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Abstract: Many bacterial species have been considered as possible pharmacological biofactories
for pharmaceuticals. Multiple hosts might now be used for bioproducts due to the development of
biology combined with bioengineering technologies for genome modification.

This review highlighted the drug delivery via various bioengineering tools for the targeted drug de-
livery using biochips, bacterial species, and many more. Bioengineering technologies are equally
important for growing or enhancing metabolites that are linked to their increased strength and im-
provement of their bioactivities. There are various techniques such as biochips using microrobots,
oral drug delivery through diatomic nanoparticles as a microcapsule, treatment via bacterial gene
and bacterial organelle i.e., encapsulin, microfluidic chips for precision medicine, and other smart
tactics that the pharmaceutical business is now employing.

In conclusion, the approval from the drug development authority on the most recent investigation
and expansion of synthetic biology, animal, plant, and bacterial-based manufacturing techniques,
as well as molecular bioengineered approaches, has led to the widespread acceptance of bioengi-
neered tools for the creation of pharmaceuticals.
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1. INTRODUCTION
The majority  of  the  bacterial  species  have been exten-

sively used as prospective pharmaceutical drug biofactories.
The use of many hosts for bioproducts expanded the integra-
tion of developmental biology and bioengineering technolo-
gies for genome manipulation. The most useful recombinant
proteins  are  those  produced  by  bioengineering  techniques
and  are  known  as  biopharmaceuticals.  They  come  from
bioresources, including microbial, botanical, animal, or ge-
netically altered tissues and organisms. To increase or grow
metabolites, which are entangled in their enhanced durabili-
ty and augment their bioactivities, bioengineering tools are
equally vital which accelerates cutting-edge opportunities in
the pharmaceutical industries. To advance intrinsically trans-
formed or altered hosts with novel properties, bioengineer-
ing technologies have now included a variety of procedures
for isolating and identifying the essential genes from a wide
range of microorganisms into the host plant genetic material
[1-3].

Modern bioengineering tools with cutting-edge technolo-
gies mandate genetic variation in plants, animals, and micro-
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bes  to  increase  the  importance  of  their  pharmaceuticals.
Metabolic bioengineering might be employed as a concentra-
tion  and  useful  management  of  metabolic  pathways  in  a
biosystem by using the enzymatic and regulatory activities
of the cells through biotechnology interaction via recombi-
nant DNA (rDNA) technology. The primary objective of bio-
engineering instruments  is  the bio-advancement  of  afford-
able  and  productive  techniques.  Therefore,  the  enlarged
metabolic actions may be carried out more skillfully by util-
izing  bioengineering  equipment  and  approaches  from  the
biotechnological aspect, as well as other recombinant molec-
ular procedures [4, 5]. For instance, nanotools for studying
biological organizations, in-vitro organs “on-a-chip” for dis-
ease models, nanoparticles (NPs) for targeted drug delivery,
and  molecular  sensors  that  can  be  turned  on  and  off  with
light are certain illustrations of the bioengineering tools that
many researchers use to better understand proteins, tissue,
cells, and organs [6]. Many tools and database packages are
available that use cutting-edge technology to accomplish a
wide range of systems biology goals through modeling and
simulation. The engineering techniques for biopharmaceuti-
cals  are  made  simpler  with  the  help  of  these  instruments,
which are constantly being produced, as shown in Fig. (1).

The treatment using recombinant cell therapy, proteins,
gene  therapy,  and  antibody  therapy  are  the  most  advanta-
geous biopharmaceutical forms. Because they demonstrate
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biological action and carry out specific tasks by simulating
the  pathophysiology  of  a  disease,  biopharmaceuticals  are
adept at  treating diseases safely and effectively.  Antigens,
immunosera,  vaccines,  blood,  cell  therapies,  monoclonal
antibodies,  hormones,  enzymes,  cytokines,  allergens,  gene
remedies, and other bioproducts made from rDNA are just a
few examples of the many different biopharmaceuticals that
are  currently  used widely as  beneficial  agents  [7].  Also,  a
growing mandate for bioanalytical capabilities towards eval-
uating therapeutic pharmacology, immunogenicity, and safe-
ty is created by the complexity of biopharmaceuticals, which
is increasing as technology develops. Moreover, an increas-
ing number of biosimilar methods are acknowledged by reg-
ulatory  bodies,  harmonized  among  the  industry,  and  are
based on strong science  to  determine how well  they work
with their respective originators [8, 9].

