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Abstract

Tissue engineering strategies, notably biomaterials, can be modularly designed and tuned to
match specific patient needs. Although many challenges within tissue engineering remain, the
incorporation of diagnostic strategies to create theranostic (combined therapy and diagnostic)
biomaterials presents a unique platform to provide dual monitoring and treatment capabilities

and advance the field toward personalized technologies. In this review, we summarize recent
developments in this young field of regenerative theranostics and discuss the clinical potential and
outlook of these systems from a tissue engineering perspective. As the need for precision and
personalized medicines continues to increase to address diseases in all tissues in a patient-specific
manner, we envision that such theranostic platforms can serve these needs.
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Introduction

In 2017, the National Academy of Engineering identified the need to engineer better
medicines as one of the fourteen grand engineering challenges [1]. This call for the
development of precision and personalized medicines to diagnose and tailor therapies
toward individual patient biology has been echoed in recent years as the next frontier of
medicine [2,3]. Tissue engineering strategies can be used to address patient needs through
the rational design of biomaterials that promote tissue-specific functions in the body [4].
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In particular, these strategies can drive in situ tissue engineering by leveraging the body’s
innate cellular populations to drive this regeneration without ex vivo cell manipulation

[5]. Tissue engineering still faces many challenges [6-9], notably the difficulty to monitor
treatment processes. Personalized medicine technologies capable of monitoring and tracking
treatment efficacy and disease conditions are vital to ensure their success. By integrating
diagnostic modalities with a therapeutic biomaterial, theranostic biomaterials present an
opportunity to integrate precision medicine with tissue engineering [10]. Precisely, these
platforms can noninvasively monitor engineered tissues of interest in real time while
providing therapeutic cues to promote regeneration and repair. In this review, we examine
recent efforts to design theranostic systems for tissue engineering applications, categorized
by their material form factor as particles, scaffolds, and cellular or biomolecular platforms.
In the following sections, we review the current state of these regenerative and diagnostic
platforms.

Nanoparticle and microparticle platforms

Nanoparticle (NP) systems are among the earliest theranostic systems, dating back to the
early 2000s as imaging and delivery systems for photodynamic therapies [11,12]. Since
then, significant advances have been made in designing NPs for regenerative medicine [13].
These systems hold immense promise in serving as platforms that advance regenerative
medicine through treatment and real-time monitoring. Here, we highlight exciting advances
in the design and implementation of NP systems to serve dual functions as therapies and
diagnostics in tissue engineering (Figure 1).

Superparamagnetic iron-based metal oxide NPs (SPIONSs) have broad implications in
various regenerative engineering strategies by delivering cargos to tissues and cells while
enhancing magnetic resonance imaging (MRI) signaling contrast to monitor drug therapies,
cell migration, and cell viability at sites of interest. This platform served as a promising
theranostic when functionalized with micro-ribonucleic acid (miRNA) and small interfering
RNA (siRNA) to protect pancreatic islets and increase insulin levels while improving MRI
diagnosis of cell viability /n vivo [14]. Additional work has shown the ability of SPIONSs to
monitor immune cells and induce cholesterol efflux via high-density lipoprotein coatings

to reduce atherosclerosis plaques [15]. More recently, Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-CRISPR associated (Cas)9 gene editing systems were
coated on SPIONs and delivered with guide RNA and donor RNA into cells 7n vitro,
demonstrating a promising alternative strategy to traditional transfection approaches [16].

