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ABSTRACT

Tissue engineering is a rapidly evolving, multidisciplinary field that aims at generating or regenerating 3D
functional tissues for in vitro disease modeling and drug screening applications or for in vivo therapies. A variety
of advanced biological and engineering methods are increasingly being used to further enhance and customize
the functionality of tissue engineered scaffolds. To this end, tunable drug delivery and release mechanisms are
incorporated into tissue engineering modalities to promote different therapeutic processes, thus, addressing
challenges faced in the clinical applications. In this review, we elaborate the mechanisms and recent de-
velopments in different drug delivery vehicles, including the quantum dots, nano/micro particles, and molecular
agents. Different loading strategies to incorporate the therapeutic reagents into the scaffolding structures are
explored. Further, we discuss the main mechanisms to tune and monitor/quantify the release kinetics of
embedded drugs from engineered scaffolds. We also survey the current trend of drug delivery using stimuli
driven biopolymer scaffolds to enable precise spatiotemporal control of the release behavior. Recent advance-
ments, challenges facing current scaffold-based drug delivery approaches, and areas of future research are

discussed.

1. Introduction

Over the last few decades tissue engineering (TE) has evolved rapidly
to address an ever-growing shortage of organ transplant donors, as well
as establishing robust in vitro platforms to model a variety of biological
processes in biomimetic microenvironments [1-3]. Among various TE
approaches, porous scaffold systems, composed of various biomaterials,
have emerged as an essential tool to facilitate the growth or repair of
tissues and organs in both in vitro and in vivo applications [4]. In these
biomaterial-based TE methods, the tissue-specific cells and/or support
factors (e.g., growth or angiogenic factors) are loaded into a biocom-
patible scaffold with physiomechanical and biochemical properties that
closely approximate those of the extracellular matrix (ECM) of the
native tissue. These engineered devices provide a controlled

microenvironment for endogenous and/or exogenous (transplanted) cell
sources to migrate, grow, remodel the ECM, and function [5].

Concurrent with the rapid advancements in various fronts of TE, the
field of drug delivery has also made great strides in biomedical appli-
cations, aiming to address the challenges faced in efficient and
controlled delivery of therapeutics [6,7]. In principle, drug delivery
systems focus on two specific forms of control: i) temporal control to
deliver the proper dosage during a given time interval; and ii) spatial
control to deliver the pharmaceutical agents to the precise site in the
human body [8,9]. Over the last decades, various efforts have focused on
designing new or enhanced biomaterial systems that exhibit controlled
release of the selected therapeutics to ensure the efficacy of therapies.
These materials can be accurately transplanted into the specific sites
responsible for the disease state.
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Early drug delivery efforts utilized osmotic pumps, based on semi-
permeable membrane or hydrophilic and hydrophobic polymers as an
oral controlled release system [10]. Other drug delivery methods, such
as drug eluting stents, have also demonstrated successful clinical ap-
plications [11]. Subsequent developments in material science allowed
for creating delivery systems containing macromolecule drugs which
can be controlled through diffusion within polymers [12]. Advancement
in nanotechnology has expanded a new generation of functional smart
materials, including biocompatible nanomaterials such as liposomes,
dendrimers, polymer nanoparticles (NPs), and polymeric micelles
[13-16].

Among various drug delivery vehicles, TE scaffold systems are ad-
vantageous due to several key characteristics, including: high porosity
and surface area, excellent biocompatibility, controllable degradation,
effective integration with the host tissue, and the ability for local and
targeted delivery of therapeutics (Fig. 1) [17,18]. The local delivery of
reagents at the tissue site can further enhance the efficacy of the drug
and avoid the harmful off-target effects over the entire body [19,20].
The efficacy of 3D scaffold-based drug delivery systems has been
investigated for different therapeutic applications such as bone [21],
cartilage [22], and cardiovascular [23] tissues. This review aims to
provide a comprehensive overview of the most recent developments in
drug delivery processes, mediated via 3D scaffold devices, for diverse
clinical applications. We will discuss the different drug loading and
controlled release mechanisms, the main types of delivery agents used,
and the strategies to monitor release from the TE structures. The goal is
to inspire further research on using advanced biomaterials and bioen-
gineering techniques to integrate TE and drug delivery approaches more
effectively, hence offering enhanced scaffold-based therapies for clinical
applications.

2. Design and fabrication of drug-loaded TE scaffolds
2.1. Strategies to incorporate therapeutics into 3D scaffolds

Several strategies have been developed to incorporate various drugs
into the scaffolds for therapeutic applications, including direct loading,
blending, and surface/chemical conjugation [24-26] (Fig. 2). These
methods have important advantages and disadvantages with respect to
the method of fabrication, the structure and desirable scaffold geometry,
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2.1.1. Direct loading

The direct loading technique employs the submersion of the scaffold
in a therapeutic solution, which allows the drug molecules to attach to
the scaffold surface via physical adsorption and/or absorption (Fig. 2A).
For instance, scaffolds submerged in BMP-2 solution has been shown to
be a viable method of promoting bone formation in vivo [27]. DeConde et
al. demonstrated the effectiveness of biomimetic scaffolds impregnated
with BMP-2 in regeneration of bone tissues in a marginal mandibular
defect in rat model [28]. The delivery of exogenous growth factors, such
as BMP-2, using an absorbable collagen sponge (ACS) has been prom-
ising and clinically successful for regenerating critical size bone defects.
However, due to the poor affinity for the ACS, BMP-2 is rapidly released
in a single, bolus dose. This requires the use of super-physiologic doses
which in turn results in adverse outcomes and excessive treatment costs
[29,30]. Another drawback of this method is that the loading capacity is
strongly dependent on the morphology of the scaffolds such as the mesh
size, scaffold free volume, the wettability matrix, and the physical
characteristics of the therapeutics (e.g., molecular size) [31]. Never-
theless, submersion technique is widely used due to its simplicity and
versatility since it can be integrated with a wide range of fabrication
techniques.