Fig. (1). Various types of bioengineering tools for pharmaceuticals.
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

2.  TARGETED  DRUG  DELIVERY  USING  MICRO-
ROBOTS ON A BIOCHIP PLATFORM

When treating patients with antibiotics, targeted drug ad-
ministration has a significant advantage over off-target deliv-
ery and overuse, which are known to cause systemic toxicity
and resistance. By using remote actuation and on-site medi-
cation release, drug delivery devices like drug-loaded micro-
robots might help localize antibiotics to a difficult-to-reach
spot that needs treatment [10]. Traditional medication deliv-
ery methods rely on repeated doses of high drug concentra-
tions administered systemically. This strategy is justified by
the idea that a high medication concentration in the blood-
stream will ultimately have an impact on the targeted spot.
This kind of therapy is troublesome when using antibiotics
since  it  leads  to  elevated  degrees  of  resistance  and  offsite
harm  due  to  overuse  [11-13].  Upcoming  materials-based
technologies  that  improve  therapeutic  effects  and  regulate
drug  flaws  are  anticipated  for  targeted  drug  distribution.
Drug-loaded microrobots provide remote access to difficult--
to-reach areas and are non-invasive, which may obviate the
requirement for systemic therapeutic drug delivery.

Future  microrobots  for  targeted  medication  delivery
have to be soft, steerable, and capable of navigating biologi-

cal  obstacles  to  successfully  deliver  therapeutic  cargo
[13-15]. Hydrogel-based microrobots appear to have poten-
tial as drug delivery devices due to their flexible mechanical
and physical properties that allow cargo retention and struc-
tural stability, as shown in Fig. (2). Also, proof of concept
testing in-vitro is necessary for the future in-vivo placement
of microrobots for localized or targeted medication adminis-
tration. To achieve this, a biochip platform was created that
served as a model for the Targeted Drug Delivery System (T-
DDS) and allowed loaded-drug microrobots to be activated
towards  a  biofilm  infection  to  locally  release  antibiotics
[16].  Moreover,  to  treat  the  infection  model,  tetracycline
was loaded onto a tet-microrobot that was intended to pro-
vide an inhibitive concentration of the medication locally at
the target biofilm area. In subsequent research, the tetracyc-
line-loaded  microrobot  was  put  into  a  cardiovascular-dis-
eased  model  and  magnetically  driven  toward  the  targeted
area.  Microrobot-targeted  drug  delivery  was  tracked  over
time for both bacterial prophylaxis and medical treatment.

Fig. (2). Pictorial representation of successful targeted drug deliv-
ery of hydrogel-based magnetic micro-robot over traditional drug
delivery. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

