
3D Engineered scaffolds of conjugated
polymers/metal organic frameworks
for biomedical applications

Amin Hosseini Sharifabad1,†, Roham Ghanbari2,†,#,
Mohammad Reza Saeb3, Ehsan Nazarzadeh Zare4,
Filippo Rossi5, Mehdi Salami-Kalajahi6,7

and Pooyan Makvandi8

Abstract
The extracellular matrix can be replicated by 3D scaffolds, providing a favorable environment for cell growth, prolifer-

ation, and differentiation. Despite their biocompatibility, biodegradability, and bioactivity, the poor mechanical strength

of 3D scaffolds limits their use for heavy loads. This creates a bottleneck in the supply of scaffolds with enhanced mech-

anical strength and all the previously mentioned characteristics. Conjugated polymers have emerged as a promising option

for 3D scaffold construction due to their electrical conductivity, adjustable surface qualities, and ability to transfer bio-

active molecules. Moreover, metal-organic frameworks (MOFs) are a rapidly emerging class of nanomaterials due to

their uniform porosity, excellent surface-to-volume ratio, variable and diverse configurations, as well as tuanble chemical

structures. While both conjugated polymer-based and MOF-based 3D scaffolds suffer from drawbacks such as low mech-

anical stability and possible toxicity, their combination is an imperative strategy to construct desirable 3D scaffols for bio-

medical applications. Specific examples of investigated conjugated polymer-MOF 3D scaffolds are provided in each area,

along with an explanation of their synthesis, fabrication method, and the physicochemical and mechanical properties.

Finally, the biomedical applications of conjugated polymers/MOF 3D scaffolds in tissue engineering and cancer theragnos-

tic are reviewed, along with current challenges and potential future directions are discussed.
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Introduction
Many of the traditional methods practised in biomedical
community have been suffered from the limited sensitivity,
long processing times, and non-specific responses. On the
other hand, advanced materials were found to be useful
not only for high surface specificity applications but also
for the detection of biomarkers.1 Scaffolds are a class of
sophisticated materials having a three-dimensional structure
that is frequently utilized in molecular bio-cellular research,
including but not essentially limited to tissue engineering,
drug development, and cancer cell culture. 3D scaffold-
based materials are crucial for reconstructing a variety of
anatomical abnormalities that can arise in tissues.2,3 The
self-assembly process, foam gas,4 freeze drying,5 electro-
spinning,6 and 3D printing7 are examples of conventional
methods used in fabrication of 3D scaffolds. When design-
ing a scaffold, one may face sterilization issues as well as
poor mechanical (stiffness, elastic modulus, etc.), physico-
chemical (surface chemistry, porosity, biodegradation,
etc.), and biological (cell adhesion, vascularization, bio-
compatibility, etc.) properties. However, their viability
from an economic standpoint give rise to the bioactivity
and functionality of 3D scaffolds, which itself serve as arti-
ficial matrices or frameworks with easily controllable size,
shape, porosity, strength, and the rate of degradation.8,9

Therefore, over time these renovation molds’ designs
have been experiencing revolutionary stages.8 For instance,
nowadays the scaffold must be created and constructed in a
way that become able to mimic the anatomical structure,
function, and biomechanics of the damaged tissue in
order to restore it.10 The 3D scaffold needs to have a tran-
sient resistance while preserving its mechanical
strength close to that of the surrounding tissue, external
loads, and stresses brought on by the development of new
tissue. It was demonstrated that certain mechanical charac-
teristics of the tissue, notably its stiffness, can regulate the
development of mesenchymal stem cells (MSCs).11,12

Scaffolds can be broadly categorized as ceramic,13

molecular,14,15 nanofiber,16 polymer,8,17 metal alloy,18,19

or composite20 depending on the kinds of chemicals or mate-
rials they contain. Biomedical science has recently become
interested in novel scaffolds that have low cytotoxic conse-
quences, can promote cell proliferation, and can be printed
in a lab setting.21 Scaffold mateials and their tunable develop-
ment can enhance differentiation, proliferation, and cell adhe-
sion while supplying mechanical, electrical, and biomedical
cues is a significant problem.22

A special family of organic compounds known as con-
jugated polymers is distinguished by their carbon back-
bone consisting of substitute single and double bonds.
Conjugated polymers produce delocalized π electrons as a
result of their overlapping p-orbitals, which makes them
suitable for a variety of intriguing commercial applica-
tions.23,24 Conjugated polymers, including polypyrrole
(PPy), poly(p-phenylene vinylene) (PPV), polyaniline
(PANI), polythiophene (PTH), polyfuran (Pfu), and
poly(3,4-ethylenedioxythiophene) (PEDOT), have gar-
nered interest because of their potential as scaffold

materials as well as their inherent mechanical flexibility,
tunability, ease of processing, affordability, and environ-
mental friendliness. Thus, conjugated polymers represent
a class of intelligent polymeric materials that offer a great
chance to create highly specialized, biocompatible, afford-
able, and useful biomedical devices. On the other
hand, poor control over the mobility, concentration, viscosity,
and presentation of bioactive compounds, as well as poor
mechanical and stability qualities, are issues that conjugated
polymers must deal with. Therefore, conjugated polymer scaf-
folds have low electrical conductivity and mechanical
strength, which may negatively affect the efficiency of
signal transduction and long-term tissue regeneration. As a
result, conjugated polymer hybrid structures have been devel-
oped through combination with other biomaterials,
like ceramics, natural polymers, and nanostructures.25–27

Over the past few decades, a great deal of efforts has
been made on metal-organic frameworks (MOFs), an
an intriguing family of porous organic matters made up of
coordination bonds between metal ion/cluster nodes and
functional organic ligands. MOFs have garnered significant
attention in biomedical applications due to their distinctive
properties. These include an extensive surface area,
straightforward synthesis processes, ease of surface modifi-
cation, customizable porosity, adjustable biocompatibility,
and suitable mechanical characteristics. In response to the
growing demand for MOF materials in medicine, advanced
MOF-based scaffolds with enhanced bio-relevant attributes
have been designed and fabricated. This progress can be
attributed to the rapid advancements in synthetic techniques
and surface modification strategies. MOFs are utilized
across various biomedical fields, including drug delivery,
bioimaging, antibacterial applications, and tissue engineer-
ing, facilitating the transport of therapeutic agents such as
drugs, nucleic acids, proteins, and dyes.28–30 Despite the
promising attributes of MOFs, their practical applications
in biomedicine are hindered by several inherent challenges.
MOFs are typically constructed from organic linkers and
metal ions, raising concerns about their biodegradability
and long-term biocompatibility. Studies have reported that
certain MOFs can induce inflammatory responses and
exhibit cytotoxicity in biological systems. Additionally,
the potential leakage of metal ions from MOFs poses tox-
icity risks, particularly in vivo. While MOFs are generally
considered stable nanostructures, they are susceptible to
degradation under physiological conditions. Exposure to
enzymes, pH fluctuations, and changes in ionic strength
can compromise the structural integrity and functionality
of MOFs, leading to reduced stability and efficacy in bio-
medical applications. Although MOFs possess high drug
loading capacities, precise control over drug release kinetics
remains a significant challenge. Factors such as MOF por-
osity, pore size distribution, drug physicochemical proper-
ties, and the targeted tissue or organ influence drug
release profiles. Despite efforts to tailor and optimize
these factors, most studies focus on specific MOFs or
drugs, with limited generalizability. The scale-up, reprodu-
cibility, and regulatory approval of MOFs for biomedical
applications pose additional hurdles. Scaling up MOF
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synthesis while maintaining reproducibility is essential for
commercialization. Moreover, the complex and time-
consuming regulatory approval process requires thorough
evaluation of MOF safety and efficacy before clinical trans-
lation. To overcome these challenges, researchers have
explored combining MOFs with other materials, such as
polymers, oxides, and ceramics. These hybrid materials
have demonstrated improved properties, including enhanced
biocompatibility, stability, and drug delivery capabilities.

Despite some challenges associated with the use of
either MOF-based or conjugated polymer-based scaffolds
individually in biomedical applications, their combination
with other complements can offers a promising solution
to their limited structural stability in aqueous media.
Conjugated polymers suffer from low electrical conductiv-
ity and poor mechanical stability, which can be alleviated
considerably when they are amalgamated with MOFs.
Typically, the role of MOFs is to provide the scaffold
with structural support by which improving its electrical
conductivity, and thereby the overall performance of the
scaffold. On the other hand, amalgamation of MOFs with
conjugated polymers makes the overall design of hybrid
material reasonable, along with improves the biocompatibil-
ity and biodegradability of conjugated polymer while redu-
cing its cytotoxicity. The synergistic integration of these
complementary materials introduces a hybrid scaffold with
improved properties for biomedical applications. However,
possible problems that may occur when using conjugated
polymer/MOF scaffolds include improper use of MOF por-
osity, insufficient scaffold stability, insufficient polymer con-
ductivity, or inappropriate interactions between polymers
and MOFs. It is believed that a precise control over scaffold
architecture, composition, and characteristics can be
achieved by fabricating 3D scaffolds based on conductive
polymers (CPs) and metal-organic frameworks (MOFs) by
using methods like electrospinning,31 gas foaming,32 freeze-
drying,33 and 3D printing.34 It is anticipated that further
developments in these manufacturing methods will increase
the potential uses and benefits of 3D conjugated polymer/
MOF scaffolds in regenerative medicine and other healthcare
fields. The goal of this study is to examine recent develop-
ments in the incorporation of conjugated polymers and
MOFs into 3D scaffolds for biological applications. Firstly,
the design of 3D scaffolds and their fabrication processes are
explained. Next, the mechanical, physicochemical, and bio-
logical characteristics of conjugated polymers/MOF scaffolds
are reviewed and discussed along with reports on their biocom-
patibility and toxicity. Medical applications are subsequently
presented, including tissue engineering, biomedical sensing,
biomedical imaging, photodynamic treatment, responsive
drug delivery, and photothermal therapy. Finally, recent find-
ings and future directions for the rapidly developing field of
MOF–polymer development are examined.

Fabrication methods of conjugated
polymers/MOFs 3D scaffolds
Both MOFs and conjugated polymers are fascinating mate-
rials with diverse applications spanning gas storage,

electronics, sensing technologies, and catalysis. The excep-
tional internal surface areas of MOFs, combined with their
chemically tunable structures and customizable pore archi-
tectures, keep them at the forefront of material science
research. Comprising metal ions or clusters linked by
organic ligands, MOFs offer a virtually limitless array of
porous frameworks due to the myriad combinations of
building blocks available. In fact, the fast-growing MOF lit-
erature has reported the discovery of over 20,000 structures
to date in the previous 30 years.35 Some of this MOF struc-
tures are reported in Figure 1(a). Conjugated polymers
represent a class of organic macromolecular compounds
with a carbon chain skeleton, consisting of one or more con-
jugated units joined by covalent link to form a substantial
π-bond (Figure 1(b)). Conjugated polymers exhibit signifi-
cant light-trapping ability and outstanding photophysical
properties due to their conjugated backbone,36 which is
formed of numerous electron donor-acceptor (D-A) repeat-
ing units, and their substantial π-electron delocalization.
The majority of conjugated polymers also have the benefits
of being inexpensive,37,38 simple to modify and functiona-
lize,39 biologically safe,40 and biodegradable.41 These
materials have special qualities that call for specific
approaches to be used when fabricating 3D scaffolds. In
fact, scaffolds of conjugated polymers and MOFs offer syn-
ergistic properties, combining the conductivity, optoelec-
tronic properties, and flexibility of polymers with the high
surface area, porosity, and chemical functionality of
MOFs. Given the potential for developing conjugated poly-
mers and MOFs to advance 3D-scaffold structures, it is
essential to approach the synthesis with great caution.
Actually, a careful assessment of the compatibility
between conductive polymers and MOFs is necessary.
Any incompatibility could impair the conductivity qualities
of the structures or prevent the creation of stable three-
dimensional structures. Additionally, during the synthesis
process, the scaffolds’ structural integrity needs to be pre-
served. Inefficient conductivity pathways or structural col-
lapse could result from any deviations or instabilities.
Conjugated polymer/MOF scaffolds can be made in a
variety of ways to customize the characteristics and per-
formance of these materials for a broad range of uses,
thanks to the fabrication techniques used for 3D scaffolds.
The intended structure, composition, and performance
requirements are only a few of the variables that influence
the technique selection.