In a similar approach, Zhang et al. [17] developed SPIONSs coated with nanoscale graphene
oxide to label dental pulp stem cells and organize cell sheets and growth factors into various
patterns using magnetic fields for improved bone formation /n vivo. The magnetic NP-based
system used in these studies can have extended use in MRI diagnostic systems for other
intracellular delivery applications. In another set of studies, the intrinsic magnetic properties
of NPs were leveraged to manipulate cell fate and monitor migration behavior. Singh et

al. [18] developed a novel microrobot platform derived from human hair, termed Hairbot,
that was coated with SPIONs for potential bone healing applications. Under magnetic
stimulation, the Hairbots induced osteogenesis of mesenchymal stem cells and enhanced
ultrasound imaging via the empty medullary cavity within the hair. In addition, Hairbots
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could be loaded with doxorubicin and exhibited sustained release and subsequent cell death,
highlighting their therapeutic potential in other clinical applications [18]. Interestingly,
Sejesh et al. [19] were able to demonstrate that iron-doped nano hydroxyapatite magnetic
NPs could emulate SPIONs and provide adequate T2-weighted MRI contrast that allowed
for evaluation of cell migration and matrix deposition overtime in rat calvarial bone defect
models. Although these studies highlight the most recent efforts in regenerative theranostics
using iron-based metal oxide NPs, readers are referred to another comprehensive review that
highlights their role in clinical practice [20].

In addition to SPION-based systems, other NP platforms have also demonstrated theranostic
potential in a variety of tissue engineering applications. Gold NPs (AuNPs) have shown
promise for such systems as the tunability of their surface chemistry facilitates specialized
loading of cargo while the particles themselves can function as contrast agents for computed
tomography (CT) or near-infrared (NIR) imaging. These systems have demonstrated recent
success in gene delivery for musculoskeletal repair [21] and in delivery of therapeutics

to combat acute liver failure [22]. Lee et al. [21] developed one such system described

as CRISPR-Gold, using an AuNP core conjugated with donor DNA to load guide RNA—-
Cas9 complexes. This complex was encapsulated in a cationic polymer, promoting cellular
uptake and endosomal escape of CRISPR-Gold. This system demonstrated efficient delivery
with minimal off-target editing, decreased muscle fibrosis, and promoted the full functional
expression of dystrophin in mouse models of Duchenne muscular dystrophy [20]. Other
inorganic particle systems capable of NIR visualization have also shown efficacy in targeting
and delivering therapeutics to tissues of interest [22-25]. One study showcases the ability

of multifunctional quantum dot—based systems to track and monitor cardiovascular disease.
In this system, quantum dots were encapsulated alongside an antithrombotic agent within

a peptide NP shell based on simian virus 40. By including peptide sequences to target
components of atherosclerotic plaques, NIR fluorescence of the quantum dots allowed them
to visualize the location and maturity of plaques while also facilitating localized delivery of
therapeutic molecules [23].

Polymer NPs present a class of highly modular synthetic platforms that can be engineered
for regenerative medicine and diagnostics. The tunability of polymer chemistry alongside
the potential for postsynthesis modification allows for a myriad of approaches to

target, treat, and visualize tissues and cells of interest [26-32]. One interesting trend
observed in polymer NPs is their use as a photoacoustic contrast agent. In one study,
ketalized maltodextrin NPs served as an ultrasound contrast agent in acidic inflammatory
conditions through hydrolytic degradation and production of carbon dioxide bubbles. This
system also demonstrated a pH-responsive delivery of anti-inflammatory therapeutics to
minimize hepatic damage [27]. Other NP systems have similarly harnessed the potential

of photoacoustic imaging for antithrombotic therapies and rheumatoid arthritis, allowing
for real-time monitoring of disease progression throughout the time course of treatment
[27,28,30,31]. Chen et al. [28] demonstrated this very nicely with their polymer nanoprobe
system, conjugating an antirheumatic antibody to target and treat arthritic joints (Figure 2a).
Disease progression was monitored over the course of months using NIR-I1 photoacoustic
tomography, with results consistent with traditional clinical micro-CT approaches [28].
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Microbubbles are a unique class of particles that also harness photoacoustic properties

and have recently demonstrated theranostic potential for tissue engineering [33]. These
colloidal systems composed of amphiphilic molecules can carry essential nutrients or
therapeutic molecules to regions of interest, while their gaseous core also serves as a
contrast enhancer for ultrasound-based imaging and therapies [34,35]. For example, in one
study, microbubbles with fibrin-targeting peptide sequences allowed for the monitoring

of surgical adhesion sites and enabled disruption of fibrin clots without the need for a
secondary surgery [36].