The outcomes provide a visual proof-of-concept demons-
tration of tet-microrobots using hydrogel as a platform for
targeted medication administration with minimal off-target
consequences. This result was obtained using computer vi-
sion-based time-course evaluations of gel-encapsulated bac-
terial cultures in treated and untreated infection models. In
comparison to the unrestrained expansion shown in the off--
target model of infection, the results of the preventive treat-
ment  condition  demonstrated  that  the  target  Tet-micro-
robot-treated infection had less bacterial development. Th-
ese  findings  provide  a  clinical  instance  of  early  diagnosis
and infection prevention therapy. This instance supports the
use of tailored antibiotic medication administration, for ex-
ample, to reduce the risk of infection downstream after oral
surgery [17, 18]. Another illustration of treatment was the in-
troduction of a tet-microrobot after initial culture develop-
ment.  This  requirement  for  treatment  provides  a  focused,
therapeutic approach to a persistent illness, which is consis-
tent with the usual recommendation of antibiotics [19]. Fur-
ther study of these findings supports the necessity for antibi-
otics to be delivered via tailored drug delivery systems. Al-
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though simplified in terms of complexity and physiological
representation, the comparison of bacterial growth in off-tar-
get cultures under therapeutic and preventative conditions ad-
dresses the off-target side effects associated with convention-
al antibiotic therapy [11, 12, 20]. It is possible that the off--
target administration of tetracycline to the off-target prophy-
lactic culture occurred before the culture began to develop
exponentially because of the modest delay in the growth of
the culture. The fact that the target culture recovered by the
next time point, in contrast to the target prophylactic culture,
shows that nearly all of the loaded tetracycline nevertheless
had the intended effect on the target culture. The steady ex-
pansion of the therapeutic off-target colony serves as a piece
of evidence.

The researchers observed the next phase in the develop-
ment of hydrogel-based, biomedical microrobots are target-
ed medication delivery using microrobots  on an on-a-chip
platform. The potential exists for targeted antibiotic delivery
materials.  It  was  found  that  the  agar-based  microrobots
could transport and distribute antibiotics into the surround-
ing environment. Additionally, inhibitive, tolerant, and sus-
ceptive dosages of tetracycline may be added to gel-encapsu-
lated bacteria to treat them as an infection model. For stan-
dardized microrobot testing, tet-microrobots could deliver ef-
ficient amounts of antibacterial agents for preventative and
therapeutic purposes to deliver efficient amounts of antibac-
terial agents for preventative and therapeutic purpose and to
avert the growth of bacteria in an intended area while limit-
ing undesirable consequences in fluidically connected mod-
els of infection. By targeting moieties and controlling drug
release in response to certain stimuli, hydrogel-based, mag-
netic micro-robots can be constructed in the future [21, 22].
This platform may also be utilized to replicate cooperative
microrobot actions for reliable target engagement of infec-
tion-resistant models. Hence, with the use of untethered, mo-
bile drug delivery materials, the long-term aim of this charac-
terization is to provide healing access and efficient medici-
nal  administration  to  ailment  locations  of  notice  that  are
otherwise inaccessible [23].

3. DIATOMITE-BASED VECTOR DRUG DELIVERY
BY SURFACE BIOENGINEERING

New naturally occurring porous materials for biomedical
applications have also been introduced in recent years to ad-
dress the shortcomings of synthetic porous materials, lead-
ing to the suggestion that diatomite is a workable replace-
ment for synthetic porous materials [24-27]. It can be used
as a legitimate substitute for manufactured porous silica in
the administration of drugs using nanotechnology as it is a
sedimentary-derived natural porous silica substance. The per-
spective of Diatomite Nanoparticles (DNPs) for drug deliv-
ery aims to increase the intracellular uptake in cancer cells,
improve  the  physicochemical  and  biological  properties  of
the particles, and the improvement of biocompatibility of the
APT  (3-aminopropyltriethoxysilane)  modified-DNPs  [28].
Moreover,  diatomites  are  still  underutilized  in
nanomedicine, and lately, they have been investigated for mi-
crocapsules as an oral drug delivery system. As a result, a

non-cytotoxic biomaterial has been created that has the po-
tential  to  significantly  boost  the  absorption  and  uptake  of
preloaded oral drugs by delaying the release of the drug and
boosting the drug permeability [29].

