffolds. (A) SEM images of curcumin-loaded scaffolds (Cur coated TCP). (B) Curcumin
release from hydroxyapatite (HA) disc with and without polymer coating at pH 5.0 and
pH 7.4. (C) SEM images of curcumin loaded HA with and without polymer coating at pH
5.0 and pH 7.4. (D) Modified Goldner’s Masson trichrome staining images after 6 weeks
(Reddish orange: osteoid, Green: mineralized bone). (E) VWF staining and H&E staining
images after 6 weeks. Reproduced with permission [123]. Copyright 2018, Elsevier.

SEM, scanning electron microscopy; HA, hydroxyapatite; PCL, polycaprolactone; PEG,
Polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); TCP, tricalcium phosphate;
Control TCP, 3D printed TCP scaffolds; Cur coated TCP, curcumin-loaded TCP scaffolds;
VWF, von Willebrand factor; H&E, hematoxylin and eosin.
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Fig. 5.

3D printed ceramic biomaterials as drug delivery vehicles. (A) Schematic image of the FDM
manufactured calcium-phosphate-based scaffolds (CPC) incorporated with growth factor.
(B) SEM images of CPC after immersion in water for 3 days (W3) and being held in a
humid atmosphere for 3 days (H3) (White arrow: crack). (C) The confocal laser scanning
microscopy images of human dermal microvascular endothelial cells (HDMEC) on day 1
and day 7 (shown with low and high magnification). Reproduced with permission [145].
Copyright 2015, Elsevier. (D) SEM images of human mesenchymal stem cell (hMSC)
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proliferation on the scaffolds. (E) Mason Goldner’s trichrome stained sections of the
scaffolds. (The arrowhead: defect, The arrow: new bone, Hb: host bone, Ct: connective
tissue). Reproduced with permission [146]. Copyright 2018, Elsevier.

CaP, calcium phosphate; CPC, calcium-phosphate-based scaffolds; SEM, scanning electron
microscopy; W3, CPC after immersion in water for 3 days; H3, CPC after being held in a
humid atmosphere for 3 days; VEGF, vascular endothelial growth factor; MP, microparticles,
PCL; polycaprolactone; BMP-2, bone morphogenetic protein 2; NPs, nanoparticles; Hb, host
bone; Ct, connective tissue; Uncoated, 3D printed HAp scaffold.
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Fig. 6.

33 printed polymer biomaterials as drug delivery vehicles. (A) Fused deposition modeling
(FDM) manufactured porous polycaprolactone (PCL) scaffolds. (B) SEM images of PCL
scaffold, the intermediate aminated PCL scaffold (PCH) and carboxymethyl chitosan/
deferoxamine loaded PCL scaffold (PCD). (C) Micro-CT examination of the effect of
scaffolds on /n vivo bone regeneration after 4 weeks. (D) Histological images after
hematoxylin-eosin (HE) staining (The black arrow represents vascular formation, F: fibrous
tissue, BM: newly formed bone marrow and NB: newly mineralized bone tissue). Adapted
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from Ref. [156] with permission from Elsevier. Copyright (2018) Elsevier. (E) Digital
images and SEM images of 3D printed PCL scaffold (PCLS). (F) The release profile of
recombinant human bone morphogenic protein-2 (rhBMP2) loaded PCLS obtained in PBS
(PCLSD 500). (G) The confocal laser scanning microscopy images of MC3T3-E1 cells on
the scaffolds after 24 h. Adapted from Ref. [157] with permission from Elsevier. Copyright
(2016) Elsevier.

FDM, fused deposition modeling; PCL, polycaprolactone; PCH, intermediate aminated PCL
scaffold; PCD, carboxymethyl chitosan/deferoxamine loaded PCL scaffold; SEM, scanning
electron microscopy; CON, rats without scaffolds; NB, newly mineralized bone tissue;

F, fibrous tissue; BM, newly formed bone marrow; rHBMP, recombinant human bone
morphogenic protein-2; PCLS, 3D printed PCL scaffold; PCLSD, dopamine coated PCL;
PCLSD 100, PCLSD is immersed in rhBMP2 solution (100 ng/ml solution and 10 mM of
Tris buffer) for 24 h; PCLSD 500, PCLSD is immersed in rhBMP2 solution (500 ng/ml
solution and 10 mM of Tris buffer) for 24 h.
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Fig. 7.
3D printed metal biomaterials as drug delivery vehicles. (A) Schematic image of vascular

endothelial growth factor (VEGF)-incorporated SiHA-coated Ti6Al4V scaffolds. (B)
The electron-beam melting (EBM) manufactured porous Ti6Al4V scaffold. (C) Optical
microscopy images of histological sections after Masson-Goldner’s trichrome staining
(Yellow arrows: blood vessels). (D) Optical microscopy images of histological sections
after von Kossa’s staining. Reproduced with permission [172]. Copyright 2018, Elsevier.
(E) SEM images of selective laser melting (SLA) manufactured porous 316 L stainless
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steels: Control, ZCs, and Ag-ZCs. (F) Zone of inhibition assay to evaluate antibacterial
properties toward Staphylococcus aureus and Escherichia coli. (G) SEM images of in vitro
bone marrow stromal cells (BMSCs) at day 5. Reproduced with permission [173]. Copyright
2019, Elsevier.