Electrospinning
A high electrical voltage applied to a polymer solution or
melt is used in the electrospinning process to create nanofi-
ber materials.45,46 In the 1930s, Anton Formhals received
the first of several patents that revealed the device and
method for using electrical power to spin synthetic fibers
from cellulose acetate solutions.46 Research interest
picked up steam later in the 1990s,47,48 and as a result, elec-
trospinning saw a faster industrial adoption rate in the pre-
vious ten years due to the rapid advancement of
technology.49 By using the electrospinning method, fibers
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Figure 1. a) Structure illustration of several metal organic frameworks (MOFs).42,43 First row: MOF-5 or IRMOF-1 which represents

isoreticular MOF-1, MOF-177 with octahedral and triangular units, HKUST-1 or MOF-199 representing Hong Kong University of

Science and Technology, MOF- 1001, and MOF-1002. Second row: MIL-101 representing Material Institute Lavoisier-101, MIL-53,

ZIF-100 stands for Zeolitic imidazolate framework-101, ZIF-21, and NOTT-116 stands for nickel-octacyanotungstate-116. Third row:

PCN-66 stands for Porous Coordination Network-66, MOP-1 representing Metal-Organic-Polyhedron-1, DO-MOF, which represents

Dodecahedral-MOF, UMCM-2 stands for University of Massachusetts Center for Materials Research-2, and Be12(OH)12(BTB)4
representing Beryllium Dodecahydroxide Tetrakis (Benzene-13,5-tricarboxylate). Reprint43 from with the permission from Royal

Society of Chemistry (RSC). b) The most well-known conjugated polymers: polyphenylene sulphide (PPS), polythiophene (PT), poly-

aniline (PANI), polyphenylene vinylene (PPV), polypyrrole (PPy), polyfuran (PFu), polyparaphenylene (PPP), and poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate PEDOT:PSS. Reprint from44 with the permission from Springer Nature
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can be produced in many different ways, such as yarn,50

membranes,51,52 and even three-dimensional scaffolds.53

A metallic needle (or spinneret) for jetting solution, a
grounded collector for collecting nanofibers, a high-voltage
power supply (10–60 kV), and a syringe or capillary tube
for containing polymer solution make up the electrospin-
ning apparatus.54 An electrical field is created by a high-
voltage power source between the polymer solution in a
spinneret and the collector, which can be a flat plate or a
revolving drum, spaced apart by an appropriate amount.55

The droplet at the needle’s tip is ejected by a peristaltic
pump, which forces the solution out of the needle and
charges it.56,57 The droplet is then connected to a high-
voltage power source. A thin jet is ejected that stretches
and elongates further as a result of the combination of
charge repulsion and solvent evaporation. The electrical
force overcomes the surface tension of the polymer solu-
tion, elongating the droplet and creating a cone.51,58,59

After that, this long, thin jet solidifies into fibers and depos-
its straight onto a collector for a counter electrode.60,61

Traditionally, only one component polymer is utilized to
create nanofibers, which are known as pristine fibers.
Electrospun nanofiber scaffolds and their modification are
made in order to increase the functionality and application
of nanofibers. The first method involves creating mixed-
matrix nanofibers, which are made of a mixture of
polymer and inorganic fillers such as ZnO, TiO2, carbon
nanotubes, graphene oxide, etc.; the second involves creat-
ing nanofibers using two or more precursors and creating
core-shell, bi- or multicomponent-based, and hybrid-based
nanofibers; the third method involves creating polymeric
nanofibers and then post-treating the surface to create elec-
trospun nanofibers.62

Conjugated polymers are one of the polymers that have
drawn interest recently for 3D scaffolds because of their
special qualities. The two main obstacles to tidy electro-
spinning of conjugated polymers are rigidity and low
molecular weight; bead-on-a-string geometries or, worse,
no fiber production at all, are formed in place of regular
nanofiber development.63,64 Although clean conjugated
polymer electrospinning is extremely rare, there are a
number of typical workarounds. Even at very low concen-
trations, blending a conjugated polymer with a carrier
polymer can result in excellent nanofibers with surprisingly
high conductivities.65 Many of the favorable characteristics
of the conjugated polymer (such as conductivity and elec-
troactivity) disappear at greater carrier polymer concentra-
tions. Alternatively, clean conjugated polymer nanofibers
can be produced by removing the carrier polymer and
core/shell nanofibers can be produced by coaxial electro-
spinning.66,67 As an alternative, conjugated polymer coat-
ings can be applied on electrospun commodity polymers
to create an electroactive surface that combines the optoe-
lectronic and mechanical properties of the conjugated
polymer with the polymer’s mechanical attributes.
Techniques for coating deposition include vapor-phase
deposition,68 dip coating,69,70 and solution-based chemical
oxidative polymerization.71,72 In the other sides, for the
purpose of building MOF-polymer nanofiber structures

based on electrospinning, two main approaches (direct elec-
trospinning and surface decoration) have been established.
The MOF nanofibers that are generated through both
methods can then be further processed to create variants
of MOF nanofibers. A mixture of a polymer solution and
MOF particle is combined and subjected to a technique
called direct electrospinning, resulting in the formation of
nanofibers.73,74 In this process, the MOFs become embed-
ded within a polymeric nanofiber matrix. However, a sig-
nificant drawback is that the polymer often obstructs the
internal pores of the MOF particles, which restricts their
accessibility and effectiveness in many applications. An
alternative approach involves the growth of MOF particles
directly on the surfaces of the nanofibers.75,76 The main
advantage of this method is that the internal pores and sur-
faces of the pure MOF crystals remain fully accessible and
free from polymer coatings. Additionally, the physical and
chemical properties of the MOFs are preserved. To imple-
ment this surface decoration technique, a layer of polymer
nanofibers must first be electrospun, followed by the
growth of MOFs on the surfaces of these fibers and
within their open porosity. This approach requires selecting
stable polymer nanofiber structures that can endure the syn-
thesis conditions necessary for the desired MOF formations.
In some cases, harsh solvents or elevated temperatures and
pressures (solvothermal or hydrothermal conditions) may
be required.77 Polyacrylonitrile (PAN) nanofiber mats were
created on gold electrodes using a two-step process, with
conductive PPy applied as a coating. Initially, PAN fibers
with an average diameter of 650± 10 nm were electrospun
from 12 wt. % PAN solutions to yield uniform, smooth
fibers. These electrospun PAN fibers acted as a robust tem-
plate for the subsequent deposition of a thin layer of conduct-
ive polymer, achieved by impregnating them with iron (III)
tosylate and annealing at 70 °C. This layer was formed
through the co-polymerization of pyrrole and pyrrole-3-
carboxylic acid vapors in a nitrogen environment. The carb-
oxyl groups incorporated into the PPy coatings enhanced the
covalent attachment of a model enzyme, glucose oxidase.
These results indicate the proposed method’s potential for
developing highly effective electrochemical biosensors.78

Using the electrospinning method, ZIF8 particles were
added to the mixed-matrix of PAN and PANI to create the
PAN–PANI-x–ZIF8 fiber membranes. It was found that
the conductivity of the polymer matrix is correlated with
the k value of the resulting fiber membranes.

3D printing
The scaffolds’ interconnectivity, shape, and pore size
cannot be properly controlled by such traditional scaffold
processing methods. As an alternative, 3D printing, or addi-
tive manufacturing, has become a cutting-edge method of
material processing that can help fabricating scaffolds for
bone engineering and, ultimately, repair large-scale bone
abnormalities in a clinical environment.79,80 A number of
3D printing techniques have surfaced recently that allow
for micron-scale spatial control over the composition and
microarchitecture of scaffolds. Advances in 3D printing
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materials and design tools have made it possible to design
and create patient-specific scaffolds with intricate 3D archi-
tecture.80 Given the variety of 3D printing methods avail-
able, choosing the best method for designing and creating
the best scaffolds for bone engineering will be easier for
designers if they are aware of the benefits and drawbacks
of each method as well as the materials that go along
with. The potential of three different concentrations of
PPy-b-PCL (0.5, 1, and 2% v/v) in biodegradable and con-
ductive PCL/PPy scaffolds, which were created using the
EHD-jet 3D printing technology, as NGCs for peripheral
nerve regeneration was assessed. By adding PPy-b-PCL
to PCL-based scaffolds, softer scaffolds with conductive
qualities, mechanical characteristics akin to the human per-
ipheral nerve (∼6.5 MPa), enhanced degradation profiles,
and the capacity to support the in vitro growth and differen-
tiation of peripheral neuronal cells can be created. All
things considered, findings point to PCL/PPy scaffolds as
a potentially useful material for guidance conduits in the
regeneration of nerve tissue. Neural stem cells and electro-
conductive scaffolds work together to create a symbiotic
combination that could be very promising for treating neu-
rodegenerative diseases in the future. To create a 3D scaf-
fold made of silk fibroin and PPy, 3D bioprinting was
combined with electrochemical deposition of PPy and silk
fibroin electrospinning. The PPy/silk fibroin scaffold was
non-cytotoxic and had no effect on the proliferation of
Schwann cells. Filopodia was also developed on the scaf-
fold, and Schwann cells were grouped in a regular
pattern. The research confirmed that the scaffold made of
silk fibroin and PPy had good biocompatibility and might
be used for neural tissue engineering.81 The manufacture
of a 3D printable hydrogel ink in one pot using anionic
2,2,6,6-tetramethylpiperidine-1-oxylradical-mediated oxi-
dized cellulose nanofibers (TOCNF) and zeolitic imidazo-
late frameworks (ZIF-8) was described. The synthesis
process for ZIF-8@TOCNF (CelloZIF8) hybrid inks is

straightforward to use, quick (about 30 min), safe for the
environment, and can be completed at room temperature.
It also makes it simple to encapsulate guest compounds
like curcumin. The hybrid hydrogel inks’ shear thinning
capabilities make it easier to 3D print porous scaffolds
with outstanding shape accuracy. The scaffolds exhibit cur-
cumin release that is pH-controlled. The synthesis proced-
ure is a generic method for processing MOFs and has
been successfully used for processing additional MOF
types like MIL-100 (Fe) and other guest molecules like
methylene blue. The processing of MOFs and their exten-
sive applications may find new markets as a result of this
study.82 As can be seen in Table 1, different fabrication
methods for scaffolds are compared to each other regarding
tissue engineering.

Freeze-drying
With a pore width range of 20–400 μm and porosity greater
than 90%, 3D porous scaffolds could be created using
freeze-drying (FD) method. FD was initially used in 1909
to freeze-dry a variety of biological samples. To stop
blood serum from degenerating, Tival filed the first patent
for FD in 1927 and Flosdorf filed for a modern FD in
1934.89,90 The refrigerated system, vacuum system,
control system, product chamber, and condenser are the
standard components of a freeze-dryer machine. Four
further processes make up the FD process: formulation or
pretreatment, freezing, primary drying, and secondary
drying.91 Precursors should be prepared for the process in
the first phase. To enhance treatment options, various strat-
egies can be employed, including blending or functionaliz-
ing with specific agents. These approaches aim to improve
precursor stability during the freeze-drying (FD) process
making it more resistant to low pressure or to augment
the properties of the resulting 3D scaffold, such as its mech-
anical strength and biological performance. During the

Table 1. Comparison between different methods for fabricating scaffolds.

Additive manufacturing

Tech. Printing Materials Pros Cons Ref.

3D printing (Powder) Polymers, composites,

ceramics, collagen,

hydroxyapatite

Affordability, variability of

precursors, direct

printing

Post-processing,

Incorporation, no

biomolecules

Hasanzadeh et al.83,

Zhang et al.84

Liquid printing (ink-jet) Hydrogels, collagen,

biomolecules, living

cells

Mild condition, possible

embedding of

biomolecules and cells

High cell density, limited

choices

Beheshtizadeh

et al.85,

Zimmerling

et al.86

Heated extrusion Polymers with high

thermoplasticity

Affordability, fast

processing, high

mechanical robustness

Limited choices,

requiring melting, no

biomolecules

Beheshtizadeh

et al.85

Using laser beam

(selective laser

sintering)

Ceramics, Polymers High mechanical

robustness, No

post-processing, better

resolution

High energy

consumption, slow

process, expensive

Yao et al.87

Photo-polymerization Polymers with the

crosslinking ability

Better resolution Limited choices, extra

support needed, no

biomolecules

Yang et al.88
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freezing phase, the prepared precursors are either placed
into a designated mold or positioned within a freeze-dryer
or shell freezer. Subsequently, they are cooled using
methods such as dry ice in aqueous methanol, liquid nitro-
gen, or mechanical refrigeration. Reaching a temperature
below the solvent’s triple point is crucial at this stage.91,92
It should be noted that a larger crystal might sublimate
more easily. It might be able to slowly freeze or anneal
the three-dimensional structure by varying the temperature
in order to produce larger and more consistent ice crystals.
Large ice crystals, on the other hand, have the potential to
demolish the structure and generate an uneven three-
dimensional scaffold, which would refute its stated features.
To inhibit the formation of large crystals, solutions are
sometimes rapidly frozen to temperatures below the eutec-
tic point. Unlike crystalline materials, amorphous sub-
stances lack a defined eutectic point, necessitating
consideration of their critical points during the freezing
process. It is crucial to ensure that the precursors remain
stable and do not melt or collapse throughout this proced-
ure. The freezing phase is paramount in freeze-drying
(FD) technology. During the primary drying stage, approxi-
mately 95% of the water in the frozen materials is removed
through sublimation. This step can extend over several
hours or even days due to its slow nature, which is essential
to avoid structural damage from temperature fluctuations.
The solvent molecules that remain unfrozen during the
initial freezing will evaporate in the secondary drying
phase. To facilitate the desorption of these molecules
from the surface of the frozen material, temperatures must
be elevated above 0 °C while maintaining lower pressure
than in the previous stage. Once the FD process concludes,
an inert gas is introduced to break the vacuum.92

These days, freeze-drying technologies are being used
more and more in a variety of fields, including nanotechnol-
ogy, materials engineering, biomaterials engineering, the
food and pharmaceutical industries, and more.92 Because
water and ice crystals are used during the scaffold-building
process rather than an organic solvent, this approach is
better suited for biomedical applications; however, there
are difficulties with this methodology when creating hier-
archical structured scaffolds, like the vascular systems
used in biomedicine.93 Furthermore, in order to reduce
cell death, the created scaffold must be continuously
washed in order to remove the cytotoxic solvents used in
mixing of components.93,94 In one study, a freeze-drying
technique was employed to fabricate cohesive three-
dimensional (3D) scaffolds, with ice-templated poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS) serving as the primary component.95 The findings
demonstrated that the fabricated PEDOT:PSS scaffolds
exhibited exceptional pore interconnectivity, with an
average pore diameter of approximately 54 µm and a total
porosity of 7.7 m2/g. The electrical conductivity of these
conjugated-based 3D scaffolds was assessed via
current-voltage (I-V) curves, yielding a value of 140 µS/
cm. While the electrical conductivity underwent a reduction
over time, the scaffold retained nearly 95% of its initial con-
ductivity even after a period of one month. To the authors’

knowledge, no prior studies have investigated the use of
conjugated polymer/MOF scaffolds. Consequently, this
area presents a potential gap that warrants further explor-
ation in the future.