Due to their high stability, low toxicity, aptitude, and bio-
compatibility  for  cellular  absorption,  NPs  are  particularly
well-suited to serve as drug delivery devices. It was studied
if  DNPs'  surfaces  might  be  biofunctionalized  to  enhance
their physical, chemical, and biological characteristics, such
as cellular internalization and biocompatibility [30]. DNPs
can be highly favorable for the heaping of a huge variety of
compounds,  from  small  molecules  to  antibodies,  oligonu-
cleotides, proteins, and peptides, for the creation of tailored
NPs for  the  applications  of  drug delivery  because  of  their
unusual  porosity  nature  [31].  To  obtain  a  successful  DNP
PEGylation, the hydroxylated NPs were revealed to increase
the reactivity of their silica surface [32, 30]. It was discov-
ered that the creation of the covalent bond between PEG and
DNP  required  the  introduction  of  highly  reactive  amino
groups (-NH2) that may be chemically coupled with the car-
boxyl group of polyethylene glycol monomers onto the NP
surface via the process of DNP salinization. Hence, stable co-
valently bound PEG compounds could not be produced with-
out  this  two-step biochemical  surface treatment  [33].  This
improves the stability of NPs in an aqueous medium as well
as their cellular absorption and biocompatibility, which re-
duces  the  toxicity  of  the  NPs  to  RBCs  and  breast  cancer
cells as well as their hemotoxicity. The free –NH2 (amino
groups) of this complex were then chemically coupled with
carboxyl  groups  (COOH)  of  cell-penetrating  peptide  (CP-
P-peptide) to enhance the DNPs' cellular absorption. Genes,
peptides, proteins, and NP have all been reported to be deliv-
ered through cell  membranes with great ease,  as shown in
Fig. (3) [34].

Fig. (3). A visual depiction of proteins, cell membrane, peptides,
and gene delivery via diatomite nanoparticle. (A higher resolution /
colour version of this figure is available in the electronic copy of
the article).
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The surface functionalization of  the  NPs increased the
pre-loading efficiency of diatomite NPs and enabled the pro-
longed  release  of  the  insufficiently  water-soluble  antineo-
plastic medication, according to investigations on drug load-
ing and release. Moreover, DNPs were discovered to be a fa-
vorable nano-vector for tumor therapy due to their low toxic-
ity,  superior  cellular  absorption,  and  drug  loading  and  re-
lease features. With forthcoming scenarios to develop bio-
engineered diatomite NPs for localized Drug Delivery Sys-
tems (DDS). This shows that the potential of natural, low--
cost, and biocompatible DNP was discovered to be a work-
able substitute for synthetic NPs and efficient biofunctional-
ized nano vectors for enhanced intracellular localization and
drug administration in cancer cells [35].

4.  BIOENGINEERED    THERMOTOG    MARITIMA
ENCAPSULIN  AS  TARGETED  DRUG  DELIVERY
SYSTEM

The recently found bacterial organelles (Thermotog mari-
tima  encapsulin) are native,  naturally self-assembling pro-
teins that can overcome the drawbacks of other NPs, such as
their  high  cost  of  manufacture,  immunogenicity,  toxicity,
etc. Genetically encoded protein nanocages (encapsulin) are
very intriguing DDS prospects due to their  modular struc-
ture, ease of recombinant manufacture, in a range of control
over  cargo  molecule  assembly,  loading,  hosts,  and
biodegradability [36-40]. Encapsulins are a very attractive el-
ement for usage in multifunctional drug delivery systems be-
cause of their biodegradability and clearly defined topolo-
gies  [41].  Encapsulins  work  to  reduce  oxidative  stress  in
prokaryotes by packing enzymes, mineralizing iron-contain-
ing proteins, or peroxidase. Encapsulins have been used in a
broad range  of  biotechnological  applications  because  they
may be functionalized from a single protomer and use the
well-known cargo loading technique [42]. The crystal struc-
tures of several encapsulins have been clarified at the atomic
level  by  bioengineering  these  particles,  giving  researchers
additional  control  [43].  Encapsulins  are  used  as  imaging
agents in chimeric vaccines, as immunotherapeutic agents,
in functional nanoarchitecture, and the establishment of func-
tionalization by chemical crosslinking and interactions be-
tween proteins [44, 45]. The creation of the fusion protein
by joining the Thermotog maritima  encapsulant gene with
the genetically modified antibody imitation peptide called de-
signed ankyrin repeat proteins (DARP) is the first step to-
wards the concept of a genetically expressed tailored drug
delivery method. A small Singlet Oxygen Generator (mini-
SOG) or Reactive Oxygen Species Generator is a cytotoxic
prototype cargo that was created by fusing the minimal tar-
geting peptide domain from the Thermotog maritima ferrit-
in-like cargo protein onto the C terminus of miniSOG [46].
MiniSOG is a perfect therapeutic protein candidate for en-
capsulation because the release of protein cargo from an en-
capsulant shell either necessitates disassembling under chal-
lenging circumstances or sophisticated capsule engineering
and in-vivo  endosomal evacuation and release of cargo re-
main a significant obstacle for DDs [47, 48]. When this drug
delivery system binds to the HER2 receptor on breast cancer