2.1.2. Blended loading

In contrast to direct loading, blending technique involves the
incorporation of the therapeutics into the scaffold materials before the
formation of the 3D structure (Fig. 2B). This process is typically per-
formed by mixing therapeutics with a polymer in a common solvent,
which will be used to fabricate the 3D scaffold. An important advantage
of this method is its compatibility with a variety of different scaffolding
biomaterials, drugs, and synthesis techniques. For instance, electro-
spinning has been used to fabricate nanofiber scaffolds formed by a
mixed solution of vitamin-B5 blended with PLCL/silk solutions for nerve
tissue regeneration [32]. Murphy et al. developed a VEGF- encapsulated
PLGA scaffolds by introducing the growth factors into a gas foaming/
particulate leaching process [33]. Blending methods can be also applied
to fabricate scaffolds via additive manufacturing technologies for ap-
plications that require complex structures. Shim et al. demonstrated the

Fig. 1. Schematic illustration of the cycle to design,
create, and utilize 3D functionalized scaffolds as drug
delivery vehicles for tissue engineering applications.
A-B: A variety of imaging techniques (A) can be used
to create the digital CAD model of the scaffold (B). C:
A drug-laden scaffold is fabricated using a combina-
tion of drug reagents, biomaterials, and cells, via
various tissue manufacturing techniques, including
3D (bio)printing, electrospinning, and micro-
patterning. Therapeutics and/or labeling agents can
be incorporated within the 3D scaffold through a
variety of processes, including direct loading, blended
loading, drug conjugation, and encapsulation tech-
niques. D: In vitro characterization of drug-loaded
scaffolds may include drug loading and stability,
release kinetics, invasive and noninvasive imaging,
and biological function, among others. E: Finally,
optimized drug-laden scaffolds are utilized in vivo, as
a drug delivery vehicle for sustained and targeted
release of therapeutics to the site of injury.
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Fig. 2. Schematic illustration showing different mechanisms of loading therapeutics of various forms into tissue engineering scaffolds. A: Direct loading of drugs into
a prefabricated scaffold and diffusion of reagents into the 3D porous structure. B: Blended loading: therapeutic reagents are mixed in the pre-polymerized biomaterial
(e.g., bioink) and used to fabricate (e.g., 3D bioprint) the 3D scaffold structure. C: Chemical conjugation of therapeutic agents onto the biomaterial (polymer)
molecule, which could be combined with addition of targeting moieties to enhance efficacy of delivery. D: Therapeutic reagents may be incorporated into the scaffold
structures either directly (molecular loading, left), or via encapsulation in micro- and nanoparticles with different functionalities (middle and right).

controlled release of antibiotics (e.g. tobramycin) from a 3D printed
scaffold using a filament consisting of polycaprolactone (PCL)/ poly
lactic-co-glycolic acid (PLGA)/tobramycin blend [34]. However, one
main limitation of loading therapeutics using blending is that the
loading efficiency is highly dependent on the compatibility between the
polymers and therapeutic molecules, which can result in inhomoge-
neous distribution of the therapeutic molecules and lower the overall
loading capacity. In addition, this loading method offers little control
over release kinetics. Kanematsu et al. investigated the release profiles in
scaffolds fabricated by common aqueous solutions containing collagen
type-l and different growth factors, such as basic fibroblast growth
factor (bFGF), hepatocyte growth factor (HGF), platelet-derived growth
factor (PDGF)-BB, vascular endothelial growth factor (VEGF), insulin-
like growth factor (IGF)-1, and heparin-binding epidermal growth fac-
tor [35]. The study showed a burst effect and the drug release lasting for
several days.

2.1.3. Chemical and surface conjugation

Chemical conjugation of drug molecules to scaffold materials or
surfaces offers a means to overcome incompatibility between thera-
peutic molecules and the scaffold material, increase drug payload, and,
most importantly, control release kinetics for sustained, triggered or on-
demand drug release (Fig. 2C). For example, scaffold surfaces can be
treated to induce certain chemical reactions, which are beneficial for
drug binding. Most commonly, polymer surfaces are induced to form
functional groups via aminolysis, hydrolysis, reduction, and oxidation
[36]. These reactions can be facilitated by immersing polymer surfaces
with NaOH, ethylenediamine, or N-aminoethyl-1,3-propanediamine to
form carboxylic and amino groups [37,38]. The formation of these
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functional groups has been shown to enhance the loading of growth
factors like BMP-2 in PCL scaffolds, while also moderating the burst
effect and prolong the release time, when compared to untreated scaf-
folds [39].

In addition to surface treatment, chemical conjugation can also be
applied to facilitate covalent linking to the scaffold material, thus
immobilizing the therapeutics on the scaffold material or surface.
Considering the robust binding of molecules, the chemical immobiliza-
tion method is particularly suitable for slow and prolonged release of the
therapeutic agents [40]. Typically, covalent-linking can be achieved
through the reaction between the polymer functional groups and amine
ligands found in proteins, or crosslinking agents [41]. In clinical appli-
cations like wound healing, the conjugation of growth factors like VGEF
within a collagen matrix can enhance cell survival rate and promote
angiogenesis [42]. However, these methods rely on the formation of
certain chemical bonds on the scaffold surface. This limitation restricts
the chemical composition of drugs available for loading. Furthermore,
the immobilization process may not be suitable for drugs that are
required to be endocytosed or to interact with the cell nuclei, unless
significant scaffold degradation can mediate the effective drug release
[40].

2.1.4. Loading bare drug molecules vs. encapsulation/loading in particle
carriers

Therapeutic reagent could be loaded into the scaffolding systems
either in their bare molecular form, or via encapsulation in (or conju-
gation on) a variety of micro- or nano-carriers (Fig. 2D). The latter
approach has been particularly used to solve the incompatibility issues
between scaffolds and therapeutics, via incorporating the biomolecular
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agents into microparticles (MPs) or NPs before embedding within scaf-
folds. Loaded particles can be subsequently incorporated into the poly-
mer networks pre- or post-fabrication of scaffolds, using direct loading,
blended loading, or chemical conjugation strategies as outlined above
(Fig. 2A-C).