Scaffolds and hydrogels

Scaffolds have been a key strategy for tissue engineering ever since the field was first
coined around the 1990s [37]. This broad class of materials provides structural support
and biochemical signals to cells to promote native tissue growth and regeneration [38,39].
However, there are limited ways to noninvasively evaluate the success of these scaffolds 7in
vivo within the context of their degradation and interaction with native tissue. We will now
explore recent approaches to incorporate diagnostic modalities into scaffolds, allowing for
real-time monitoring and imaging to assess the functionality of these constructs and their
surrounding tissue (Figure 3).

Collagen and other natural polymers, such as gelatin and hyaluronic acid (HA), are
extensively used as scaffolds owing to their biocompatibility and ability to closely
recapitulate native tissue structures and biophysical cues. Recent work has shown that
incorporating diagnostic monitoring with these materials does not impede their functionality
and enables noninvasive tracking of degradation and incorporation into native tissues
[40,41]. The incorporation of SPIONs as an MRI contrast agent in these natural polymer
scaffolds has been a recent trend [41-43]. Composite gelatin and SPION scaffolds
demonstrate promise and show synergistic effects that achieve greater new bone growth
than control gelatin scaffolds [41]. Furthermore, drug release from AuNPs and degradation
of collagen scaffolds can be monitored in real time through the inclusion of SPIONs,
highlighting the potential for such scaffolds to function as corneal implants (Figure 2b).
Incorporation of these modalities affects neither the optical clarity of these scaffolds nor
cellular function, while successfully being able to monitor drug release for up to 60 days
via MRI transverse relaxivity mapping [42]. In an alternative approach, Janke et al. [40]
used a novel hemin—L-lysine complex as an MRI contrast agent to label type I collagen—
based scaffolds of various morphologies. These scaffolds showed excellent biocompatibility
in vivo and enhanced MRI contrast over twelve weeks compared with their unlabeled
counterparts [40]. In addition, other imaging modalities have been incorporated into natural
polymer scaffolds. Tunable HA and gelatin scaffolds modified with fluorophores for
multispectral NIR imaging can monitor neural proliferation and track scaffold degradation
while recapitulating native brain tissue composition [44]. Another study also expanded the
abilities of injectable HA systems for cardiac applications by loading and retaining the CT
contrast agent lohexol to improve guided injection and prolong detection of infarcted tissue
(Avendano et al. Abstract 14819, AHA Scientific Sessions, Philadelphia, November 2019).
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Beyond natural polymers, ceramic and synthetic scaffolds can also incorporate imaging
agents to allow for monitoring of tissue regeneration. Although ceramic-based systems

are often used in scenarios involving mineralized tissue regeneration, they provide

limited contrast between the material and mineralized tissue, which prevents accurate
engraftment monitoring. One study aimed to address these limitations through the use of
calcium phosphate cement labeled with fluorine isotope—loaded poly(lactic-co-glycolic acid)
(PLGA) NPs and AuNPs to provide MRI and CT contrast, respectively, without affecting
bone formation [45]. Of particular interest for therapeutic strategies, the incorporation of
SPIONs can synergistically improve osteogenesis [17,18,41,45,46]. Hao et al. [46] found
that nanofibrous composite scaffolds of poly(lactic acid), hydroxyapatite, and SPIONs
demonstrated the highest osteogenic enhancement with magnetic stimulation compared
with varying gelatin and polyurethane composite scaffolds with different microstructures.
Although this study did not address the composite scaffolds as diagnostic systems, it
provides a valuable pipeline for the development of future osteogenic scaffolds containing
SPION contrast agents for theranostic applications. Mastrogiacomo et al. [45] developed
SPIONs coated with AuNPs in a silica matrix functionalized with calcium phosphate
cements and Bone Morphogenetic Protein-2 to improve imaging and repair of mineralized
dentin tissue. The composite scaffold improved MRI and CT imaging ex vivo in human
molars as well as improved dentin repair and scaffold evaluation up to 7 weeks /in vivoin a
goat dentin defect model, highlighting the potential of such composite scaffolds for dental

pulp capping [45].