Gas foaming
The first use of GF for scaffold preparation was documen-
ted in a De Ponti et al. patent from 1991. The authors
explained how to create porous, biodegradable foams
using scCO2 foaming that are composed of polyesters like
PLA and poly(lactic-co-glycolic acid) (PLGA) for use in
pharmaceutical applications such controlled-release drug
delivery systems for surgical implantation.96 The first
research publication on the use of compressed CO2

foaming to create porous polyester scaffolds for TE applica-
tions was published by Mooney and colleagues.97 This
method avoided the use of potentially hazardous organic
solvents for cells and tissue. This method, which incorpo-
rates a foaming ingredient (such as sodium bicarbonate)
into the polymer, is referred to as the “gas foaming tech-
nique.” To encourage the nucleation and growth of gas
rise within the subject material, high-pressure gas is
injected to polymer disks. After that, they undergo lyophil-
ization to produce a scaffold that, following gas release
(such as CO2), has pore widths of roughly 100 μm and a
porosity of up to 93%.98 The reaction of the foaming
agent and the acidic aqueous solution forms gas, and the
gas is released to create a porous structure.98 This
method’s drawback is that it results in foam that is more het-
erogeneous and has disorganized porosity. In this case, the
foam’s top layer is extremely porous, but its bottom layer is
non-porous.99,100 However, the gas foaming process may
be counted on to produce interconnected network poly-
meric scaffolds free of solvents. Using stem cells, some
of the scaffolds made using this method were brought to
the preclinical stage and demonstrated encouraging out-
comes for the regeneration of bone tissue.100 (Figure 2)

Physicochemical and mechanical
properties of conjugated polymers/MOF
scaffolds
Physicochemical properties are referred to a substance’s
physical condition, behavior, and chemical structure.
These characteristics can reveal information about a sub-
stance’s interactions with other substances, its surroundings,
and outside stimuli.101 Understanding and forecasting the
behavior of materials in a variety of settings, such as indus-
trial processes, biological systems, environmental interac-
tions, and material design, depend significantly on their
physicochemical characteristics. In other sides, a material’s
mechanical qualities define how it will behave under loads
or forces from the outside world. These characteristics
offer crucial details regarding the material’s toughness,
strength, stiffness, and capacity to tolerate failure or deform-
ation under varied circumstances. Because they dictate a
materials behavior in particular conditions and under
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various stresses, mechanical characteristics are essential for
engineering and design applications.102,103 MOFs and conju-
gated polymers represent two distinct classes of materials,
each with unique properties and applications. Over the past
twenty years, MOFs have attracted significant attention in
nanotechnology research due to their exceptional porosity,
high surface area, diverse structural configurations, and
tunable chemical properties.58,104 These nanoparticles are a
fast-growing class with main applications in drug delivery,
gas separation, adsorption, batteries, supercapacitors,
sensors, electrocatalysis, and photocatalysis.105–108 In speci-
fics, MOFs are acknowledged for their porosity and adsorp-
tion capacities, whilst conjugated polymers are known for
their optical and electrical conductivity qualities. These
material classes have distinct prospects for diverse applica-
tions, and their characteristics can be further customized by

employing suitable design and synthesis techniques.98,104,105

However, due to their limited chemical stability and possible
cytotoxicity, MOFs have limited functions and perform
poorly, which hinders further development.

On the other hand, conjugated polymers possess qualities
such as flexibility, malleability, conductivity, and ease of pro-
cessing. When hybridized with MOFs, these polymers can
introduce beneficial characteristics derived from both materi-
als while preserving their individual properties. This combin-
ation effectively addresses various challenges in material
development. Conduction of electricity is made possible by
conjugated polymers expanded π-electron systems, which
give them semiconducting characteristics that allowing for
efficient charge transport. These polymers are valuable in a
variety of applications because of their intriguing optical char-
acteristics, which include fluorescence, phosphorescence, and

Figure 2. Different fabrication methods of 3D scaffolds. a) Using particulate leaching or solvent casting method where using evap-

oration can lead to fabrication of porous 3D scaffold. b) Using freeze-dry technique where freezing molds under vacuum result in 3D

scaffold. c) Electrospinning technique in which high voltage and a syringe containing polymer solution can fabricate electrospun scaffold.

d) Gas foaming technique with two steps: saturation and depressurization. e) Using thermal phase separation, in which phase separation

following by a solvent exchange can lead to a fabrication of 3D scaffold. f) Melt molding technique where heat/pressure step following

by a cooling process are the staple of fabricating scaffold. g) Using 3D printing to print a scaffold from materials such as polymers,

ceramics, and collagen among others. h) 4D printing can use an external/internal factor such as light, heat, or magnetic field to fabricate

a scaffold from materials with stimuli-responsive materials. Reprint from83 with the permission from Elsevier
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electroluminescence. Furthermore, because of their chain-like
structure, conjugated polymers frequently exhibit extraordin-
ary flexibility and processability, which makes it possible to
create flexible electronics and wearable technology.

A variety of uses are made possible by 3D scaffolds that
combine the synergistic qualities of conjugated polymers
and MOFs. Hybrid 3D scaffolds can have higher electrical
conductivity than single components by mixing conjugated
polymers with MOFs or adding conductive additives to
MOF structures. 3D scaffolds retain the high porosity and
surface area of MOFs, enabling tissue engineering. The
porous structure of the 3D scaffold allows gasses, nutrients,
and signaling chemicals to pass through it efficiently.
Scaffolds can have their composition, shape, and manufac-
turing circumstances changed to alter their mechanical char-
acteristics. For example, a conjugated polymer matrix can
be made more mechanically strong and stiff by adding
MOF fibers or nanoparticles. This will boost the scaffold’s
durability and lifetime.103,109,110

By choosing conjugated polymers and MOFs that are
biocompatible or by adding bioactive molecules to the scaf-
fold matrix, the 3D scaffolds can be designed to have bio-
compatible characteristics. Techniques for surface
modification can improve cell interaction and biocompati-
bility even more. The optical properties of hybrid scaffolds
formed from conjugated polymers and MOFs may be
retained or new ones may emerge, contingent upon their
particular composition and structure. Applications like
optical sensing and bioimaging can make use of this
feature.111,112 The chemical makeup and interactions
between MOFs and conjugated polymers determine the sta-
bility and pace of degradation of hybrid scaffolds. In fact,
3D scaffolds may exhibit improved mechanical strength
compared to individual components, making them suitable
for structural applications. Surface functionalization, scaf-
fold reinforcement, and cross-linking are a few strategies
that can be used to slow down the rate of deterioration
and increase stability over time. Hybrid scaffolds typically
offer superior electrical conductivity compared to individ-
ual conjugated polymers or MOFs. By combining the

advantages of both materials, the mechanical properties of
hybrid scaffolds can be modified to satisfy particular appli-
cation requirements. Therefore, conjugated polymers and
MOFs combined to create 3D scaffolds provide a flexible
platform with configurable mechanical and physico-
chemical properties, making them attractive candidates for
a variety of uses such as energy storage, biosensing,
tissue engineering, and catalysis.103,113,114 Figure 3 shows
a summary of properties of conjugated polymers/MOFs
3D scaffolds.

Biological properties of conjugated
polymers/MOF scaffolds
Understanding the interaction between the scaffold and sur-
rounding tissues is vital for implantable biomedical devices
or tissue engineering applications. Compatibility studies,
including in vitro and in vivo assessments, help determine
the tissue response to the scaffold material. It has been
observed that polymers are incredibly promising materials
for usage in biomedical applications. Because of their
ease of manufacture, affordability, high conductivity, bio-
compatibility, and environmental stability, conductive
polymers are much sought after in both industry and bio-
medicine. Nevertheless, conductive polymers have draw-
backs such as low processability, infusibility, and poor
solubility.115 Conjugated polymer-based scaffolds are
created by combining conductive materials with insulating
polymer matrices in order to overcome these problems.116,117

Scaffold mateials and their tunable development can enhance
differentiation, proliferation, and cell adhesion while supply-
ing mechanical, electrical, and biomedical cues is a signifi-
cant problem.116 Conjugated polymers including PPy,
PANI, and PTh have generated much attention as scaffold
materials based on capacity to transfer bioactive molecules,
adjustable surface charactristics, and their electrical conduct-
ivity.118 Conjugated polymers such as PPy, PANI, and PTh
have garnered considerable attention as scaffold materials
due to their electrical conductivity, tunable surface

Figure 3. A schematic about advantageous and disadvantageous of both conjugated polymers and metal-organic frameworks (MOFs)

and how fabrication of conjugated polymer/MOF 3D scaffolds can lead to favorable properties
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properties, and ability to transport bioactive molecules.119

These polymeric scaffolds may not be strong enough to
enable sustained tissue regeneration and efficient signal
transmission because of their limited mechanical
strength. Due to this, conjugated polymers-based
hybrid materials such as scaffolds and composites have
been developed.116,120,121 It has been noted that combin-
ing these conductive polymers with MOFs improves their
specific capacity as well as their electrochemical
performance.115

For conjugated polymers/MOF scaffolds to be used in a
variety of biomedical fields, their biological characteristics
must be taken into consideration. Conjugated polymers
have intrinsic bioactive or bio-responsive qualities, such
as stimulating cell growth electrically. On the other hand,
MOFs offer large surfaces for the loading and release of
drugs. When combined, these characteristics provide syner-
gistic benefits for particular biomedical applications in a 3D
scaffolds material. Actually, in order to obtain the necessary
biological reactions and guarantee compatibility with bio-
logical systems, the composition, structure, and surface
properties of the scaffold must be precisely tailored. The
biocompatibility of these materials is one of the main
issues when using them in biological applications. It is pos-
sible to prepare biocompatible conjugated polymers and
MOFs; but, when combining them to create a 3D scaffolds,
this characteristic needs to be preserved or improved.
Adding functionalities and surface alterations might
enhance biocompatibility. It is also critical to evaluate
how these materials affect the viability and multiplication
of cells. The 3D scaffolds should ideally promote cell adhe-
sion, spreading, and proliferation without causing cytotox-
icity or having a negative impact on the behavior of the
cells. It is critical to assess the compatibility with different
cell types in addition to its vitality. It is possible to prepare
bioactive materials that encourage particular cellular reac-
tions like tissue regeneration, differentiation, or cell adhe-
sion. The materials bioactivity may be increased by
adding functional groups or bioactive compounds. On the
other hand, knowledge of the 3D scaffolds degrading
behavior in biological settings is essential for biomedical
applications. If the hybrid is utilized for tissue engineering,
it should break down at a pace that corresponds with the
process of tissue regeneration. Furthermore, appropriate
tissue support during degradation depends on preserving
structural integrity. The hybrid should not cause an over-
abundance of inflammation when employed or implanted
in biological tissues. Assessing cytokine production,
immune cell infiltration, and tissue reactions can help
determining how inflammatory the scaffold is likely to
be. Adding antibacterial components to the scaffolds
can be advantageous, especially if it will be utilized for
implantable devices or wound healing. Also, it is
crucial to evaluate the capacity to prevent bacterial
growth and the production of biofilms. In other sides,
the prepared 3D scaffolds suitability for loaded medi-
cines, controlled release kinetics, and targeted delivery
capabilities should be assessed if it is to be used in
drug delivery applications.

Biocompatibility and toxicity of
conjugated polymers/MOF scaffolds

One of the primary prerequisites for a material to be consid-
ered for usage in biomedical applications is its biocompati-
bility.122 Biocompatibility can be improved by adding
bioactive compounds or functionalizing the polymer back-
bone, which enables them to promote cell adhesion, differ-
entiation, and proliferation. Conjugated polymers with
biocompatibility, as PANI and PPy, have comparatively
low cytotoxicity.115 Because of their special antioxidant
qualities, conjugated polymers have attracted a lot of inter-
est in the fields of tissue engineering and regenerative medi-
cine.123 Therefore, these materials are able to trap free
radicals and reduce oxidative stress that is crucial for
tissue damage and disease progression, they present a captiv-
ating path to develop sophisticated biomedical applica-
tions.124,125 Conjugated polymers chemical makeup and
structure are what give them their antioxidant qualities.118,126

Because of their conjugated π-electron systems, which
promote electron delocalization, these materials are able to
neutralize free radicals and reactive oxygen species (ROS)
efficiently. Since ROS like superoxide and hydrogen perox-
ide are linked to inflammation and cellular damage, tissue
regeneration processes depend heavily on their mitiga-
tion.127,128 Additionally, because of their remarkable antibac-
terial and antioxidant properties, conjugated polymers have
demonstrated considerable potential in the fields of tissue
engineering and regenerative medicine. These materials
provide a multimodal strategy for thwarting microbiological
dangers inside biomedical structures, improving regenerative
therapy efficacy and safety.129,130 These materials distinct
physicochemical traits and design are the source of their anti-
bacterial qualities.129 Because of their cationic composition
and capacity to interact with bacteria membranes, conjugated
polymers have inherent antimicrobial action. This interaction
compromises the integrity of the microbial cell walls or
membranes, leading to instability and eventually cell death.
Moreover, during oxidation process the oxidative stress in
bacteria, may produce byprodcuts that help antimicrobial
activity.128

The toxicity of metals and ligands has been evaluated in
relation to the toxicity of assembled MOFs, where a direct
correlation has been established. The toxicity of MOFs is
dependent on a number of other factors, including the
kinetics of degradation, bio-distribution, accumulation in
tissues and organs, excretion from the body, applications,
and the balance between risks and benefits.131–133 The bio-
compatibility of MOFs relies on various factors, including
the coordination metal and organic linker, alongside phys-
ical properties like size, shape, and surface charge. The
MOFs that are used for biomedical applications typically
contain metals that are essential to the body, such as iron,
zinc, and magnesium. Early MOFs had metals like Cr;
however, due to research on biocompatible MOFs, non-
toxic equivalents like Fe, Zn, and Zr have replaced these
metals.134 According to an investigation’s findings, ZIF-8
MOF is not significantly cytotoxic up to 30 µg mL−1. It
was discovered that the cytotoxicity above 30 µg mL−1
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was caused by the impact of released Zn2+ on the gener-
ation of ROS within the mitochondria135 In fact, some
MOFs are biodegradable, allowing for their use in tempor-
ary scaffolds for tissue regeneration. The degradation rate
can be tuned by modifying the chemical composition and
structure of the MOF.