2.1.4.1. Encapsulation in microparticles (MPs). Different biomaterials
have been used for pre- or post-loading of pharmaceutical agents in the
scaffold, ranging from MPs to nanostructures (Fig. 2D). Such encapsu-
lations have been demonstrated, for instance, using polymeric MPs or
NPs, or using PLGA microspheres or nanospheres. These strategies allow
for better spatiotemporally control of multiple biological molecules
[43], as well as programmed long-term sustained release of therapeutic
factors [44,45]. Similarly, MPs have been also used to load NPs and
other materials such as imaging contrast agents to improve localization
for drug delivery. For use in protein therapy, PLGA (~10pm) and PEG-
PLGA (~12 pm) MPs have been used as carriers for the growth factor
neuregulin (NRG), as a potential treatment for myocardial infarction
[46]. These particles have proven to allow the controlled release of NRG
for at least 12 weeks in a murine model.

2.1.4.2. Encapsulation/loading in nanoparticles (NPs). Multifunctional
NPs represent another pathway to incorporate a wide range of thera-
peutics into scaffolds. Yang et al. demonstrated the effectiveness of
functionalized NPs, immobilized on scaffold surface with modified
ligand, as carrier for genetic molecules such as DNA and siRNA to
regulate cellular behavior [47]. Various types of NPs, such as quantum
dots (QDs), silica, polystyrene, iron oxide, graphene, and lipid NPs, can
offer the versatility in surface chemistry, thus allowing for precise
control of conjugation with various ligands such as drugs, DNA, and
targeting molecules [48-50], or with drug-loaded vesicles [51]. For
example, Zhang et al. leveraged QD surface chemistry to synthesize QD-
DNA hydrogels, functionalized with cancer targeting aptamers, to
deliver siRNA and doxorubicin (DOX) as a cancer therapy [52]. Simi-
larly, Fu et al. demonstrated the formation of QD-based drug delivery
vehicles, tagged with redox-sensitive hyaluronic acid (HA) ligand, for
targeted intracellular drug delivery to cancer cells [53]. The surface
modification of QDs with multifunctional HA ligands offers a path to
enhance loading and targeting efficiencies of the drug delivery systems.

2.2. Mechanisms of drug release in 3D scaffold systems

The design of 3D scaffolds is critically important in TE to mimic the
physiomechanical and biochemical properties and functions of the
native tissue ECM [54]. Ideally, the scaffolds need to provide a wide
range of functions, including structural and physical cues for cellular
growth and interactions, as well delivering different biological and
pharmaceutical agents. The mechanism of drug delivery using porous
scaffold systems can be controlled based on either passive or active
transport of the drug molecules in the biomaterials comprising the
scaffold architecture (Fig. 3) [55].

2.2.1. Diffusion

One strategy to facilitate the kinetics of drug release from 3D porous
scaffolds is through the principle of molecular diffusion (Fig. 3). This
physical phenomenon refers to the net transport of molecules from a
region of higher concentration to one of lower concentration. Mathe-
matically, certain assumptions can be adopted thus allowing for the
prediction of the diffusion constant within the framework of Fick’s first
and second laws. For instance, to study the release process in a hydrogel-
based scaffold, it is reasonable to assume a model where the therapeutic
agents are surrounded by inert membranes, and diffusion rate is con-
stant [56,57]. In the absence of leakage, the biomolecular concentration
can be considered to be time-independent, and the concentration
gradient throughout the membrane is constant, resulting in steady state
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time

Fig. 3. Schematic design of different drug release mechanisms in 3D hydrogel
scaffolds and the corresponding release kinetics. A: Molecular diffusion. B:
Hydrogel matrix degradation. C: Hydrogel swelling. Reproduced with permis-
sion from Ref [55].

of release rate, which can be captured by Fick’s first law as following

J= -DVC

where D is the diffusion constant, J is the molecular flux of therapeutics,
and VC is the concentration gradient. In a time-dependent release ki-
netics, Fick’s second law can be adopted. For transport in one dimen-
sion, the equation of Fick’s second law can be described as

ac
dx?

dc
=

To optimally control the diffusion process of molecules in scaffolds,
several physical parameters such as the size and chemistry of the
hydrogel molecules and the environment temperature must be consid-
ered [58,59]. In many scaffolds, the free-volume of polymer can play a
decisive role in controlling the diffusion rate, as higher free-volume al-
lows for more water penetration inside the scaffold, thus enabling
further drug diffusion and desorption. This effect has been observed by
Pitt et al. when they compared the diffusion rate of therapeutics such as
Quinine in scaffolds composed of different polymers (PCL and PLLA)
[60]. In addition to free-volume, mesh size is also an important factor
that can limit the specific sizes of the intended therapeutic molecules
[56]. To overcome this challenge, mesh sizes can be tuned by modu-
lating the concentration of polymers and crosslinking agents during
scaffold formation [61].

2.2.2. Burst effect

Another important drug delivery mechanism is the burst release.
This refers to the initial uncontrollable release of a large dose of thera-
peutics. Such an effect has been used as an optimal drug administering
strategy for certain treatments like wound healing [62] where an initial
rapid release can accelerate repair processes and relieve the patients’
pain. However, burst release can also be harmful for patients in clinical
applications. A number of factors have been attributed to causing the
burst release, including the drug loading conditions and properties of
hydrogels and drug molecules [57]. For instance, high-concentration
drug loading can result in the drug molecules concentrating mostly on
the scaffold surfaces, thus causing immediate release [63]. Vasudev
et al. related the burst release of heparin to the different domain size in
polyethylene vinyl acetate hydrogels [64]. The vesicles with high sur-
face to volume ratio used to encapsulate drug molecules can also cause
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the burst release. Specifically, MPs/NPs with large porosities can exhibit
intense burst effect due to the fast diffusion of drugs through the large
pores formed during synthesis conditions (Fig. 3) [65]. In addition,
highly soluble drugs with small molecular weight are more prone to
rapid diffusion through the hydrogel pores and causing the rapid release
[66]. Understanding the actual mechanism of burst release is still an
ongoing challenge since there is a lack of direct correlation between the
in vitro versus in vivo release profiles, due to the complex interactions
between therapeutic carriers and the in vivo environment [67,68].