cells, it causes the targeted cell to undergo apoptosis. Reac-
tive Oxygen Species (ROS) are produced as a result of the
drug's acquisition and lighting, as shown in Fig. (4) [36].

Fig.  (4).  A  graphical  representation  of  (I):  DARPin  conjugated
with miniSOG binds to HER2 receptor with a further fusion of T.
maritima and leads to apoptosis of the targeted cell. (II): DARPin
and miniSOG directly bind to HER2 receptor and lead to necrosis.
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

Another targeted delivery method revealed that DARPin
and miniSOG are directly fused genetically to target HER2
as  well  as  produce  phototoxicity.  The  DARPin-miniSOG
fused  proteins  were  readily  absorbed,  however,  necrosis
rather than apoptosis is observed (Fig. 4). This suggests that
the same cell line has a separate cell death mechanism. The
packaging of miniSOG probably alters the pace at which pro-
teins are taken in, and reactive oxygen species are released,
which might impact cell death pathways [49]. When some
control cells, such as SK-BR-3 and MSCs, were put against
one another in a cell-killing experiment, it was discovered
that more apoptotic cells were seen in SK-BR-3, and when
cells were illuminated, apoptosis occurred at its highest rate.
Since direct comparison of cell viability has been challeng-
ing, a more reliable control cell line (other than the MSCs)
might need to be used in the future before analyzing the sys-
tem's functionality and effectiveness in-vivo studies [36].

Additionally, encapsulin, a unique protein enclosure, can
also be used as a platform at the nanoscale for the selective
insertion of medicinal compounds and/or diagnostic probes
by chemical and genetic modifications. The addition of six
successive histidines with additional residues between Wild
Type (WT) encapsulin provided infrequent heat steadiness
and made the possibility of quickly purifying it  on a huge
scale. As a result, the modified encapsulin may be used as a
multifunctional  theranostic  nano  platform  to  concurrently
get particular diagnostic probes, cell target ligands, and ther-
apeutical  medicines  [50].  Therefore,  with  a  few  minor
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tweaks, such as tag-less purification, the direct fusion of the
Thermotog maritima encapsulant monomer with a DARPin
offers an opportunity for large-scale production in a trustwor-
thy and affordable approach. Also, DARPins are a group of
contacts  that  mimic  antibody-like  particular  reactions  and
may be linked with encapsulants of different sizes, each car-
rying a different sort of cargo. The approach laid the ground-
work for a modular as well as multimodal tailored drug de-
livery platform that has a strong affinity for tumor cells, re-
duces undesirable side effects, increases safety, and has the
potential to lead to the development of specialized and perso-
nalized therapies [51].

5. MISCELLANEOUS   APPLICATIONS   IN  DRUG
DELIVERY

5.1.  Drug    Delivery     via    3D-printed    Microfluidic
Technology

Standard drug therapy encounters difficulties with medi-
cation  absorption  and  distribution  throughout  the  body,
quick elimination and degradation, and numerous undesir-
able  reactions.  Microfluidics,  in  contrast  with  standard
large-scale synthetic systems, enables liquefied modification
at the micro-scale and has enormous capability for medica-
tion delivery and personalized medicine [52].