Using synthetic and natural scaffolds as a foundation, microelectronic systems have been
incorporated to synergistically monitor electrical signals and improve tissue function in
bioelectric organs. Feiner et al. [47,48] used electrospinning to create two generations of
flexible cardiac patch scaffolds with electrical signal monitoring. The first-generation system
used polycaprolactone nanofiber—coated microelectronics [47], with the group subsequently
switching to a biodegradable albumin nanofiber system with deposited gold electrodes in the
second generation [48]. These scaffolds promoted alignment and striation of cardiomyocytes
without impacting viability, with folded configurations of the scaffolds enabling sensing

and interactions between multiple layers of cells. In both scaffolds, electrodes provided
high-fidelity monitoring of extracellular electrical signals indicative of spontaneous cardiac
tissue beating. Furthermore, the presence of electroactive polypyrrole on these electrodes
enabled the release of negatively charged drugs upon stimulation without interfering

with cardiomyocyte function, enabling remote treatment of cardiac dysfunction based on
measured cardiac performance.

Cell and biomolecular platforms

Cells are complex in nature and create a plethora of endogenous biomolecules that maintain
their function and survival and allow communication between other cells. As such, cells,
biomolecules, and extracellular vesicles (EVs) are powerful paradigms to help recover
function of damaged tissues in situ without relying on host-driven regeneration [49,50].
Significant advances have been made in cell and biomolecular platforms from a therapeutic
standpoint [51], but it remains very difficult to monitor their functionality and precisely track
these systems /n vivo for extended periods of time. Intrinsic and extrinsic imaging agents
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have recently improved the therapeutic efficacy and diagnostic capabilities of transplanted
cells and their derived factors by modifying their core architecture. Here, we review recent
innovations that show how cellular and biomolecular tools have been leveraged to track and
evaluate cell therapies (Figure 4).

Cellular therapies are uniquely positioned as theranostics to be genetically modified for
the production and expression of imaging markers without compromising normal cellular
function. These systems have demonstrated the capacity to monitor cell engraftment and
differentiation upon transplantation [52-54]. In one such study, lentiviral transduction
drove the expression of a radionucleotide sodium iodide symporter gene in human-induced
pluripotent stem cells without affecting the differentiation process to hepatocyte-like cells.
This allowed for live-cell tracking via Single-photon emission computerized tomopgrahy
(SPECT)/CT after injection without any impact on cell survival /n vivo [53]. Similarly,
Morikawa et al. [52] established a dual green fluorescence protein/luciferase transgenic
rodent reporter system that allowed for visualization of the location and fate of labeled
stem cells isolated and transplanted from these reporters. Cells have also been labeled
through more traditional approaches, using microelectrodes to monitor neural stem cell
differentiation [55], fluorescent small molecules to identify pluripotent stem cells [56], and
micron-sized SPIONSs to visualize and monitor bioprinted cell tissues [57].

Beyond tracking cellular incorporation and differentiation, theranostics have also
demonstrated the ability to report biochemical and mechanical signals. These signals from
the microenvironment play key roles in regulating tissue function, and recent advances
have allowed for the identification and, in some cases, treatment of diseased tissue.