To overcome the negative effect of burst release, several strategies
have been devised to reduce/inhibit the burst release, including the use
of crosslinkable polymeric coatings [69], increasing crosslinking density
in the hydrogel [70], designing hybrid polymer blends [71], uneven
loading of drug molecules with higher concentrations in the bulk scaf-
fold [72], increasing the thickness of coating layer in molecular
encapsulation [73], as well as engineering layer by layer scaffold
structure with varying composition of drugs and polymers [74] (Fig. 4).
Further, chemical and covalent conjugation, which were outlined in the
previous section, are considered as another effective approach that can
negate the burst release effect.

2.2.3. Affinity-controlled release mechanism in TE scaffolds

The drug release kinetics in scaffold can be controlled by modulating
the physical and chemical interactions between drugs and the scaffolds.
In passive drug delivery, the release kinetics is primarily mediated by
the scaffold morphology, porosity, and structure, with minimal in-
teractions between the drug and the scaffold. Further chemical and/or
physical interactions between the scaffold host and the drug can be
induced to offer more control over the release mechanism and kinetics.
Chemically, this involves the degradation of the polymer chains medi-
ated by hydrolysis [75] and enzyme activity [76]. Alternatively, certain
complexes can be added to the polymer host, with strong affinity to the
drug molecule(s), yielding a slower release profile. A major macromol-
ecule family which has affinity to different drug molecules is S-cyclo-
dextrins (CDs). Study by Mealy et al. showed the sustained release of a
small molecule drug (L-tryptophan) over a 21-day time period in p-CD-
modified hyaluronic acid (HA) hydrogel [77]. The release kinetics
showed a sustainable slow-release profile with only ~ 20% of drug
released within 24 hours compared to 90% release in untreated HA
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hydrogel. Consistent outcomes were observed by Lee et al., examining
the release of simvastatin attached to hydroxyapatite (HAp) NPs in -CD
coated PCL scaffold surface [78]. They reported an enhancement in drug
loading as well as a slow-release profile up to 14 days, resulting in a
greater growth and osteogenic differentiation in vitro and bone regen-
eration in vivo in comparison to untreated PCL scaffold. Another
advancement in precise, spatio-temporally controlled drug release is to
create ECM-mimetic scaffold microenvironment by decorating the ma-
trix with molecules, such as heparin, and adhesive proteins with high
affinity to biomolecules such as growth factors. Jha et al. studied the
release process of transforming growth factor (TGF)-pl in heparin-
functionalized HA-based hydrogels [79]. The results demonstrated
high drug loading capacity as well slow-release kinetics in the func-
tionalized scaffold, which was primarily due to its higher affinity for
TGFp1. Further, Kisiel et al. reported the slow-release profile of BMP-2
delivered via fibronectin functionalized HA hydrogel [80].

The incorporation of functional NPs as a drug delivery vehicle/
mechanism in the scaffold has been used as an alternative approach,
allowing more freedom to control the release profile by modulating the
NP-polymer matrix interactions. For instance, the drug release rate from
hydrogels was suppressed after reinforcement with silicate NPs [81-83],
likely due to NPs sterically inhibiting drug diffusion, reducing gel/
scaffold swelling, and/or weakly binding to the drug via electrostatic
interactions (Fig. 5A). As a drug carrier or delivery vehicle, the linkages
between the drug and NP, or NP and scaffold, may be tailored to control
release (Fig. 5B). Weak electrostatic or hydrolytically unstable linkages
typically result in relatively rapid release. Therefore, strong covalent
linkages have been used to enable sustained drug release. For example,
iron oxide (Fe3O4) [84] and gold (Au) [85] NPs were covalently linked
to collagen scaffolds such that release only occurred upon enzymatic
degradation of the scaffold over several days.

2.2.4. Stimuli driven control

2.2.4.1. Release mechanism based on smart polymers. In addition to
passive measure, active control of scaffolds composed of smart polymers
has been implemented by exploiting their sensitivities to external fac-
tors, such as temperature, pH and natural stimuli like glucose for
different therapeutic applications [86]. For instance, scaffold composed
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Fig. 4. Schematic illustration of different methods employed to mitigate burst release effect. A: Increasing crosslink density. B: Designing hybrid polymer blends. C:
Creating functionalized coating through surface crosslinking. D: Layer-by-layer design and fabrication of the scaffold structure, laden with the therapeutic agents.

Adapted with permission from [71,74].
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monitoring drug release.
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of thermosensitive polymers have been used to deliver pharmaceuticals
such as docetaxel [87], exenatide [88], and leuprolide [89], for treat-
ment of gastric cancer, type-II diabetes, and tumors, respectively. In
these systems, the thermo-responsive polymers undergo a reversible sol-
gel transition as the temperature increases which allows for precise
control of rate of release of incorporated drugs, thus making them ideal
for in vivo applications [90,91]. pH [92,93] and glucose [94] sensitive
polymers can be used to deliver drugs like insulin or other pharma-
ceuticals that are sensitive to acid or base environments via the oral
pathway. In addition to bioresponsive stimuli, external fields like elec-
trical and magnetic fields [95,96], light [97], and ultrasound [98] have
been used to induce mechanical stress on different hydrogels with active
magnetic or piezoelectric properties to alter their topology, thus, facil-
itating the drug release process. Due to the versatility and tunability of
the release mechanisms, smart hydrogel-based scaffolds play an
increasingly important role in delivering different functional pharma-
ceuticals in clinical applications.