Physics,  microfabrication,  chemistry,  engineering,  and
other  academic  fields  all  play  significant  roles  in  the
progress of microfluidic technology [53]. The fluids in mi-
crofluidic chips have distinctive properties that distinguish
them from fluids at a larger scale because of the size depen-
dency of the heat and mass transport processes at the micros-
cale [54]. In other words, the device is mostly affected by
surface tension and capillary forces, with little gravitational
or inertial force of action. The primary elements influencing
fluid behavior are interface elements like diffusion, surface
tension,  and  viscosity  [55].  Moreover,  the  substantial  sur-
face area-to-volume ratios promote thermal uniformity and
quick heat transmission. These essential characteristics re-
sult in a wide range of benefits, such as the need for minimal
chemicals,  low energy consumption,  quick reaction times,
and high simultaneous procedures [56]. Microfluidical tech-
nology is, therefore, frequently employed in both commer-
cial and academic research. Proteases, temperature, and pH
can threaten the in-vivo stability of protein therapeutics after
injection. For nucleic acid medications to work, they must
be transported to the cytoplasm. It is vital to create suitable
medication delivery methods to overcome these issues. Ef-
fective drug delivery enables both accurate pharmacokinet-
ics  management  and  on-demand  distribution  of  the  active
medication  to  on-site  cells  or  tissues  [57].  Several  release
mechanisms exist for drugs inside a delivery system, includ-
ing drug diffusion, delivery material degradation, and exter-
nal stimulation. Drug-eluting stents, for example, need to be
surgically implanted and might cause a fibrocystic response.
The macroscopic delivery system also features a unique pat-
tern for medication release [58]. Nanoparticle delivery meth-
ods have various benefits over macroscopic ones, including
the ability to adjust drug release patterns, preserve protein

and nucleic acid medications from deterioration, make hy-
drophobic pharmaceuticals more soluble in tiny molecules,
and target specific tissues [59]. With the use of microfluidic
technology,  monodisperse  droplet  emulsions  may  be  pro-
duced by carefully controlling and adjusting fluids in a bot-
tom-up fashion [60].

Microfluidic device fabrication is now being done using
alternative  manufacturing  techniques,  such  as  3D printing
[61].  Stereolithography,  fused  deposition  modeling,  inkjet
3D printing,  and two-photon polymerization processes are
only  a  few  examples  of  traditional  3D  printing  methods
[62]. Microfluid chips with intricate 3-D geometries may be
made  via  three-dimensional  printing,  which  also  makes  it
possible  to  quickly  change a  device's  functionality  by  im-
proving the design. Moreover, it enables the manufacture of
microfluidic devices at high throughput [63]. Also, there has
been  a  rise  in  demand  for  3D  cell  culture  models.  Mi-
crofluidic channels have a diameter that is well-matched to
the size of many cell types. Microfluidic chips can be used
to create in-vitro micro-physiological systems that can repli-
cate organ-level and organism-level activities in addition to
producing multifunctional functional delivery carriers [64].
Different microfluidic cell cultured chips, often known as or-
gan-on-a-chips,  are  considered  for  personalized  medicine
[65].  Nevertheless,  most  organ-on-a-chips generally disre-
gard the lymphatic drainage’s role [66]. For accurate model-
ing of cancer pathophysiology, it is crucial to create both the
vascular and lymphatic systems at the same time, as lymphat-
ic vessels play an important part in regulating the concentra-
tion of fluids inside the tissue. Lymphatic endothelial cells
(LECs) and human umbilical vein endothelial cells are co--
cultured in a collagen gel-embedded microfluid device using
a perfusion culture approach [67]. Improved modeling of or-
gan function and disease states is made possible by in-vitro
rebuilding of lymphatic channel architecture. The tumor-lym-
phatic vessels model was implemented on a more complicat-
ed microfluidic device, which also included blood vessels.
By using bioprinting technology, it is feasible to make lym-
phatic tubes with blind holes at one end and hollow blood ar-
teries with open ends. As a result of the enhanced transport
of drugs in lymphatic channels, the two-vessel chip is more
effective in moving the medication than a single vessel [68].
Hence, the delivery vehicles may be made of pH, acid, light,
osmotic pressure, temperature, and other sensitive stimuli by
carefully  designing  and  selecting  the  material  of  mi-
crofluidic  chips.