For conjugated polymers/MOF 3D scaffolds, biocom-
patibility is crucial for applications like imaging, biosen-
sing, tissue engineering, and drug delivery. These 3D
scaffolds are able to promote cell viability, activate differ-
entiation pathways specific to a given lineage, and blend
in smoothly with natural tissues thanks to their biocompati-
bility. In order to successfully restore structure and function
in complex tissues like bone, nerves, and muscle through
endogenous regeneration as opposed to merely providing
temporary mechanical support, scaffolds must possess
these qualities.136 In order to ensure successful integration
with cells and tissues, it is crucial to enhance the biocom-
patibility of conjugated polymer-MOF 3D scaffolds. This
involves creating an environment where progenitor cells
can thrive and perform their intended functions, such as dif-
ferentiating into specific tissue types and regenerating
necessary cell populations. Ongoing studies are focused
on understanding the relationship between the structure
and function of these materials, as well as developing techni-
ques to optimize their biocompatibility. This will ultimately
enable the safe and efficient use of these electroactive bioma-
terials in tissue engineering applications.137 In order to
prevent negative responses while in contact with live
tissues, it is imperative to ensure that 3D scaffolds employed
are biocompatible. To improve their biocompatibility, both
conjugated polymers and MOFs may need to be modified.
For example, they may need to have their surfaces functiona-
lized or combined with biocompatible materials.

Biomedical applications of conjugated
polymers/MOF scaffolds
Both conjugated polymers and MOFs exhibit considerable
promise across diverse biomedical fields, and thus fabricat-
ing 3D scaffolds from them can be beneficial. First, MOFs
become more bioactive and biocompatible when specific
conjugated polymers are added, making them more valu-
able for applications including tissue engineering, cancer
therapy, drug/gene delivery, and bioimaging. Biosensors
based on conjugated polymer/MOF scaffolds can identify
a broad range of biomolecules, such as proteins, enzymes,
and DNA. The MOF component’s large surface area and
pore volume help effectively trapping and immobilizing
biomolecules, while the conjugated polymer component’s
enables the electrical or optical translation of signals.
Also, due to their capability to encapsulate and release
therapeutic substances in a regulated manner, these 3D scaf-
folds serve as effective drug delivery vehicles. The conju-
gated polymer part of scaffold offers stimulus-responsive
functionality, enabling triggered drug release upon expos-
ure to external stimuli such as pH, temperature, or light.
Meanwhile, the porous structure of MOFs facilitates the

retention of drug molecules.138–142 Additionally, conju-
gated polymer/MOF 3D scaffolds may be used as contrast
agents in MRI, photoacoustic, and fluorescence imaging,
among other imaging modalities. While the MOF compo-
nent can act as a carrier for imaging probes or contrast
agents, improving their stability and biocompatibility, the
conjugated polymer component can offer optical or mag-
netic properties for imaging. Conversely, conjugated
polymer/MOF scaffolds can be applied in photothermal
therapy to cure several illnesses, including cancer.112,143

When it comes to maximizing therapeutic efficacy and
reducing side effects, the MOF component acts as a scaffold
for targeted medication administration or photothermal
agents, while the conjugated polymer component absorbs
near-infrared (NIR) light and transforms it into heat.
These porous materials can be used as scaffolds or matrices
in tissue engineering because of their biocompatibility,
adaptability, and capacity to encourage cell adhesion and
proliferation. Additionally, the conjugated polymer compo-
nent offers mechanical support and electrical conductivity,
aiding tissue regeneration and integration, while the porous
structure of MOFs mimics the extracellular matrix. Overall,
incorporating conjugated materials into MOFs expands
their applications, including drug delivery, tissue engineer-
ing, imaging contrast agents, photothermal therapy, and
biosensors. These applications can solve major difficulties
in diagnostics, therapy, and regenerative medicine.

Tissue engineering of conjugated polymers/MOF
scaffolds
Patients suffering from injuries, end-stage organ failure, or
other clinical problems may find new hope in novel medi-
cines developed from regenerative medicine and tissue
engineering technology. Organ transplants are currently a
common kind of treatment for people with damaged or
sick organs. However, as the population ages and the
number of new cases of organ failure rises, there is an
organ scarcity that becomes worse every year. Researchers
in the fields of tissue engineering and regenerative medicine
are currently building biological replacements that can pre-
serve and restore normal function in damaged and diseased
tissues by utilizing the concepts of bioengineering, material
science, and cell transplantation. Tissue engineering is now
defined as “an interdisciplinary field which applies the prin-
ciples of engineering and life sciences towards the develop-
ment of biological substitutes that aim to maintain, restore or
improve tissue function.144

Tissue engineering, stem cells, and cloning are only a
few of the technological domains that are included in the
subject of regenerative medicine. The need for therapeutic
treatments to enhance quality of life has increased in
recent years, which has made the development of intelligent
biomaterials targeted at tissue and organ regeneration more
creatively necessary. The goal of tissue engineering is to
combine cells, biomaterials, and biochemical components
to create biological tissues or organs. Numerous medical
conditions, such as bone regeneration, wound healing,
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nerve repair, and heart tissue engineering, may be greatly
helped by tissue engineering.145 Conjugated polymers and
MOFs have emerged as promising materials for tissue
engineering applications due to their unique properties,
such as tunable mechanical and electrical properties, bio-
compatibility, and the ability to support cell growth and
tissue regeneration.144–147 Designing and synthesizing suit-
able conjugated polymer/MOF 3D scaffolds for tissue
engineering requires consideration of numerous factors.
These include the architecture and properties of the
damaged tissue, ensuring safe fabrication methods, and
selecting appropriate metallic ions, ligands, and functional
groups for tissue regeneration. To give enough support
for tissue growth and function, the scaffold’s mechanical
strength and flexibility must be balanced. In order to
prevent premature scaffold breakdown and match the rate
of tissue regeneration, it is also vital to manage the scaffold
degradation rate. Additionally, successful tissue regener-
ation requires the scaffold’s structural integrity and func-
tionality to be maintained over an extended length of time
(Figure 4).

Conjugated polymer/MOF scaffolds for bone repair applications.
The need for implants to treat bone problems is growing as
a result of global population growth. The implants are used
in orthopedics, osteoporosis, hip and knee replacements,
maxillofacial reconstruction, spinal fracture correction,
and long-term bone fracture fixation. Medical implant
biofilm contamination, which can transmit infection, is a

serious public health risk.148 Typically, implant surface
modification using MOF can greatly impact both in vitro
and in vivo performance. Laboratory study indicates that
MOF coatings on implant surfaces can enhance bone inte-
gration and promote the adhesion, proliferation, and differ-
entiation of cells, hence encouraging tissue regeneration.
The porous structures of MOFs, which allow for the inte-
gration and controlled release of drugs, growth factors,
and other therapeutic compounds, also contribute to the
implant’s improved bioactivity. MOFs can also be functio-
nalized with specific targeting ligands to enhance their
affinity towards bone tissues, improving their efficacy
while minimizing off-target effects. In addition, the fields
of bioengineering and regenerative medicine are showing
significant promise for conductive polymers, a novel class
of stable bioactive materials.149,150 Polythiophene (PTH)
and poly(3,4-ethylene dioxythiophene) (PEDOT), two con-
jugated poly-thiophene derivatives, show remarkable bio-
compatibility and can efficiently promote cell proliferation
and differentiation. These characteristics draw attention to
the fascinating possibilities of biomaterials in the area of
bioengineering.151,152

Conjugated polymers exhibit excellent mechanical flexi-
bility, electrical conductivity, and biocompatibility, making
them attractive candidates for bone healing applications.
Their ability to imitate the structure of the extracellular
matrix (ECM) promotes cell adhesion, proliferation, and
differentiation. Certain conjugated polymers possess intrin-
sic antimicrobial characteristics that can avert infections at

Figure 4. Schematic of tissue engineering applications such as cardiac regeneration, nervous system, wound healing, and bone repair
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the site of bone mending. Conjugated polymer-based matri-
ces allow for the controlled release of bioactive substances,
such as medicines and growth factors, which promote tissue
regeneration. Notably, because of their inherent stability,
conductive polymers utilized as bioactive molecules in
scaffolds may prevent deterioration from the fabrication
environment, which makes scaffold preparation convenient
and universal.153 So, combination of conductive polymers
and MOFs presented more capacity in bone repairing.
The conjugated polymer and MOF components must be
carefully chosen and optimized in order to achieve the
necessary mechanical, electrical, and therapeutic capabil-
ities for efficient bone mending. With a low coefficient of
friction and a high degree of biocompatibility, polyether-
etherketone (PEEK) is an elastic modulus that can be uti-
lized in bone.154 Although PEEK is a biocompatible
polymer, its inert surface has mainly limited its therapeutic
application. A work aims was to create a multifunctional
PEEK implant as soon as possible by preparing a dual-
metal−organic framework (Zn−Mg-MOF74) coating and
bonding it to PEEK using a polydopamine interlayer

inspired by mussels. The coating is then loaded with dexa-
methasone (DEX) on its surface. The PEEK surface with the
multifunctional coating provides excellent hydrophilicity and
favorable stability and generates an alkaline microenviron-
ment when Zn2+, Mg2+, 2,5-dihydroxyterephthalic acid,
and DEX are released due to the coating breakdown. The
multifunctional coating was found to have strong antibacter-
ial properties against both Escherichia coli and
Staphylococcus aureus in vitro. Additionally, it was shown
to improve the angiogenic ability of human umbilical vein
endothelial cells and enhance the osteogenic differentiation
activity of rat bone marrow mesenchymal stem cells.
Finally, in vivo models of rat subcutaneous infection,
chicken chorioallantoic membrane, and rat femoral drilling
demonstrate that the PEEK implant coated with the multi-
functional coating has strong antibacterial and angiogenic
properties and encourages the formation of new bone sur-
rounding the implant with a stronger bone-implant interface.
The results showed that DEX loaded on the Zn−Mg-MOF74
coating-modified PEEK implant with bacteriostasis, angio-
genesis, and osteogenesis properties (Figure 5(a)-(d)).155

Figure 5. Polyetheretherketone (PEEK) implants with dual metal organic framework (MOF) in the structure for enhanced bone

regeneration. a) the schematic illustration of dexamethasone (DEX) structure after modifying with Mg2+ and Zn2+, and

2,5-dihydroxyterephthalic acid (Zn-Mg-MOF74). On the other hand, the PEEK was functionalized with dopamine in an autoclave at 125

°C and 2 h, in which dopamine not only played as an interlayer but also enhanced the compatibility of Zn-Mg/MOF74 with PEEK matrix

(the final structure labeled as PEEK-74). Finally, the PEEK-74 was soaked into DEX solution at 4 °C overnight (the final 3D scaffold

named PEEK-DEX). b, c) The antibacterial activity of different PEEK samples regarding Escherichia coli (E. coli) and Staphylococcus

aureus (S. aureus), in which Scanning Electron Microscopy analysis (SEM) images were used after culturing for 6 h. The results revealed

that both PEEK-74 and PEEK-DEX had excellent antibacterial activity against both bacteria with almost 100% inhibition rate. d) The

osteogenesis and angiogenesis are two highly integrated factors in bone regeneration, in which Human umbilical vein endothelial cells

(HUVECs) angiogenesis assay and chicken chorioallantoic membrane (CAM) assay were assessed on the different PEEK scaffolds were

both PEEK-74 and PEEK-DEX revealed almost full vascular network demonstrating excellent angiogenic activity. Reprint from155 with

the permission from ACS
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On the sulfonated PEEK, the ZIF-8 coating wrapped in poly-
dopamine was created. In the presence of near-infrared (NIR)
radiation, the coating exhibited excellent photothermal cap-
ability and controlled Zn2+ emissions. Furthermore, the
layer exhibited 100% bactericidal efficiency against both
Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) when exposed to NIR irradiation in vitro.
When compared to uncoated implants, in vivo investigations
have generally shown that MOF-coated implants improve
bone growth and implant stability.156 The goal of this
field’s continuing research is to create sophisticated materials
that can meet the intricate needs of bone regeneration while
reducing unfavorable outcomes like infection and
inflammation.