2.2.4.2. Release mechanism based on NP loading. As a signal transducer,
NPs may be used to trigger drug release upon exposure to light, electrical
current, and magnetic fields. The surface plasmon resonance of AuNPs
was leveraged to enable light-activated switchable on/off drug release
by photothermal heating of AuNPs incorporated within a thermally-
sensitive hydrogel drug carrier [99-101]. Carbon nanotubes and gra-
phene also exhibit a photothermal effect upon irradiation with near-
infrared (NIR) light which has been used for light-activated drug
release from thermally-sensitive hydrogels [102,103]. Doped lanthanide
upconversion NPs were used to convert NIR light into UV light to disrupt
the structure of the hydrogel and release encapsulated drugs on-demand
[971. The electrical conductivity of carbon nanotubes and graphene was
also leveraged for controlled drug release from hydrogels upon electrical
stimulation [104,105]. Finally, superparamagnetic iron oxide NPs
(SPIONSs) incorporated in hydrogels have been widely investigated for
remotely triggering on/off drug release by opening/closing the pore
network via NP aggregation/de-aggregation or heating/cooling upon
switching a direct or alternating current magnetic field [106-109].
Moreover, a photocleavable drug-NP linkage enabled on-demand drug
release from a hydrogel upon ultra-violet (UV) irradiation [110].
Overall, light-activated drug release offers the greatest temporal control,
but activation and application are limited by the depth of light pene-
tration in tissue and/or biomaterial. Activation by electric current ex-
hibits lower temporal control and may require invasive electrical
contacts. Magnetically activated drug release may offer the best balance
of temporal control without a limit on the depth of tissue penetration.
In addition to acting as triggering mechanism to release conjugated
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therapeutics in the scaffold system, advancement in nanomaterial
fabrication has created new “smart” nanocarriers that can have dual
function as a drug carrier with on-demand release mechanism. For
instance, nanochain structure comprised of magnetic nanospheres and
doxorubicin-loaded liposome has displayed effective therapeutic
behavior in tumor treatment [111]. Within these nanostructures, the
magnetic NPs act as on-demand trigger mechanism to release the ther-
apeutics incorporated in the liposome. As a result, they represent a new
strategy to effectively control drug release for TE applications, provided
that they can be effectively embedded within the scaffold matrix.

3. Noninvasive methods to monitor delivery and release of
therapeutics from scaffolds

In addition to therapeutics, smart electronic materials, such as QDs
[112], fluorescent sensitive semiconductors [113], or X-ray sensitive
materials like gadolinium based molecular agents [114], can be also
embedded within scaffolds, thus enabling the in vivo (or in vitro) tracking
of the efficacy of drug delivery as well as the tissue/organ regeneration
[115]. Typically, these materials can be incorporated in the scaffolds via
a combination of surface conjugation, direct, and blended loading
techniques depending on the surface functional groups of the polymer
scaffolds and the molecular tracking agents, which also allows for the
formation of scaffolds in various geometries. Consequently, an exciting
prospect in the intersection between TE and drug delivery is the devel-
opment of “organ-on-chip” platforms [116] which combine both ther-
apeutics and diagnostics in a single platform, to rapidly decrease the cost
of drug discovery process. A variety of imaging modalities have been
adapted to monitor the drug-laden scaffold systems both in vitro and in
vivo (Table 1).

3.1. Computed tomography (CT) techniques

CT is a noninvasive imaging technique with rapid acquisition time
and high resolution, thus, allowing for more accurate monitoring of
release kinetics [126]. A variety of CT molecular agents such as gado-
linium and iodine contrast agents are commonly used in TE scaffolds to
monitor and quantify the release behavior of therapeutics. Gadolinium
is an FDA-approved contrast agent that is often used because it has a low
detection limit, provides high relaxivity, and low toxicity for magnetic
resonance imaging (MRI) [115,127-129]. Gadolinium can be used to
quantify the integration and degradation of implanted hydrogel scaf-
folds in real time and without sacrificing samples [129,130]. Further-
more, gadolinium has shown potential in theranostic (therapeutic and
diagnostic) applications via loading into core-shell fibers [131]. Using
single photon emission CT (SPECT), iodine labeled BMP-2 pharmaco-
kinetics and release profiles from bone tissue scaffolds were quantified
[117,132]. The iodine-BMP conjugates have been imaged via micro-CT
to monitor bone formation [117,132]. For cartilage tissue regeneration,
cationic contrast agents (e.g., CA4+) are typically used because of their
ability to increase X-ray signal attenuation [133-135]. This has been
particularly useful in monitoring and quantifying changes in GAG con-
tent [133,135].