SiHA, silicon substituted hydroxyapatite; VEGF, vascular endothelial growth factor;
Ti@SiHA, silicon substituted hydroxyapatite coated Ti6Al4V scaffold; TI@SIHA-VEGF,
VEGF incorporated SiHA-coated Ti6Al4V scaffold; S. aureus, Staphylococcus aureus, E.
coli, Escherichia coli, Control, selective laser melting manufactured porous 316 L stainless
steels; ZCs, 316 L SS covered with a zeolite film; Ag-ZCs, Ag incorporated ZCs, SEM,
scanning electron microscopy.
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Fig. 8.

D?ug delivery of NMCs from 3D printed scaffolds for bone regeneration. (A) Schematic
representation of binder jetting printer and polydopamine coating with cissus quadrangularis
extract (CQE) on 3D printed TCP. (B) ALP activity of osteoblast cells on scaffolds. (C)
Masson Goldner staining images of the scaffolds. Reproduced with permission [121].
Copyright 2020, Elsevier. (D) SEM image of 3D printed TCP scaffold after sintering. (E)
SEM images of in vitro osteoblast cells on the scaffolds in the bioreactor after 5 days. (F)
Alkaline phosphatase (ALP) activity of osteoblast cells on the scaffolds. Adapted from Ref.
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[18] with permission from Elsevier. Copyright (2020) Elsevier. (G) Schematic representation
of /n vivo study using gingerol and allicin loaded into a 3D printed TCP scaffold. (H)

H&E staining images of 3D printed scaffolds at week 10. Histomorphometric analysis of
osteocyte density and bone area from the scaffolds. (1) Optical micrographs of modified
Masson-Goldner trichrome stained sections of the scaffolds at week 10 (Black: implant
area). Reprinted with permission from Ref. [122]. Copyright 2022 American Chemical
Society.

CQE, cissus quadrangularis extract; ALP, Alkaline phosphatase; TCP, tricalcium phosphate;
TCP + PD2, polydopamine coated 3D printed TCP; CQEL, polydopamine coating with

200 ug of CQE; SEM, scanning electron microscopy; Control TCP, 3D printed TCP
scaffold; Gingerol+Allicin, gingerol and allicin loaded 3D printed TCP scaffolds with
polycaprolactone (PCL)/polyethylene glycol (PEG) coating; Gingerol, gingerol loaded 3D
printed TCP scaffolds with PCL/PEG coating; Allicin, allicin loaded 3D printed TCP
scaffolds with PCL/PEG coating.
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Fig. 9.
(A) Representative optical microscopy images of Hematoxylin and eosin (H&E) staining

images after 24 h of implementation. Adapted from Ref. [18] with permission from Elsevier.
Copyright (2020) Elsevier. (B) The chemical structure of liposome-encapsulated curcumin
loaded on 3D printed TCP scaffold. (C) Scanning electron microscopy (SEM) images of /n
vitro osteosarcoma cells on 3D printed scaffolds. Reprinted with permission from Ref. [81]
Copyright 2019 American Chemical Society. SEM images of /n vitro (D) osteoblast cells
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and (E) osteosarcoma cells on epigallocatechin gallate (EGCG) loaded 3D printed scaffolds.
Reproduced from Ref. [191] with permission from the Royal Society of Chemistry.

Control, 3D printed TCP scaffold; Genistein, genistein loaded 3D printed TCP
scaffold;Genistein: Daidzein: Glycitein = (5:4:1): genistein, daidzein and glycitein mixed

in 5:4:1 ratio to mimic their natural proportion found in soy and loaded on 3D printed TCP
scaffold; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG, 1,2-Dimyristoyl-sn-
glycero-3-phosphoglycerol; SEM, scanning electron microscopy; 3D TCP, 3D printed TCP
scaffold; 3D TCP L, liposome-loaded 3D printed TCP; 3D TCP LC, liposomal curcumin
loaded 3D printed TCP; EGCG, Epigallocatechin gallate.
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