It can be argued that a successful repair depends on pro-
moting cell adhesion, proliferation, and differentiation inside
the scaffold to aid in the production of new bone. Although
electrical conductivity can promote bone regeneration, it
might be difficult to get the ideal conductivity level
without interfering with tissue formation or causing cytotox-
icity. The conjugated polymers-MOFs scaffold must be care-
fully designed and optimized to address these issues, taking
into account surface characteristics, scaffold architecture,
material composition, and fabrication methods.

Conjugated polymer/MOF scaffolds for wound healing. The
biological process of wound healing is intricate, captivat-
ing, and tightly controlled. It is mediated by a number of
elements and aims to restore injured tissue, skin regener-
ation, and tissue restoration of normal structures.157,158

Numerous wounds from burns, trauma, surgery, and
genetic irregularities are a global health issue that cost mil-
lions of dollars a year and cause people to suffer greatly.
Between 20 and 60 million individuals globally are pro-
jected to have chronic wounds by the year 2026.159

Bacterial toxins have the ability to cause excessive inflam-
mation, which hinders the healing process of wounds.160 In
addition, a number of risk factors, including diabetes, bac-
terial infections, venous or arterial illness, high levels of
inflammation, and neuropathy, can interfere with the
skin’s natural ability to heal itself, which can result in the
development of delayed or non-healing wounds.161,162

Moreover, different extended treatment durations for non-
healing or delayed wounds would place additional financial
strain on public health systems.163,164 In order to encourage
skin regeneration and stop more severe consequences includ-
ing systemic infection, limb necrosis, and even death, differ-
ent wound therapy techniques are required.165,166 In recent
years, MOFs have emerged as a focal point in the biomedical
and pharmaceutical fields, largely owing to their remarkable
biodegradability and compatibility with a diverse array of
substances. Their versatility has led to heightened interest
in their application for skin regeneration and wound
healing.28 The physiological process of wound healing is
intricate and involves a variety of signaling pathways both
inside and between cells.167 Furthermore, antibacterial activ-
ity and the administration of bioactive agents are two import-
ant factors to consider when managing wounds, particularly
chronic or delayed wound healing.167,168 The development

of MOFs is a wonderful fit for this therapeutic approach of
dual agent release. By releasing metal ions like zinc,
copper, and silver, which can kill bacteria by rupturing
their cell membranes and proteins, MOFs exemplify their
antibacterial properties.169,170 In addition, metal ions
released from MOFs have the ability to influence the beha-
viors of the cells and encourage anagenesis, both of which
are critical for wound healing.88 Most notably, MOFs can
be used as different types of smart carriers to distribute bio-
active chemicals locally in the appropriate way for skin
regeneration and wound healing.171,172 Moreover, by
employing MOFs as carriers, therapeutic materials such
as growth factors, antimicrobial peptides, and anti-
inflammatory drugs can be precisely and carefully supplied
to the wound site. MOFs possess the ability to absorb
excess exudate from wounds, thereby maintaining a moist
environment that is conducive to healing while also provid-
ing mechanical support to the wound bed. By integrating the
beneficial properties of conjugated polymers such as optical
characteristics, electrical conductivity, and biocompatibility
with NPs, novel solutions to wound healing difficulties can
be developed.173 Advanced dressings can monitor critical
wound parameters, including pH, temperature, or specific
biomarkers, enabling responsive actions like controlled
drug release for potimum healing process.174

In other sides, conjugated polymers have the ability to
mimic the extracellular matrix’s (ECM) structure during
wound healing, serving as a scaffold for cell adhesion,
migration, and proliferation. The electrical conductivity of
conjugated polymers can attract native cells to the wound
site and also encourage cell differentiation and prolifer-
ation. Certain conjugated polymers exhibit natural antibac-
terial qualities that help prevent infections and create an
optimal environment for wound healing. These polymers
contribute to the healing process through several mechan-
isms: 1) they manage bleeding and inflammation from the
outset, 2) they promote tissue regeneration by delivering
growth factors and bioactive compounds, 3) they offer
structural support during the remodeling and maturation
of tissue, 4) they prevent infections thanks to their anti-
microbial attributes, and 5) they enable personalized, adap-
tive healing through their high electrical activities. As a
result, scaffolds made from conjugated polymers show
promise in facilitating various stages of the wound
healing process.175–177

Wound healing is enhanced when conjugated polymers
and MOFs are combined. Conjugated polymers can actu-
ally give the 3D scaffold stability, electrical conductivity,
and antibacterial qualities. Therapeutic substances can be
contained in MOFs, enabling steady delivery and regulated
release to the wound site. The hybrid system enables
on-demand drug release and suitable wound healing therap-
ies by being designed to react to environmental stimuli like
pH, temperature, or light. Conjugated polymer/MOF
hybrid-based advanced wound dressings and scaffolds
offer the ability to decrease scar formation, promote
wound closure, and fend against infection. Based on a
defective zinc-based MOF hybrid structure, which was
synthesised using 1,4-phthalic acid-based polyether
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polymer (L8) as ligand, curcumin (Cur) as regulator, and
Zn2+ as metal coordinated center (Cur@Zn-MOF), a dual-
modal antibacterial platform has been established for highly
effective wound healing infected by bacteria. The
Cur@Zn-MOF bioplatform had many structural flaws in
addition to combining the advantages of Zn-bioMOF
made with Cur as ligand including the possible feasible
release of Cur and Zn2+ alongside excellent biocompatibil-
ity. Additionally, the polymer-MOF synthesized using L8
revealed controllable release of Zn2+ in a long period of
time with high stability in an aqueous environment. In con-
trast to Zn-bioMOF and polyZn-MOF that were synthe-
sized with just one ligand, the faulty Cur@Zn-MOF
concurrently produced a higher release level of Zn2+ ions
(5.68 μg mL−1) and a lesser amount of curcumin (6.08 μg
mL−1). This was achieved during a 48-h period. Even at
modest usage of 125 μg/mL, Cur@Zn-MOF demonstrated
high sterilizing effectiveness against E. coli and S. aureus
due to the synergistic impact. The better therapeutic
ability of Cur@Zn-MOF toward the wound infected with
bacteria was further validated by the in vivo wound
healing impact. Furthermore, Cur@Zn-MOF’s minimal
hemolysis and insignificant cytotoxicity significantly
increased the viability of human skin fibroblasts. As a
result, by the controlled release of an antibacterial medica-
tion and metal ions, a novel dual-modal bioplatform based
on the functional MOF for effective wound healing is pro-
posed (Figure 6(a)-(j)).178

Combination therapy techniques, in which electrical
stimulation, controlled drug delivery, and other therapeutic
modalities can be incorporated into a single scaffold to
synergistically boost wound healing outcomes, are

made possible by the multifunctionality of conductive
polymers-MOFs scaffolds. Overall, conductive polymers-
MOFs scaffolds offer exciting opportunities to improve the
efficacy and efficiency of wound care treatments in the
future, even though more research and development is
required to fully realize their potential for wound healing
applications.

Conjugated polymer/MOF scaffolds for nervous system. MOFs
and conjugated polymers show promise for a variety of
nervous system applications, from targeted medication
delivery for neurodegenerative illnesses to neural inter-
faces. Nerve tissue is lost as a consequence of glial scarring
and defective regeneration brought on by traumatic nervous
system damage. Muscle paralysis on a physical level as well
as neurological or mental dysfunction are the results. This
has spurred research into materials for the regeneration of
nerve tissue205 and MOFs could be useful to enhance favor-
able material properties even more in the direction of this
objective.179 As a promising area in tissue engineering
and regenerative medicine for healing injured or diseased
nerves, neural regeneration has drawn a lot of attention.
Scaffolds and nanocomposites made of conjugated poly-
mers have become a novel remedy.180,181 Conjugated poly-
mers are utilized in neural interfaces and electrodes. For
applications such as brain-computer interfaces (BCIs) and
neural prosthetics, they facilitate effective signal transduc-
tion between electronic devices and neural tissue. By inte-
grating MOFs into these interfaces, it is possible to
counteract inflammation, promote neuroregeneration, and
deliver sustained medication release at the interface site.

Figure 6. Fabrication of 3D scaffolds as a platform with high antibacterial activity for enhanced wound healing. a) 3D scaffold with was

synthesized from 1,4-phthalic acid-based polyether polymer (L8) and curcumin as a template and Zn2+ as a coordination center

(Cur@Zn-MOF). b-d) The Transmission Electron Microscopy (TEM) images of Cur@Zn-MOF in 3 three different magnifications

where hierarchical porous structure with plenty of metal cluster defects was revealed. e) The Energy Dispersive X-ray (EDX) mapping

image of Cur@Zn-MOF, in which red, yellow, and green colors represented the carbon, oxygen and zinc, respectively. f) A schematic

illustration about in-vitro antibacterial process of fabricated 3D scaffold. g, h) The wound healing process was compared with phos-

phate buffer saline (PBS), as a control sample, and Cur@Zn-MOF scaffold in which the photos were taken in day 0, 3, 5, 7, 9, and 11.

The results, as depicted in the diagram, revealed enhanced wound healing process through using the fabricated scaffold where the

wound almost fully recovered. i) The Hematoxylin and eosin (H&E) staining was employed to evaluate the histological effect during

wound healing process, in which the results revealed that using scaffold not only reduced inflammatory cells, but also enhanced the

fibroblasts around the wound. j) The derived bacteria number from infected tissue after 11 days of healing process. Reprint178 from

with the permission from Elsevier
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These conductive polymer-based scaffolds, such as
PANI or PPy, have special mechanical and electrical prop-
erties that make them ideal for brain regeneration. They
offer a conductive milieu that resembles native tissue
when included into tissue engineering structures, support-
ing nerve healing.182 Their capacity to direct and facilitate
nerve growth is a significant benefit. They guide the devel-
opment of nerve cells and offer a framework for cell adhe-
sion and proliferation. For instance, a hybrid structure has
been used to create nerve guidance conduits, in which the
conductive polymers transfer electrical signals to encourage
nerve regeneration across injured neurons and aid in func-
tional recovery. These channels serve as a means of
filling in holes in damaged brain tissue. Furthermore,
these scaffolds’ adjustable qualities are essential for neuro-
logical applications.183 Therefore, by combination of conju-
gated polymer and MOFs can modify their conductivity,
flexibility, and biocompatibility. Because of its adaptability,
regeneration can be enhanced for particular neural tissue
requirements.184 Preclinical results have also indicated
potential when combining scaffolds with stem cells or med-
ications. Incorporating neural stem cells, for example, can
enhance nerve regeneration by promoting differentiation,
survival, and neurotrophic factor production.185 To maxi-
mize the qualities of hybrid materials, a variety of produc-
tion methods have been investigated. The precise scaffold
construction made possible by 3D printing and microfabri-
cation can emulate natural tissue structures and direct nerve
cell proliferation in a regulated way.186–188 Additional uses
include neural implants with scaffolds as conductive inter-
faces to stimulate and record the activity of brain.
Moreover, the medication delivery systems that release
nerve growth factors was observed and recorded simultan-
eously. Therefore, it can be argued that these steps might
restoring the neural function of patients with Parkinson’s
disease or epilepsy.177,189–191

Scaffolds for brain tissue engineering can be integrated
with MOFs and conjugated polymers. These scaffolds
direct the development of brain networks by offering a
favorable milieu for cell proliferation and differentiation.
Tissue regeneration can be further aided by the controlled
release of growth factors or tiny molecules from MOFs
placed in the scaffold. Researchers are creating novel
approaches to solve a range of nervous system difficulties,
such as neural interface creation, neuroregeneration, tar-
geted medication delivery, and neural tissue engineering,
by utilizing the special qualities of conjugated polymers
and MOFs. Notwithstanding these encouraging possibil-
ities, further research and development are still required
to address issues including assuring compatibility with in
vivo settings, enhancing long-term stability, and optimizing
scaffold architecture. However, conjugated polymer/MOF
scaffolds present a unique set of features that makes them
an attractive option for developing brain regeneration and
nerve tissue engineering applications.