In addition to the molecular contrast agents, other compounds such
as AuNPs [118,136] and a wide variety of other NP compositions con-
taining high atomic number elements [137] can function effectively as
contrast agent for X-ray CT [137,138]. For example, X-ray contrast of
agarose and alginate scaffolds was enhanced by encapsulating Gd2Os3,
ZrOj, Bi, and ZnO NPs. Gd;03 NPs were used to noninvasively and
longitudinally monitor the scaffold volume at high resolution after im-
plantation [139]. AuNPs were covalently linked to collagen scaffolds to
enable non-invasive, longitudinal, and volumetric X-ray imaging [85].
The scaffold degradation kinetics and AuNP release measured by CT
during enzymatic degradation exhibited high precision as validated by
chemical spectroscopy. In another study, incorporation of AuNPs into
gelMA bioinks resulted in enhanced X-ray attenuation of 3D bioprinted
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Table 1
Various imaging modalities used to monitor/quantify drug delivery and release in 3D scaffolds.
Imaging modality Scaffold system Therapeutic Experimental conditions Reference
Single photon Polypropylene s . . . .
. BMP-2 labeled with iodine Scaffold with therapeutics was implanted in a rat model [117]
emission CT fumarate
uCT GelMA Au nanoparticles (NPs) Scaffold was 3D printed in a gelMA-Au bioink [118]
4CT GelMA ar}d . Au NPs Scaffold \fvas 3D printed u.smg me:chacrylate-modlﬁed gf)l.d [119]
hyaluronic acid nanoparticles covalently linked with methacrylate-modified hydrogels
MRI Polyvinylidene Superparamagnetic iron oxide NPs PVDF containing SPION encapsulation was implanted in human to 11201
fluoride (PVDF) (SPIONSs) treat hernia
MRI Gelatin sponge (GS) SPIONS .Sca.ffold containing SPIONSs loaded gelatin sponge was implanted in the [21]
incisor sockets of Sprague-Dawley rats
- . . Iron oxide NP or manganese oxide nanoparticles coated with
MRI Poly(propylene Doxorubicin C(.)ated tron Ox,lde (IONP) or doxorubicin were absorbed/mixed with the scaffold and their release [122]
fumarate) (PPF) manganese oxide nanoparticles (MONP) L X
kinetics was measured with MRI
Photoluminescence Polyethylene Glycol Doxorubicin (DOX) with silver sulfide DOX was loaded into PEG-coated Ag>S QDs through hydrophobic- [123]
(PL) (PEG) (Ag>S) quantum dots (QDs) hydrophobic interactions
PL PEG Fluorescein-5-carboxyamido hexanoic Fluorescein labelled PEG was implanted in mice model and the [124]
acid degradation of PEG hydrogel was monitored in vivo using PL technique
Modified alginate hydrogel seeded with MG-63 cells was developed by
PL Alginate hydrogel Rhodamine RGD peptide graft and gelatin microspheres labelled with rhodamineto ~ [125]

monitor the degradation kinetics of microspheres

scaffolds. The functionalized scaffold system demonstrated adequate
cell support and potential for use as implant for bone regenerative
therapies [118] (Fig. 6). Further, AuMA NPs were recently used to
prepare both conventional photopolymerized hydrogels and 3D bio-
printed tissue scaffolds [119]. Fabricated scaffolds with tunable X-ray
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contrast enabled noninvasive, longitudinal monitoring of their place-
ment, degradation, and NP release via micro-CT. It is noteworthy that
several of the imaging efforts described here do not directly assess the
drug delivery/release, instead, they monitor the degradation of the
scaffolding systems and the resulting leakage of imaging probes.

Fig. 6. Enhancing X-Ray attenuation of bioprinted
gelatin methacrylate (gelMA) scaffolds using gold
nanoparticles (AuNPs) for bone tissue engineering
applications. A: Assessing in vitro biocompatibility (i),
mechanical properties (ii), and pCT imaging proper-
ties (iii) of gelMA hydrogels containing varying levels
of AuNPs at different sizes (pre-printing). B: The
schematic illustration of 3D bioprinting gelMA (i) and
gelMA-Au (ii) scaffolds. The insets show the color
change in printed scaffolds as a result of AuNP
incorporation in the bioink. C: Colorimetric quantifi-
cation of DNA content in ng/mL (i), alkaline phos-
phatase (AP) activity (ii), and concentration of
deposited calcium (Ca) (iii) after 28 days of in vitro
culture of mesenchymal stem cells (MSCs) onto the
gelMA and gelMA-AuNP scaffolds (n = 5 pe group). *:
p < 0.05, **: p < 0.01. D: puCT images of the rat
condyle defect in untreated state (i-ii) and after im-
plantation of gelMA (iii-iv) and gelMA-AuNPs (v-vi)
scaffolds along the transverse and coronal plane. vii:
Measured radiopacity of gelMA and gelMA-AuNP
hydrogels in comparison to the bone tissue. Adapted
with permission from [118].
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Utilizing molecular or NP based CT contrast agents, attached to
therapeutics, to monitor their release, however, face several challenges.
Certain chemical elements can have strong affinity with specific organs
in the body, thus resulting in local tissue damage or toxicity due to the
large local accumulation of the contrast agents at specific site in the
body after detachment [140]. Specifically, iodine exhibits large affinity
to the thyroid gland which can potentially lead to toxicity at large
concentrations [117]. Thus, it is important that contrast agent concen-
tration is carefully adjusted to accurately measure the release kinetics
while reducing the cytotoxicity following the implantation in vivo.

3.2. Magnetic resonance imaging (MRI)

MRI has been an advantageous in vivo tracking method due to its
minimal invasiveness and high temporal spatial resolution [115,141].
Although, slow acquisition times in MRI can result in tissue damage due
to the long exposure time [126]. To further enhance the image resolu-
tion, a wide range of molecular systems, such as gadolinium, have been
used as contrast agents. When incorporated in a PCL composite scaffold,
gadolinium enhanced the contrast of MR image acquisition and allowed
for real time imaging of bone regeneration [142]. The addition of gad-
olinium for enhancing MR images has also been used to quantify
glycosaminoglycan (GAG) content in hydrogels, which is crucial for
cartilage regeneration [143-145]. Gadolinium contrast agents used for
MR imaging face, however, a major drawback as they tend to have
chelate structure. Tight covalent grafting of gadolinium chelate to the
hydrogel scaffold could result in large retention in the human body
[146]. As a result, large concentration of gadolinium can lead to prob-
lems such as systematic fibrosis or retention in brain, thus, limiting their
clinical application [147].

The most common NP contrast agents for MRI are SPION (Fe304) and
Gd,0O3 NPs, which provide strong (negative) T, and (positive) T
contrast, respectively [148]. SPIONs were encapsulated within poly-
vinylidene fluoride (PVDF) textiles to produce MRI-visible scaffolds
[120,149,150] that are used clinically for hernia and pelvic floor repair.