One such approach has used gene circuits to create cell-based biosensors [58,59]. Of

note, Smole et al. [58] designed an autonomous anti-inflammatory gene circuit, in which
inflammatory signaling was used to drive fluorescent reporter production alongside anti-
inflammatory proteins to minimize dysregulated and chronic inflammation. Treatment
with this gene circuit system in a murine model of colitis led to retention of healthy

tissue morphology through reduction of disease activity and minimization of inflammatory
damage [58]. Biomolecular sensors have also demonstrated microenvironment detection
capabilities, notably in the evaluation of mechanical strain. Shiwarski et al. [60] developed
a fluorescently labeled fibronectin nanomechanical biosensor to map strain on 3D surfaces,
including single cells, cell monolayers, and developing ovarioles in Drosophila. Notably,
this system was able to monitor cardiomyocyte beat frequency and regional dilation,
highlighting its potential to detect impaired force generation of dilated cardiomyopathy and
correspondingly guide regenerative therapies [60].

Exosomes and EVs have recently been harnessed as theranostics owing to their role in
paracrine signaling. These cell-derived platforms carry biomolecular cargo that can be
leveraged for regenerative purposes and labeled to determine their fate and therapeutic
efficacy. Stem cell-derived exosomes and EVs have demonstrated such therapeutic potential,
promoting angiogenesis and osteogenesis [61-63], as well as recovery from acute liver and
kidney injuries [64,65]. Cao et al. [64] used electrostatic interactions to label the negatively
charged lipid membranes of stem cell EVs with a novel positively charged fluorophore

and tracked these EVs through traditional fluorescence. These fluorophores demonstrated
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superior retention and tracking of EVs compared with commonly used EV dyes, with no
influence on the native EV structure and function and no cytotoxic effects /n vivo. EVs
could be tracked for 12 days and demonstrated anti-inflammatory and proliferative effects

in models of acute liver disease [64]. In a followup study, these EVs also demonstrated
renoprotective capabilities by preserving mitochondrial function while providing strong
spatiotemporal fluorescence resolution (Figure 2c) [65]. These studies highlight the potential
of cell-derived and biomolecular systems to not only improve tissue regeneration but also
serve as diagnostic modalities to monitor their distribution and toxicity.

Future perspective/conclusion

Engineered platforms with diagnostic and regenerative capabilities have advanced the ability
to monitor the repair of tissues of interest as well as biomaterial platforms and their
payloads, but many classical challenges of tissue engineering remain. As described in this
short review, the past several years have seen innovative development of novel theranostics
such as NPs, scaffolds, and cell-based platforms. These studies have largely focused on

the fabrication and characterization of these platforms, with some exploration into their

in vivo functionality. However, further work remains to ensure that these systems are
translatable. Theranostic platforms must be thoroughly investigated in preclinical models
with longitudinal studies to assess toxicity, engraftment, and regenerative capacity to ensure
adequate safety profiles for potential clinical use. These platforms must also demonstrate
extended functionality and retention, especially when treating chronic diseases.

The grand challenge of engineering better medicines remains unsolved. Additional
technological development and integration are needed to implement personalized
biomaterial theranostics at increasing levels of structural and functional complexity

for tissue engineering applications. Despite being a relatively young field, regenerative
theranostics boasts a significant amount of work showing the promising potential of these
systems in various applications, including bone defects, liver disease, cardiac dysfunction,
and pancreatic islet regeneration. In the long term, we envision that regenerative theranostics
holds immense potential as personalized medicine platforms, enabling patient-specific
treatment plans based on diagnostic output and improving patient outcomes.
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Figure 1. Theranostic nanoparticles and microparticles.
Nanoparticles and microparticles can be synthesized using a wide range of suitable

biomaterials ranging from metals and graphenes to polymers and lipids. These particles can
be functionalized with targeting entities and loaded with therapeutic cargos for systemic or
localized delivery. The particles themselves can also serve as contrast agents for various
techniques such as ultrasound, bioluminescence, MRI, Positron emission tomography
(PET)/Single-photon emission computerized tomopgrahy (SPECT), and CT to achieve the
theranostic objectives. AuNP, gold nanoparticle; CT, computed tomography; MRI, magnetic
resonance imaging.