Conjugated polymer/MOF scaffolds for cardiac regeneration.
As the primary cause of morbidity and mortality, myocar-
dial infarction (MI) and other cardiovascular disorders

have steadily risen to the top of the list of conditions endan-
gering human health globally. Cardiovascular tissue engin-
eering (CTE) using advanced electrical-active scaffolds is
one of the most promising approaches to heart regeneration
and damage repair.192 Heart tissue that has been lost or
injured must be repaired or replaced with healthy heart
tissue during cardiac regeneration. The synchronized trans-
mission of electrical signals via cardiac cells is the basis for
the well-known process of excitation-contraction coupling
in the heart.193,194

The heart’s natural ability to renew itself is less than that
of other tissues.125,195 Therapies that improve the heart’s
capacity for regeneration and self-healing after traumas
such heart attacks or other cardiac disorders are the
subject of ongoing research. Stem cell therapy, gene
therapy, cardiac tissue engineering, small chemical medi-
cines, and biophysical/mechanical interventions are
among the strategies under investigation.196,197 Heart
tissue engineering is one potential method that combines
cells, biomaterials, and biochemical elements to create con-
structions that can be implanted to promote regeneration.
Scaffolds and other hybrid-based structures, based on con-
jugated polymers, have become an innovative tool for
improving heart repair. For instance, the 3D scaffolds
have special mechanical flexibility, electrical conductivity,
and biocompatibility. Combining conjugated polymer with
MOFs into a 3D scaffold for cardiac regeneration could
offer several advantages.125,195,197,198 This is crucial for
promoting tissue integration and minimizing inflammation.
A biomaterial might be introduced, and this could coordin-
ate ventricular contraction and result in a considerable
improvement in heart function after MI. Injectable conduct-
ive polymers may be able to change impulse propagation in
the infarcted zone, so allowing for the adequately timed
contraction of viable myocardium that has been segregated
by the infarct scar and restoring synchronous contraction
following a MI.199 Both conjugated polymers and MOFs
can be tailored for biocompatibility, ensuring that the scaf-
fold does not elicit adverse immune responses when
implanted in the body. For interacting with heart tissue,
conjugated polymer scaffolds exhibit exceptional conduct-
ivity and biocompatibility. To encourage cell renewal and
alignment, they can deliver electrical cues that resemble
the natural cardiac environment.200 Muscle cell contraction
and relaxation in the heart depend on coordinated electrical
communication.201 These scaffolds’ high conductivity
makes it possible to create hybrid structures that stimulate
cardiac cell integration and functional muscle regeneration
with electrical stimulation, potentially regaining normal func-
tion following illness or damage.196,198,200 Additionally, these
scaffolds provide for novel therapeutic approaches. MOFs are
known for their ability to encapsulate and release therapeutic
molecules in a controlled manner. By incorporating
drug-loaded MOFs into the scaffold, it may be possible
to deliver growth factors or other bioactive molecules dir-
ectly to the site of cardiac injury, promoting tissue regen-
eration and repair. They have the ability to specifically
encapsulate and transport growth factors or bioactive com-
pounds to specific cardiac locations through customized
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modifications and functionalization.202 This targeted dis-
tribution creates a regulated healing environment, which
promotes tissue regeneration.203

In summary, the integration of conjugated polymers and
MOFs into a 3D scaffold holds great promise for cardiac
regeneration by providing electrical conductivity, structural
support, controlled drug delivery, and bioactive cues to
promote tissue repair.

Cancer theragnostic of conjugated polymers/MOF
scaffolds
In modern days, cancer is among the highest causes for
human’s death and thus knowing this disease and cure it
is a sought-after topic in many ways204,205 Moreover, indi-
viduals diagnosed with advanced-stage cancer often experi-
ence poor clinical outcomes, highlighting the urgent need
for innovative approaches centered on early detection and
personalized treatment. According to WHO reports,
cancer accounts for approximately 16% of all deaths annu-
ally, equating to around 9.5 million fatalities.206 The
number of cancer patients has been rising sharply in
recent years, and research into more effective cancer treat-
ments is an ongoing human endeavor. Surgical procedures,
chemotherapy, radiation therapy, immunotherapy, and tar-
geted therapy are currently used as clinical cancer treat-
ments.207,208 The most often used cancer treatment
modality is surgical therapy, which has a major therapeutic
impact and a quick tumor decrease through excision.
Surgical intervention is not universally applicable to all
cancer types, as partial excision can lead to recurrence
and metastasis. The effectiveness of surgery often hinges
on the specific tumor type. In the realm of cancer treatment,
chemotherapy employs chemical agents to eradicate cancer
cells. Together with radiation therapy and surgery, chemo-
therapy constitutes one of the primary modalities for treat-
ing cancer. While it is recognized for its potent anti-tumor
effects, chemotherapy is also associated with a range of
toxic side effects, including hair loss, nausea, vomiting,
and potential damage to healthy tissues and organs due to
its impact on normal cell proliferation.209,210 Radiation
therapy, utilizing ionizing radiation, operates by inflicting
damage on cellular chromosomes through its energy
output. This mechanism inhibits cellular growth and effect-
ively targets rapidly dividing cancer cells. Radiotherapy is
particularly beneficial for patients who have undergone
partial tumor removal or those who are not candidates for
surgical procedures.211 However, the use of radiation
therapy has its limitations. It may lead to the formation of
scar tissue, systemic immunosuppression, and challenges
in treating large tumors that could be adversely affected
by radiation exposure to surrounding healthy tissues. In
contrast, photothermal therapy (PTT) emerges as a promis-
ing alternative treatment. By employing photothermal
agents (PTAs) that convert near-infrared (NIR) light into
heat, PTT effectively targets cancer cells while minimizing
damage to normal tissues.212

It can be said that MOFs have three important applica-
tions in PTT: loading chemotherapeutic medicines, enhan-
cing PTAs, and biomedical imaging. Conjugated
polymers which have alternating single, double, or triple
bonded conjugated systems in the main chain, are used
extensively in fluorescent, photovoltaic, and conductive
materials due to their excellent optical properties and adapt-
able chemical structures.213,214

Due to a number of important considerations, the poten-
tial application of conjugated polymer/MOF as 3D scaf-
folds for cancer theranostics (a field that encompasses
both therapy and diagnostics) is extremely encouraging.
By making conjugated polymers and MOFs friendly and
biodegradable, possible cytotoxicity and immunological
reactions can be reduced. Their clinical translation as
cancer theranostic agents depends on this. Moreover, conju-
gated polymer/MOF scaffolds can combine several thera-
peutic modalities onto a single platform, including
immunotherapy, photothermal therapy, and chemotherapy.
Treatment resistance is overcome and anticancer efficacy is
enhanced synergistically by this combination therapy strat-
egy. Conjugated polymer/MOF scaffolds provide a unique
mix of features that make them a prospective choice for
improving patient outcomes through focused therapy,
accurate diagnosis, and therapeutic response monitoring.

Photothermal therapy of conjugated polymer/MOF scaffolds.
Photothermal therapy (PTT) is a noninvasive cancer treat-
ment technique that can also be utilized to treat different
kinds of cancer.215–217 PTAs are injected into the body,
and by targeted strategies, they gather close to tumor
areas. Next, various intensities of external laser irradiation
are used to precisely target the tumor that produces heat
to kill cancer cells by destroying the protein structure of
the tumor cells. The advantages of PTT are noteworthy; it
is cost-effective, highly efficient, minimally invasive, and
typically results in fewer side effects while allowing for
precise targeting of tumors.218–220 The efficacy of PTT is
influenced by the choice of photothermal agent.
Additionally, certain thermotolerant cancer cells may
require higher laser intensities or prolonged exposure
times to achieve the desired therapeutic outcome, as the
effectiveness of laser energy diminishes with increased
tissue depth. Furthermore, intense laser application may
inadvertently harm adjacent healthy tissues due to non-
specific heating and thermal diffusion, complicating treat-
ment outcomes.221,222 To enable PTAs to effectively
reach the tumor site while preventing harm to healthy
tissues, scientists have developed a variety of nanocarriers
based on nanoparticles, including peptide micelles, poly-
acrylamide, and perfluorocarbons.223,224 However,
because of issues including low efficiency, poor targeting
ability, and inadequate loading capacity, these delivery
methods are unable to satisfy the demands of real-world
applications. To create nanomaterials with superior PTT
effects, MOFs are frequently used with photothermal
agents. The following are the main advantages of MOFs
over conventional porous materials:225 (1) Using photother-
mal agents as organic ligands, designable inorganic nodes
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and organic linkers offer a wealth of opportunity for creat-
ing functionalized MOFs; (2) Inorganic or polymeric com-
ponents can be added to MOFs using straightforward
preparation techniques; (3) The PTT agents can be encap-
sulated due to the large specific surface area and suitable
pore size; and (4) Superior biodegradability and a few
endogenous metals guarantee therapeutic effects and bio-
compatibility. Because of these special advantages,
MOFs work incredibly well in PTT applications.
Consequently, the combination of MOFs and photother-
mal agents has greater potential for treating tumors and
can have a superior photothermal therapeutic impact.226

Inorganic and organic materials are the two categories of
photothermal agents.227

The predominant light source utilized PTT is near-
infrared (NIR) light, as it can penetrate tissues without
causing significant damage or being absorbed by bodily
fluids. Ideal characteristics for a photothermal agent
include good photostability, effective NIR absorption,
high photothermal conversion efficiency (PCE), and biost-
ability.228,229 Since the advent of photothermal therapy,
researchers have been diligently investigating materials
suitable for use as photothermal agents. Because of their
diffuse double electrons, which allow for significant near-
infrared absorption, organic nanomaterials have the poten-
tial to become PTAs. Nevertheless, challenges such as
poor photostability and water solubility continue to
impede the ongoing utilization of organic nanomaterials
in photothermal therapy (PTT). Through the modification
with suitable MOF materials, other drugs, or metal ions,
organic nanomaterials can be further utilized in PTT to
compensate for their deficiencies. onjugated polymers are
recommended for application as photothermal agents due
to their ability to easily generate delocalization and leap-
frogging of p-electrons, converting absorbed light energy
into heat. One of the pioneering polymers utilized for
tumor PTT is PANI, extensively employed for tumor PTT
and photoacoustic imaging (PA). For instance, a
DOX-loaded polyaniline/porous silicon hybrid structure
has been developed, demonstrating the potential to
combine the anti-tumor effects of PTT and chemother-
apy230 Despite PANI’s high photothermal conversion and
biocompatibility, the significant drawback remains its cyto-
toxicity and degradability. To overcome the limitations of
PANI, MOFs can be beneficial. PPy, a conjugated
polymer, is often employed in PTT due to its strong absorp-
tion in the near-infrared spectrum and superior photother-
mal conversion efficiency. The design of PPy NPs of
appropriate size is anticipated to optimize the photothermal
effect, as the size of PPy NPs, unlike that of PANI, signifi-
cantly affects their photothermal performance.230 A type of
hybrid material formed within the pores of a porphyrinic
MOF (PPy@MOF-525@HA) through the in-situ polymer-
ization of a pyrrole (Py) monomer. PPy@MOF-525@HA
demonstrates suitable cellular uptake size (average particle
size of 77.6 nm), robust thermal stability, efficient photother-
mal conversion (η= 62.1%), singlet oxygen (1O2) gener-
ation, and excellent biocompatibility. Py@MOF-525@HA
can also serve as a contrast agent for fluorescence imaging

and cancer cell-specific targeting, offering precise treatment
guidance (Figure 7(a)-(b)).231

MOFs have found application in loading chemothera-
peutic drugs for cancer treatment, but they face challenges,
particularly with large and malignant lesions. To address
these difficulties, combined therapies involving chemother-
apy and PTT have garnered significant attention due to their
potential for high selectivity and minimal aggressiveness in
treating various tumors. However, existing MOF-based
nanohybrids incorporating photothermal agents often
entail complex synthesis processes and heterogeneous
structures. MIL-53 is utilized as a microreactor to facilitate
the in-situ growth of PPy nanoparticles for the fabrication of
PPy@MIL-53. The presence of Fe3+ ions within MIL-53
serves as an intrinsic oxidizing agent, enabling the oxida-
tion of pyrrole monomers to produce PPy nanoparticles.
The resulting PPy@MIL-53 3D scaffold combined the
inherent advantages of MOFs, such as high drug loading
capacity and magnetic resonance imaging (MRI) capabil-
ities, with the excellent photothermal therapy ability and
biocompatibility of PPy. These versatile PPy@MIL-53
scaffolds exhibit multiple functionalities, showcasing syn-
ergistic effects of photothermal-chemotherapy for cancer
both in vitro and in vivo, potentially guided by MRI. The
proposed synthesis strategy based on MOF microreactors
holds promise for the efficient fabrication of diverse multi-
functional nanohybrids tailored for tumor theragnostic in
vivo (Figure 7(c)-(d)).112

Photodynamic therapy of conjugated polymer/MOF scaffolds.
Photodynamic therapy (PDT) has emerged as a minimally
invasive treatment modality that has garnered significant
attention in recent years as an innovative approach to
cancer therapy. Photodynamic therapy basically entails
exposing a photosensitizer to visible or near-infrared light
to excite it from the singlet ground state to the triplet
state.233. PDT can progress through two primary photo-
chemical reaction pathways, known as Types I and II. In
Type I PDT systems, such as those utilizing fullerenes,
the activated triplet-state photosensitizer interacts with bio-
logical tissues to generate radicals. These radicals subse-
quently react with molecular oxygen (3O2) or water
(H2O), leading to the formation of hydroxyl (•OH) or super-
oxide (O2

•−) radicals. In contrast, Type II PDT systems,
which include the organic photosensitizer chlorin e6
(Ce6), involve the triplet-state photosensitizer transferring
energy to molecular oxygen, resulting in the production
of cytotoxic singlet oxygen (1O2)

234. In an intriguing
method, MOF-based single-atom enzymes (SAEs) have
been created to improve the PDT effect in hypoxic malig-
nancies.235 Using conjugated polymers and MOFs in com-
bination with PDT, the goal is to provide a complete
approach that targets and cures cancer cells while also
allowing for real-time monitoring and evaluation of the
effectiveness of the treatment. Conjugated polymers pos-
sessing extended π-electron systems, which enable them
to effectively absorb and release light. Their capacity to
produce reactive oxygen species (ROS) upon light activa-
tion, which is essential for PDT, has been investigated.
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When photosensitizers (PSs) are properly matched with
appropriate conjugated polymers (CPs) as energy
donors, conjugated polymers show exceptional light-
harvesting properties and efficient intra- and intermolecu-
lar energy transfer between CPs and traditional PSs by the
molecular wire effect, which significantly improves ROS
generation efficiency. Recently, technologies such as
chemiluminescence excitation and two-photon excitation
have been used to improve penetration depth, which is a
prevalent issue in phototherapy of CP-based PDT
systems. Moreover, CPs can provide the system with
beneficial properties including drug delivery and photo-
thermal effects if they are properly engineered. This

could result in a synergistic therapy with PDT.236

Conjugated polymers can also be made to glow, which
makes it possible to utilize them as imaging agents for
tracking and detecting cancer. MOFs have improved treat-
ment strategies in recent years, enhancing the field of
nanomedicine.237,238 One such example is photodynamic
therapy (PDT), a photochemically based clinical protocol
that uses molecules known as photosensitizers (PSs),
visible light, and endogenous molecular oxygen to
produce reactive oxygen species (ROS) that destroy
unwanted tissues. Because of its low or non-invasive
nature, few side effects, and great selectivity, this tech-
nique has garnered a lot of interest in cancer therapy.239