= o

Nanoparticle Doxorubicin

suspensi][ in water
(¢ ‘J

A
Pk

Poly(Propylene Fumarate)

P, o

Surface coating with
Doxorubicin carrying
nanoparticles

porous PPF scaffold
(5 mm in thickness)

Pre-mix of Dox-
nanoparticle inside
the PPF scaffold

Drug release study
Drug efficacy test

|

=

MR imaging of the each @r @ @
tube to quantify the
released Dox-nanoparticle @ @ O

Incubation of
scaffolds in a PBS
at the physiological
condition

conjugates
with cancer cells

/

Cancer cell killing assay

°°0°<)oxorubicin
[ ) Magnetic
nanoparticles
(e.g. iron oxide

or manganese
oxide)

Incubation of scaffolds

Journal of Controlled Release 349 (2022) 143-155

Noninvasive, longitudinal monitoring of scaffold degradation and/or
drug release by MRI was enabled by SPIONs encapsulated within photo-
crosslinked polypropylene fumarate [122], gelatin [121] and cellulose/
silk fibroin [151] scaffolds, or covalently linked to collagen scaffolds
[84], which were released upon hydrolytic or enzymatic degradation,
respectively (Fig. 7). Infection-resistant MR-visible scaffolds were also
engineered by incorporation SPIONs into type I collagen gel scaffolds for
both in vitro and in vivo monitoring of cardiac patch constructs [152].
Further, a new generation of damage-specific, hyperelastic bone scaf-
folds, loaded with SPIONs, were 3D bioprinted and used to repair large
non-healing bone fractures in the rat model [153]. MR contrast agent
NPs can be also used in conjunction with other therapeutics. For
example, iron oxides-laden PLGA MPs (0.4 — 3um) were synthesized as a
potential for cell targeting therapies. Xu et al. demonstrated that cell
internalization of the MPs did not compromise cell viability or pheno-
type while enhancing MR parameters to localize and measure the release
[154].

3.3. Photoluminescence (PL)

Fluorescence detection is a non-invasive multichannel imaging
technique that can be used to monitor drug release kinetics. This is
typically accomplished using molecular drug-fluorophore conjugates,
semiconducting quantum dots (QDs), or bioluminescent microRNAs.
Specifically, common organic fluorescent molecules like fluorescein and
rhodamine have been used widely to monitor the degradation of
different hydrogel scaffolds like PEG [155] and alginate [125] hydrogel.
In addition, fluorophores can be readily volume-loaded within silica NPs
[156] or a silica shell on an NP core [157] to achieve a greater payload,
solubility, and stability compared to surface conjugated fluorophores.
Upconversion NPs have also enabled non-invasive fluorescence imaging
of hydrogel scaffolds [102] and their degradation via NP release
[158,159].

QDs are fluorescent semiconductor crystals on the nanoscale with
unique optical properties due to their size and structure. QDs exhibit
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Fig. 7. Multimodal imaging of controlled drug release from 3D poly(propylene fumarate) (PPF) scaffolds. A: Schematic illustration of the biofabrication approach of
PPF scaffolds and loading the drug-coated NPs. B: Quantitative analysis of drug release using MRI (T2 relaxation) signal of control (empty) scaffold (B), and PPF
scaffolds coated with iron oxide NPs (IONPs) (C). D-E: MRI T1 relaxation map of control (D) and PPF scaffolds coated with manganese oxide NPs (MONPs) (E). All the
MR data were acquired 48 hrs post incubation in PBS at 37°C. F-G: Plots of 1/T2 (F) and 1/T1 (G) relaxation vs. the incubation time for each scaffold group.

Reproduced with permission from [122].
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high photostability, brightness, size-tunability, and versatile surface
chemistry that make them an attractive platform for studying drug de-
livery and release [160-163]. Most traditional fluorophores are highly
susceptible to photobleaching which limit the intensity and duration of
light exposure. In contrast, the superior photostability and brightness of
QDs enable real-time imaging of drug delivery for long periods of time
[123,164]. For example, Field et al. developed a multicomponent, QD-
based drug system that can intracellularly release drug cargo upon
addition of an extracellular trigger [165]. Here, QDs function as a
Forster resonance energy-transfer (FRET) donor to attached dye/drug
acceptor and increase photoluminescence (PL) upon drug conjugate
release, therefore, facilitating real-time visualization of drug delivery
into the cytoplasm. A major disadvantage which limits the applications
of QDs is the potential cytotoxicity [161,166]. To overcome this chal-
lenge, QDs can be coated and passivated with shell or peptides and
polymers to improve biocompatibility [165,167]. More recently,
carbon-based QDs have been developed such as carbon QDs (CQDs) and
graphene QDs (GQDs) that are biologically benign while maintaining
superior photoelectric properties [168,169]. In addition, CQDs have
been used in different therapeutic applications such as tissue engineer-
ing and cancer therapy [170]. For instance, sodium alginate-
hemoglobin-CQDs hydrogel was applied to the bacterially infected
wound area and the wound healing process was monitored under UV
light conditions to monitor the changes in pH level (Fig. 8). The emission
wavelength changed from green to blue after several days, due to the
decreasing pH level because of the reduction of bacterial quantity
through the Fenton, indicating that CQDs accelerated skin regeneration
through better antibacterial activity.

For certain preclinical and clinical applications which require high
biocompatibility, using fluorescently tagged microRNAs can provide a
tool to study in real-time the effect of the microRNA on inducing
vascular and bone regeneration [171]. Self-assembling peptides are
amino acid sequences that form a variety of nanostructures and can
deliver growth factors or drugs [172-174]. Release is regulated by
tuning the peptide’s sensitivity to pH, temperature, and light [172].
These peptides can be monitored and quantified via immunohisto-
chemistry, fluorescent microscopy, and ELISA assay [173,174]. Lastly,
the addition of luciferase and GFP to a collagen matrix has shown to be
successful to perform longitudinal survival studies of implanted car-
diomyoblast cell grafts [175]. These factors are biocompatible and can
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be monitored by fluorescent microscopy and immunohistochemistry,
making them attractive additive to the TE scaffolds [175].