Curr Opin Biomed Eng. Author manuscript; available in PMC 2022 May 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kharbikar et al.

Bx C
@ Tx Cornea X Aogllea * Control

@ DAPIHSV  Bright field/HSV,

AIE-EV:
@, et

PDWeighted  R2-Map

of UR-kidney (x 10" a.u.)
5

Average fluorescence intensit

Time (hours)

Figure 2. Applications of theranostic nanoparticles, scaffolds, and cell-derived platforms.
(a.1) Schematic representation of a polymer nanoparticle (PNP) conjugated with an

antirheumatic targeted drug, tocilizumab (TCZ), for near-infrared (NIR) Il photoacoustic
(PA) imaging and treatment of rheumatoid arthritis (RA). (a.2) Maximum amplitude
projection PA (top) and micro-CT (bottom) images of RA animal forepaws at day 57

with and without TCZ PNP treatment (adapted with permission from Go et al. [27].
Copyright (2021) John Wiley and Sons.). (b.1) Representative images of cornea collagen
implants, gold nanoparticles (GNPs), and GNPs conjugated with acyclovir (ACV). (b.2)
Cross-sectional backscattered electron images of unmodified implants (Bx) and implants
with ACV-conjugated GNPs (Tx) (white arrows). (b.3). Immunostained herpes simplex virus
type 1 treated with Tx implants, Bx + ACV, or Bx. (b.4) Scans of Bx and Tx implants

with MRI in transverse relaxivity (R2), proton density—weighted, and transverse relaxation
(T2)-weighted modes with and without ACV (bottom arrow) (adapted with permission
from Moroni et al. [39]. Copyright (2021) John Wiley and Sons.). (c.1) Representative
transmission electron images of extracellular vesicles (EVs) without aggregation-induced
emission luminogens (AlEgens) and with AlEgens (AIE-EVS) (yellow arrowheads) to treat
renal ischemia-reperfusion injury (I/IR-kidney). (c.2) In vivo imaging of AIE-EVs in a
mouse model of acute kidney injury over 72 h. (c.3) Quantification of AlEgens and AIE-
EVs from the I/IR-kidney. (c.4) Micrograph for hematoxylin and eosin staining of kidney
sections on day 5 after treatment with AIEgens or AIE-EVs. Black arrowheads indicate
tubular protein cast and the necrotic area (adapted with permission from Saxena et al. [59].
Copyright (2021) American Chemical Society.). CT, computed tomography; MRI, magnetic
resonance imaging.
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Multifunctional Scaffolds and Mechanisms to deliver, track,
hydrogel with cells, ECM, nanoparticles, monitor, image, intervene and
targeting and therapeutic molecules modulate the therapy
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Figure 3. Scaffolds and hydrogel platforms.
Scaffolds and hydrogels can be made from a multitude of suitable biomaterials including

natural and synthetic polymers, components of the extracellular matrix, ceramics,

and metals. The scaffolds by themselves and in combination with engineered cells,
nanomaterials/micromaterials, and therapeutic molecules can be used as theranostic tissue-
engineered grafts. They, in turn, can track and monitor for any anomalies associated with
grafts, intervene by releasing therapeutic molecules, and perform the therapeutic course
correction. These real-time monitoring approaches guide the decision-making process of
whether to continue or discontinue the grafted tissue.
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Figure 4. Cell and biomolecular platforms.

Cells and biomolecules can be engineered to provide diagnostic output alongside their innate

biological capacity. This can be achieved by through genetic engineering in fluorescent
or radionucleotide reporters, building synthetic gene circuits, or using exosomes loaded
with intervening nucleotide sequences or proteins. These platforms allow for synchronous
diagnostics and autonomous regulation of corrective therapeutic actions.
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