Figure 7. a) One conjugated polymer/MOF scaffold was fabricated via in-situ polymerization. First, Zr6(OH)4O4 was stirred and used

as core cluster and meso-tetra(4-carboxylatophenyl)-porphyrin (TCPP) particles were added as organic linkers to synthesize metal

organic framework-525 (MOF-525). In the next step, the pyrrole (Py) monomers were introduced into MOF-525 porese and confined

in-situ polymerization where an open micro/mesoporous structure was prepared as a result and labeled as polypyrrole-MOF-525 or

PPy@MOF-525. The near infrared (NIR) responsive PPy@MOF-525 scaffold revealed high biocompatibility, excellent poro size for cell

uptake, enhanced photothermal conversion, and high thermal stability. The PPy@MOF-525 was coated by hyaluronic acid (HA) in

order to obtain better cancer cell-specific targeting and higher colloidal stability and the final structure was labelaed as

PPy@MOF-525@HA. b) The thermal image obtained through NIR- camera, in which the photothermal conversion rate for

PPy@MOF-525@HA (200 μg/mL) surpassed 62% revealed significant improvement in comparison with MOF-525. Reprint231 from

with the permission from RSC. c) A photothermal–chemotherapy 3D scaffold was fabricated and used as a microreactor. First, The

Material Institute Lavoisier-53 (MIL-53), a well-known MOF, was prepared via solvothermal reaction and mix-valent iron cations as core.

In the next step, the PPy was coated on the MIL-53 through oxidation of unsaturated ferric ions and, in which the PPy endowed

photothermal capabilities to the prepard hybrid structure. Finally, a well-know anticancer agents (doxorubicin hydrochloride (DOX))

was loaded on PPy@MIL-53 where the presence of MOFs boosted the drug loading drastically. The final scaffolds revealed high NIR

adsorbence and was used for destroying cancerous cells. d) The 4T1 tumor-bearing female “Bagg albino” or BALB/c mice was devided

into four groups each with three mice to further examine the in vivo therapy synergizing PTT and chemotherapy. All groups were

injected by phosphate buffer saline (PBS)/irradiation (PBS (L+)), PPy@MIL-53 alone, and PPy@MIL-53/DOX/irradiation, where the

results revealed that DOX had almost negligible effect on the photothermal effect. Reprint from232 with the permission from ASC
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On the other hand, MOFs have the ability to encapsulate
PDT photosensitizers, shielding them from premature
deterioration and enhancing their delivery to cancer
cells. Additionally, targeting ligands can be used to func-
tionalize MOFs in order to recognize particular tumors and
improve therapeutic specificity. The use of conjugated
polymers, or MOFs, in conjunction with PDT provides
many benefits in the context of cancer theranostics. In
order to reduce off-target effects and increase therapeutic
efficacy, conjugated polymers and MOFs can be loaded
with photosensitizers and targeted to cancer cells utilizing
certain ligands.

When it comes to cancer theranostics, conjugated poly-
mers, or MOFs, in conjunction with PDT provide a number
of benefits. By loading conjugated polymers and MOFs
with photosensitizers and targeting them to cancer cells
with certain ligands, therapy efficacy can be increased
while off-target effects are reduced. They can be used as
imaging agents to see how the therapeutic agents are distrib-
uted inside the tumor and to track the effectiveness of treat-
ment in real time. PDT and conjugated polymers/MOF
scaffolds when combined may have synergistic effects
that improve the overall efficacy of the treatment. For
instance, conjugated polymers can make cancer cells
more susceptible to ROS production brought on by PDT,
which will enhance the rate of cell death. Indeed, a multi-
functional theragnostic nanoplatform that provides simul-
taneous cancer imaging, targeted therapy, and treatment
monitoring capabilities can be created by combining conju-
gated polymers, or MOFs, with PDT. A nanoscale photo-
active porphyrin-MOF- porous organic polymers (POP)
or MOF@POP (UNM scaffold), is created by growing
photoactive porphyrin-POPs or tetrakis(4-aminophenyl)-
21H,23H-porphine (H2P-POP) epitaxially on the exterior
of an amine that contains UiO-66 (UiO-AM). The crystal-
lization, pore structure, and size distribution of UNM are
effectively preserved following POP development. Less
than 200 nm in size, the produced UNM has the potential
to be absorbed by cancer cells. Under a variety of experi-
mental settings, this light-activated UNM demonstrates an
effective ability to produce 1O2, which can be further uti-
lized for PDT efficacy. The current study highlights the
enormous potential of nanoscale porous polymers in the
treatment of cancer and other biological domains
(Figure 8(a)).240 Indocyanine green (ICG) was used by con-
jugating it on the external surface of Fe-soc-MOF
(Fe-soc-MOF, Fe3O 3,3′,5,5′-azobenzene tetracarboxylate),
showing both PDT and PPTT activity.241

Responsive drug delivery of conjugated polymer/MOF
scaffolds. Chemotherapy remains one of the primary treat-
ments for cancer in clinical practice. However, its use is
often limited due to drawbacks such as nonspecific distribu-
tion, dose-dependent side effects, and the development of
drug resistance. Combinations of MOFs and conjugated
polymers can serve as intelligent materials capable of
loading and releasing drug payloads in response to
various stimuli, including temperature, light, ions, and pH
levels. However, due to inherent limitations such as poor

pharmacokinetics, poor biodistribution, and unwanted
side effects, traditional direct delivery of therapeutic medi-
cations to patients is no longer applicable.242 To reduce side
effects and increase therapeutic efficacy, numerous attempts
have been made to produce drug vehicles with controlled
drug release.243 As a result, throughout the past few
decades, a wide variety of nanocarriers, including organic
micelles, liposomes, dendrimers, metal nanoparticles,
quantum dots, and inorganic mesoporous silica, have
been produced for this purpose.244 Nevertheless, all nano-
carriers face specific challenges in biological applications;
inorganic porous materials may exhibit undesirable toxicity
and inadequate degradability, while liposomes, micelles,
and dendrimers often suffer from low loading capaci-
ties.245,246 In order to enable the release of medications
administered intravenously, carriers should be nanoscale,
have a high loading capacity, and be biocompatible—that
is, easily broken down by the body’s metabolism and non-
toxic or lowly poisonous. It is also anticipated that the
release of pharmaceuticals from drug-loaded vehicles will
be efficiently regulated. Consequently, a great deal of
work has gone into using different controlled drug release
mechanisms in cancer chemotherapy.247 More signifi-
cantly, researchers are working to create multimodal
therapy systems in order to meet the growing need for
effective treatment approaches.248

It is possible to fabricate conjugated polymer/MOF 3D
scaffolD to react to particular stimuli, such as pH, tempera-
ture, enzyme activity, or redox potential, that are frequently
present in the tumor microenvironment. This responsive-
ness allows for focused and regulated drug release at the
tumor site, which maximizes treatment efficacy and
reduces systemic side effects. As was already mentioned,
MOFs are ideal for the encapsulation and distribution of
medications due to their high porosity and surface area.
Through surface functionalization, MOFs can be engi-
neered to respond to specific stimuli inside the tumor micro-
environment. For instance, in reaction to the acidic
environments commonly present in tumors, pH-sensitive
MOFs can release medications. Moreover, MOFs can be
loaded with imaging agents to monitor drug delivery and
diagnose patients at the same time. Improved tumor target-
ing, longer circulation times, and increased drug stability
are just a few benefits of responsive drug delivery
systems. These methods optimize drug concentrations at
the tumor site, minimize exposure to healthy tissues,
lower systemic toxicity, and enhance patient safety by pre-
cisely managing drug release. On the other hand, conju-
gated polymers have the ability to degrade or alter
conformation in response to outside stimuli, which can
cause the release of medications that are encapsulated.
Precise spatiotemporal control of drug release is possible
by adding conjugated polymers to drug delivery devices,
such as hydrogels or nanoparticles. Conjugated polymers
may also have imaging properties that allow for real-time
tracking of tumor response and medication delivery. So, a
theragnostic approach to cancer is made possible by the
combination of cancer theranostics with responsive drug
delivery devices based on conjugated polymer/MOF
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scaffolds. This method enables customized treatment plans
by integrating therapeutic and diagnostic features into a
single platform. In addition to monitoring drug distribution,
researchers can evaluate treatment response and make real-
time adjustments to therapy parameters by combining
imaging agents with therapeutic pharmaceuticals.103

Biomedical imaging of conjugated polymer/MOF scaffolds. The
most significant issues of our day are the detection and
treatment of deadly illnesses and cancers, as well as
Parkinson’s disease. Based on clinical factors, early
cancer detection is essential in this regard to increase
patient survival rates.249–251 Biomedical imaging technol-
ogy is crucial for both identifying lesions from surrounding
tissues and assessing how well various therapies work for
various illnesses. In order to provide images with sufficient
resolution and detail for making the right medical decisions,

various imaging techniques are currently used in clinics.
These techniques include fluorescence (FL) imaging when
combined with two or three modalities, computed tomog-
raphy (CT), photoacoustic (PA), positron emission tomog-
raphy (PET), photothermal (PT) imaging, and magnetic
resonance (MR) imaging.252 MOFs are acknowledged as
one of the promising nanomaterials for bioimaging applica-
tions.253,254 Due to recent advancements in nanotechnol-
ogy, there has been a significant amount of research
conducted on nanoscale MOFs (NMOFs) as attractive
drug delivery systems (DDS). These materials have super-
ior physicochemical properties, including high surface
area, large porosity, nanoscale dimension, biodegradability,
and ease of post-synthesis modification.135,255–257

Additionally, because NMOFs can be used as bioimaging
agents for the diagnosis of malignant tissues, chronic ill-
nesses, and disorders, they have been widely employed in

Figure 8. a) Synthesis and preparation of nanoscale metal-organic framework (MOF)@POP scaffold (UNM), structure of photoactive

porphyrin-POPs (H2P-POP) on the surface of amine containing UiO-66 (UiO-AM) and the cellular uptake and photodynamic therapy in

cell. Reprint from240 with the permission from ASC. b) preparation of polypyrrole@metal-organic frameworks coreshell scaffolds

(PPy@MIL-100(Fe)) as pH/NIR-responsive drug carriers for dual-mode imaging and synergistic chemo-photothermal therapy of cancer

cells. Reprint from268 with the permission from RSC. c) Graphical representation of zirconium-ferriporphyrin metal–organic frame-

work loaded with protein 70 siRNA (siRNA/Zr-FeP MOF) and their application in multimode imaging and combination therapy. Reprint

from269 with the permission from Wiley online library. d) preparation of glucose oxidase (GOx) immobilized on the MOFs (ZIF-8)

coated Fe3O4/PPy magnetic scaffold (GOxFe3O4/PPy@ZIF-8) for biomedical sensing. Reprint from276 with the permission from

Elsevier
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preclinical research.258 Imaging agents, whether organic or
inorganic, are substances that contain concentrated contrast
moieties and possess acceptable physiological stability and
targeting properties. The integration of conjugated polymer/
MOF scaffolds in biological imaging enhances imaging
capabilities by providing multidirectional functionality.
Biologically meaningful MOFs with different metal nodes
that have desirable qualities like easy synthesis, surface
functionalization, water stability, and large surface area
are strong contenders to show interesting optical and mag-
netic properties. Polymers also have properties like biocom-
patibility and perhaps intrinsic imaging properties. As such,
conjugated polymer/MOF scaffolds present a compelling
option for translational and preclinical studies.103

The size of MOF crystals should be reduced to nano-
meter scale for bioimaging, since this will speed up the
process of cell endocytosis. According to recent studies,
many methods that have been employed for the synthesis
of both organic and inorganic polymeric nanoparticles can
be employed to create NMOFs.259 NMOFs are promising
platforms for bioimaging because of these characteris-
tics.260 In other sides, CPNs, or conjugated polymer nano-
particles, are intriguing probes that may find application in
biomedical imaging.261–263 Applying the particles to cells
and tissue can be used to stain them for fluorescence-based
imaging methods including microscopy and tomography.
Because CPNs are hydrophobic, they are rapidly absorbed
by cells and have minimal cytotoxicity.264 These organic
semiconductor particles are highly luminous because of
their π-conjugated electron system, and by modifying the
co-monomer composition,265 the emission color may be
modulated from the visible spectrum into the near infrared
(NIR). Moreover, CPNs function superbly in image-guided
photodynamic and photothermal therapy as well as photoa-
coustic contrast agents.262,266,267