In summary, fluorescence imaging is indispensable in preclinical
research, but has limited potential for clinical translation to humans due
to the depth of light penetration being <1 cm even with NIR. Thus, NP
probes for MRI and CT, which are not limited by tissue penetration, are
critical for clinical translation. MRI offers greater sensitivity and does
not expose the patient to ionizing radiation, but CT offers greater
spatiotemporal resolution, lower cost, and wide availability. NP probes
designed for multi-modal imaging can offer the benefits of both fluo-
rescence and MRI or CT. It should be noted that in addition to imaging
techniques reviewed here, several non-imaging techniques can be
employed to assess and quantify drug release, such as sample and
separate method (quantifying the supernatant, for in vitro release [176])
and blood test (for in vivo release [177,178]). These techniques, how-
ever, do not allow for in-situ monitoring of therapeutics release from the
scaffolds and hence, are not the focus of this review.

4. Conclusions and future directions

In this review we outlined recent advancements in TE and drug de-
livery through several key progresses made in different areas of nano-
and bio-technology, including smart biomaterials, bioactive drugs, and
cell biology. These major advancements have resulted in the develop-
ment of a new generation of functional scaffolds with increasingly pre-
cise spatiotemporal control of drug release to enhance the efficacy of
tissue regeneration and cell signaling at the disease site. Moreover, the
versatility in materials and architectures of scaffolds and therapeutic
carriers has opened a new frontier of patient and damage/disease-
specific regenerative therapies.

While significant progress has been made in different areas of
scaffold-based drug delivery and noninvasive imaging of therapeutics in
diverse TE applications, several challenges still hinder successful clinical
translation. Considering the hydrophilic nature of hydrogels, the
required hydration can provides practical challenges such as steriliza-
tion or storage condition for smart hydrogel scaffolds as drug delivery
vehicles [179]. With respect to imaging of hydrogel structures via mo-
lecular agents, a number of technical challenges need to be addressed.
An important challenge with the current contrast agents is that a critical,
typically high concentration is required for imaging sequences.
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Fig. 8. Injectable self-crosslinking hydrogels consisting of hemoglobin (Hb), carbon quantum dots (CQDs), and sodium alginate (SA) for cancer therapy. A: Schematic
illustration of synthesis of SA-Hb-CQDs. B: Establishment of postoperative tumor model and the corresponding status of wound. C: TEM images of CQDs. D: Pho-
toluminescence (PL) spectra of CQDs. E: H&E images of the skin tissue samples of S. aureus infected wounds of mice after treating with samples at days 2 and 8. F:
Dynamic fluorescence imaging of SA hydrogel containing indocyanine green-Hb-CQDs assembly in treated mice. G: Tumor volume change data. Reproduced with

permission from [170].
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Proposed strategy to overcome this problem is to use multiple relaxation
agents, e.g., EP-2104R containing 4 Gd-DOTA chelators [180], to over-
come the problem of low efficacy of using just a single metal ion chelate
bonded to the target vector. However, this method can itself face chal-
lenges with the synthesis. NP contrast agents have demonstrated great
potential by enhancing the contrast due to their size and functionality,
thus allowing for a large payload to be delivered to the target site
[181,182]. A great concern for clinical translation is the toxicity at large
concentration since the NPs cannot be entirely eliminated from the body
[183,184].

In the case of NP-based drug delivery vehicles, another overlooked
factor in the nano-bio interface is the formation of protein corona layer,
i.e., the layer of biomolecules that forms on the surface of nanosized
materials after their interactions with biological fluids. Protein corona
on the surface of NPs can significantly alter the NP-cell interactions/
uptake and, hence, the drug release profile of the nanocarriers
[185,186]. Another challenge that may have important impact for
clinical applications is the ability to control the release of different drugs
using different delivery mechanisms with precise control throughout the
lifetime of the system [187]. Biological sex also plays a significant role in
the cell-(nano)biomaterials interactions and composition of protein
corona, hence, causing substantial differences in the (nano)bio-
materials’ safety and efficacy in clinical applications [188-191]. A full
consideration of the role of sex in the controlled release and drug de-
livery of nanocarriers enable researchers to design safer and more effi-
cient nano-based drug delivery systems.

While these many challenges still exist, drug delivery in TE has begun
to gain early adoption from the pharmaceutical industry. Different drug
delivery encapsulated platforms have entered the market, most notably
the Medtronic’s INFUSE and MASTERGRAFT, as scaffold systems that
can release BMP-2 drug for bone regeneration [187]. DEXTENZA
developed by Ocular Therapeutix is another hydrogel system that can
release dexamethasone after implantation for ocular treatments, which
has just been recently approved by FDA [192]. The advent of new tissue
biomanufacturing technologies, such as 3D bioprinting, has enabled
fabrication of personalized and multi-functional TE scaffolds which
would be of particular significance in the drug delivery and multi-
contrast scaffold imaging applications [193]. Incorporation of multiple
imaging contrast agents within engineered scaffolding system would be
highly attractive, as it would enable simultaneous, longitudinal, and
noninvasive monitoring of multiple functions of implanted scaffolds,
such as the graft location/integration, blood perfusion, and drug release.
With increasing understanding of how materials interact with tissue at a
cellular level and advancements in disease-specific therapeutics like
genetic nanomedicine, the new generation of scaffold-based delivery
vehicles will not only overcome the shortcomings of conventional
medicine but also establish a new paradigm of affordable and person-
alized medicine for the general public at a global scale.

Commercialization and translation of TE medical products would be
greatly aided by the ability to non-invasively monitor the scaffold sur-
gical placement, degradation and integration with the host tissue, and
drug release, during both preclinical development and clinical applica-
tions. Such efforts would greatly decrease the burden (both financial and
animal use) in preclinical regulatory testing phases.
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