Immobilized cypate, a related dye, in a MIL-53(Fe)
(MIL-53(Fe), Fe(OH) terephthalate) matrix, yields a multi-
modal imaging and therapy platform.28 A simple method
was presented for creating well-dispersed core-shell scaf-
folds with a PPy core and a MIL-100(Fe) shell, known as
PPy@MOFs. In the presence of trimesic acid (H3btc), the
adsorbed Fe (III) ions on the as-fabricated PPy surface
were employed as reactive sites for the subsequent develop-
ment of the MIL-100(Fe). The resultant scaffold had a good
photothermal efficiency of about 40% due to the PPy core,
and they showed substantial absorption in the NIR region.
The hydrophilic anti-cancer medication doxorubicin
(DOX) was well-suited for storage and administration in
the MOFs structure, which was based on Fe (III) carboxyl-
ate elements. As the shell degraded under low pH condi-
tions, the release of DOX increased steadily. The NCs
generated heat when subjected to NIR irradiation, resulting
in a rise in local temperature. This elevated temperature
accelerated the release of DOX from the MIL-100(Fe)
shell. Furthermore, the PPy@MIL-100(Fe) NCs proved
effective for synergistic chemo-photothermal therapy of
cancer cells, as well as for dual-mode imaging through
MRI and photoacoustic imaging (PAI) (Figure 8(b)).268 A
novel versatile zirconium-ferriporphyrin MOF (Zr-FeP

MOF) nanoshuttle has been developed using a simple
one-pot hydrothermal method. These Zr-FeP MOF
nanoshuttles have the capability to simultaneously
produce abundant reactive oxygen species, including
hydroxyl radicals (OH) and singlet oxygen (1O2), when
exposed to near-infrared (NIR) laser irradiation.
Additionally, the Zr-FeP MOF nanoshuttles exhibited a sig-
nificant photothermal effect, with a high photothermal con-
version efficiency of up to 33.7%. When these nanoshuttles
were loaded with heat shock protein 70 siRNA and exposed
to a single NIR laser, they effectively inhibited tumor
growth both in vitro and in vivo, leveraging the combined
effects of PDT and low-temperature PTT. Additionally,
they exhibited excellent tumor-specific imaging capabilities
through photothermal imaging, computed tomography, and
photoacoustic imaging, facilitating precise tumor diagnosis
(Figure 8(c)).269

Biomedical sensing of conjugated polymer/MOF scaffolds.
Technological developments in biosensing can help with
early identification of significant alterations in organisms as
well as metabolic process monitoring. Conducting polymers
interact with the aromatic components of analytes through
π–π interactions, which enhance selective detection.
Meanwhile, the dangling bonds on the linkers of MOFs
serve as anchors for hydrogen bonding with analytes during
electrocatalytic reduction and oxidation. Consequently, conju-
gated polymer/MOF scaffolds offer distinct advantages,
including a large surface area conducive to effective biomol-
ecule immobilization and dispersion of analyte molecules.
The hydrophobic properties of polymers can be easily adjusted
to enhance the stability and reactivity of MOFs with immobi-
lized enzymes. Furthermore, by promoting the creation of
electrocatalytic sites, polymers added to MOFs can increase
electrode conductivity and consequently sensitivity and
response times. Analyte-induced changes can be seen utilizing
a variety of phenomena, including electric potential produc-
tion, luminescence, absorption, and fluorescence, for applica-
tions of sensing.103,270 Selectivity, repeatability, stability, and
application are critical features in analyte detection sensor
development to guarantee post-fabrication use.103,271

MOFs have been extensively studied as innovative bio-
medical sensing and imaging probes. MOF-based biosen-
sing primarily falls into two categories: first, MOFs are
intentionally designed to incorporate fluorescence or lumi-
nescence properties that can respond sensitively to their sur-
rounding environment or guest species.272 MOFs are used
as fluorescence quenchers toward the fluorophores of ana-
lytes based on fluorescence resonance energy transfer
(FRET),273 photoinduced electron-transfer (PET),274 or
charge transfer.275 The main topic of discussion is the
MOFs for biomolecule (DNA/RNA and enzyme) sensing.
A Fe3O4/PPy@ZIF-8 magnetic scaffold for glucose electro-
detection was prepared (Figure 8(d)).276 The in situ devel-
opment of the MOF facilitated the creation of a medium
for encapsulating enzyme components, thereby enhancing
the stability of the scaffold. Additionally, the polymeriza-
tion of PPy onto Fe3O4 contributed to electrical conductiv-
ity and antifouling properties (Figure 8(d)). The resulting
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amperometric biosensor demonstrated a detection limit of
0.333 μM and maintained functionality across a wide
range of glucose concentrations, from 1 μM to 2 mM.

Sustainability of conjugated polymers/
MOF scaffolds
Concerns about oil as a finite resource and the numerous
products resulting from petroleum engineering that lead to
severe and potentially irreversible pollution as well as
other unfavorable effects are widespread these days.
Conjugated polymers, MOFs, and their hybrid as a scaffold
are complex materials that require careful consideration
during the production, use, and disposal processes. For con-
jugated polymer to be properly synthesized from refined
petroleum products, their preparation frequently calls for
hazardous circumstances in addition to multi-step synthesis
and purification procedures. However, over the last ten
years, a variety of alternative synthesis routes have been
developed in an effort to account for the quantity of leftover
transition metals, side products, and the number of steps
needed to create p-conjugated polymers. This is especially
true for organic electronics, which are used in many
aspects of our daily lives and can greatly benefit from the
investigation of alternative synthesis processes. In fact,
transition-metal catalyzed coupling processes, like Stille
and Suzuki coupling reactions, are currently used to manu-
facture the majority of polymers used in conjugated poly-
mers. These coupling reactions, while efficient and
dependable, have several drawbacks, such as the usage of
toxic solvents, hazardous monomers, or transition metal
catalysts (Pd, Ni, Fe, etc.) that remain as residual contami-
nants in the finished devices and serve as failure agents.
Although some progress has been achieved in lowering
the amount of metal contaminants or using less harmful sol-
vents, more may still be done.277–279

The resources needed for these materials’ synthesis
determine how sustainable they are. Conjugated polymers
have a smaller environmental impact than conventional
petrochemical-based polymers because they may frequently
be made from renewable feedstocks or using effective syn-
thetic processes. Similarly, resource efficiency can be
increased by synthesizing MOFs from easily accessible,
non-toxic starting elements. The sustainability of conju-
gated polymers and MOFs can be impacted by the energy
intensity of their manufacturing methods. The development
of energy-efficient synthesis techniques, such as solvent-
free procedures or green chemistry approaches, can aid in
minimizing energy consumption and lowering production-
related greenhouse gas emissions. The synthesis of these
materials can involve the use of hazardous chemicals and
solvents, which can be harmful to the environment and
human health. In order to prevent waste generation and
exposure to hazardous chemicals, sustainable practices try
to minimize the use of toxic compounds, embrace safer
chemical alternatives, and implement closed-loop recycling
systems.

Sustainability depends on conjugated polymers’ and
MOFs’ capacity to break down or be recycled at the end
of their life cycles. Reducing trash generation and advan-
cing the ideas of the circular economy can be accomplished
by designing products with recyclable or biodegradable
components. To summarize, the sustainability of conju-
gated polymer/MOF scaffold encompasses various factors
such as energy consumption, degradability/recyclability,
chemical safety, life cycle assessment, and applications in
sustainable technologies. Through a thorough examination
of these factors, scientists and producers can endeavor to
enhance the eco-friendliness of these materials and encour-
age their extensive integration into diverse fields.280

Current challenges and future prospects
3D scaffolds including conjugated polymers and MOFs
provide intriguing prospects for a range of biomedical
applications, including biosensing, drug delivery, tissue
engineering, etc. Although research on these biomaterials
has been dynamically conducted over the last years, there
are some challenges with their design, engineering and bio-
medical applications, which are briefly itemized:

• Lack of Structural Integrity and Stability: It is well known
that the long-term functionality of 3D scaffolds
significantly depends on their ability to maintain
their structural integrity and stability under physiological
settings. Biodegradation or structural damage of
MOFs may occur, which affect the performance
of the conjugated polymer/MOF 3D scaffolds.

• Limited Biocompatibility and High Toxicity: There is an
essential need for low toxicity and high biocompatibility
of conjugated polymer/MOF 3D scaffolds when used in
biomedical applications. Therefore, when used in the
form of hybrid, MOFs and conjugated polymers may
antagonistically affect the toxicity and compatibility per-
formance features. Future works should consider exten-
sive analyses on these factors to lessen safety risks for
biological applications avoiding hindered cytotoxicity or
biocompatibility responses of these hybrid materials.

• Difficulties with Manufacturing Methods: 3D scaffolds
based on MOFs/conjugated polymers are at their early
stage of development, hence their design, engineering,
and manufacturing aspects need to be balanced for
a sophisticated manufacturing methods for developing
optimized structures with accurately regulated shape,
porosity, and mechanical strength.

• Regulatory Approval: Complying with regulations is a
major challenge for biomedical materials and
equipment. Since this hybrid material contains different
elements in each component, bearing in mind free mono-
mers, radicals, and imperfect 3D structure with diverse
likelihood of inter- and intra-moleculalr interactions
with cells and biological environments, its approval as
a biomaterial seems to be a major obstacle to future
developing strategies.

• Challenge of Bio integration and Electrical Conductivity:
Itm seems still difficult to make sure about
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achieving adequate electrical conductivity for conjugated
polymer/MOF 3D scaffolds while maintaining biointegra-
tion. The lack of conductivity ofMOFs together with inad-
equate biocompatibility of conjugated polymers may lead
to a hybrid material with lower biocompatibility with
either insufficient or superior electrical conductivity.

In view of above explanations, developing conjugated
polymer/MOF 3D scaffolds for applied and advanced
applications experinces serious challenges. Future possi-
bilities in design and engineering of conjugated polymer/
MOF 3D scaffolds must consider and include the follow-
ing scenarios:

• Functionalization and Surface Modifications: It is
advised to append functional groups to the surface of
these 3D scaffolds for the sake of customizing their bio-
medical performance and cellular response for particular
biomedical uses, among which biosensing, tissue regen-
eration, or controlled drug release are a few to name.

• Advanced Fabrication approaches: Though appearing
unclear to large extent, the image of future conjugated
polymer/MOF 3D scaffolds should reflect the cutting-
edge methods of fabrication for accurate control over
their properties such as self-assembly, 3D printing, or
microfluidic-based approaches.

• Novel Compositions: The future innovative hybrid struc-
tures born from MOFs and conjugated polymers as
parent components should put a large possibility in the
synthesis and manufacturing matrix towards structures
possessing higher electrical conductivity, structural
stability, and biocompatibility. A more ambitious per-
spective would even consider structures to be designed
for clinics.

• Biodegradability: Developing biodegradable 3D scaf-
folds that can degrade over time as new tissue forms
could offer advantages in regenerative medicine applica-
tions, reducing the need for surgical removal.

Concluding remarks
This review article has described the methodologies for
preparation of conjugated polymer/MOF scaffold with a
focus on 3D ones, as well as their fascinating properties.
Moreover, the application of this hybrid materials in
tissue engineering and cancer theragnostic is described.
The integration of MOFs and conjugated polymers has pro-
vided new aspects for both polymer and MOF chemistry.
Scaffold structures comprising MOFs and conjugated poly-
mers in combinatorial therapy exhibit notable characteris-
tics: 1) deliberate selection of functional moieties for their
efficacy and safety; 2) surface modifications to improve sta-
bility, prolong circulation time in the bloodstream, and
target specific tissues; 3) controlled sequential release of
drugs to achieve a synergistic therapeutic outcome.
Despite the numerous advantages demonstrated by conju-
gated polymer/MOF scaffold, certain limitations persist.
In other words, rational design and preparation of MOF
hosts has permitted the precise control of polymer chain
assembly structures, which has shed light on the unique

properties of polymers. Combination of MOFs with poly-
mers has improved their properties, such as conductivity,
stability, dispersibility, and biocompatibility. Stated differ-
ently, there are a number of noteworthy advantages to
employing conjugated polymer/MOF scaffold, including
their programmable properties that can be tuned to specific
biomedical needs. Conjugated polymers are excellent
choices for scaffolds used in tissue regeneration and bioe-
lectronic devices due to their strong optical qualities, elec-
trical conductivity, and biocompatibility. The high surface
area, porosity, and chemical activity of MOFs, on the
other hand, enable precise control over drug loading,
release kinetics, and targeted administration.

On the other hand, there is great promise for the develop-
ment of sophisticated biosensing platforms by the incorpor-
ation of conjugated polymers and MOFs into 3D scaffolds.
Biomarker concentrations, pH, and glucose levels can all be
monitored in real time using their optical and electrical char-
acteristics. These scaffolds provide sensitive and selective
detection capabilities for a range of biomedical applications,
including customized medicine and diagnostics, when com-
bined with the large surface area and chemical selectivity of
MOFs. Because of the special qualities of conjugated poly-
mers and MOFs, drug delivery applications can be designed
with intelligent, stimuli-responsive delivery systems. These
scaffolds can achieve controlled release of therapies in
response to particular environmental signals, such pH, tem-
perature, or light, by integrating functional groups or
stimuli-responsive moieties. This spatiotemporal regulation
of medication release minimizes systemic toxicity and off-
target effects while increasing therapeutic efficacy. 3D scaf-
folds made of conjugated polymers and MOFs have demon-
strated remarkable potential in tissue engineering by
facilitating cell adhesion, proliferation, and differentiation.
By imitating the natural extracellular matrix, these scaffolds
can offer the biochemical cues and mechanical support
required for tissue regeneration. Additionally, their porosity
and conductivity promote the flow of waste products and
nutrients, boosting tissue growth, and cellular activity.
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