5.2. Bioengineered Elastin-like Protein as Drug Delivery
System

A component of the extracellular matrix (ECM), elastin,
is a protein that is present in almost all higher mammals. It
has domains that can adopt several different conformations
and  is  held  together  by  cross-linking  [69].  Protein-based
drug delivery systems may now be developed with precisely
tailored physicochemical characteristics because of advance-
ments in genetic engineering, allowing for a greater degree
of customization, which is not possible with synthetic poly-
mers. Elastin-like proteins (ELP) are suitable applicants for
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usage as pharmaceutical delivery systems due to their dist-
inct chemical and physical characteristics and the simplicity
of  engineering  provided  by  recombinant  DNA technology
[70]. Tumor tissues have an increased vascular density and
poor  lymphatic  outflow,  allowing  macromolecular
medicines to aggregate and be retained selectively [71-73].
ELPs can remain water-soluble below their critical Tt (transi-
tion temperature) due to their inverse temperature transition
behavior, but above Tt, the polymeric chains coil hydropho-
bically and gather themselves into an additional organized
assembly that  is  more suited for drug administration.  ELP
NPs are also immune-response-free and biocompatible alter-
natives to natural elastin and are established by thermo-re-
sponsive self-assembly [74, 75]. There are risks associated
with using ELP NPs for drug administration, including the
fact that they tend to aggregate, resulting in bigger assem-
blies  and  that  they  could  have  an  improperly  low  critical
transition temperature, which might cause cell and organ da-
mage. By attaching poly-aspartic acid chains to ELPs, am-
phiphilic di-block peptides have been produced by experts
with  a  higher  critical  transition  temperature  and  reduced
propensity for aggregation [76]. Thermo-responsive cross-
linked capsules were created utilizing microemulsion to bet-
ter regulate the loading and release of payload [77].

Although bioengineered proteins are excellent raw mate-
rials for the development of modular, solid delivery systems,
their  usage has been restricted thus far.  Implanted devices
can have their surface qualities altered and their integration
with live tissues facilitated by the application of thin films.
Thin films containing peptide sequences of solid arginine-g-
lycine-aspartic acid in ELPs, for instance, were pH and tem-
perature-sensitive,  allowing  for  the  tuning  of  surface  at-
tributes like wettability and topography. It is an optical appli-
cation for sustained drug delivery and bioavailability [78].
Also,  hydrogels,  which are  three-dimensional  cross-linked
polymeric networks, can be used as medical applicants, for
instance drug delivery, tissue engineering, and implant mate-
rials. Hydrogels may be produced with ease, injected for non-
invasive  distribution,  and  put  to  good  use  in  interactions
with biological materials. Hydrogels are promising biomate-
rials  because  their  high  porosity,  swelling  ratios,  and  soft
consistency are reminiscent of biological tissue [79-83].

The ELP was also given a cell-penetrating peptide (CPP-
s) to aid in the effective absorption of the DDS into the cell.
Doxorubicin (Dox) was finally conjugated to the carrier us-
ing an acid-sensitive linker. This enables a specific delivery
of Dox whenever the drug delivery system reaches cancer-
ous cells and is then subjected to a low pH. Genetic fusion al-
lowed the CPP to be incorporated into the ELP carrier with-
out  additional  functionalization  or  chemical  conjugation
[84]. In recent research, it was observed that an exceptional-
ly aggressive kind of cancer called glioblastoma was treated
using ELPs. The prognosis for patients is still grave despite
various attempts to create DDS specifically aimed at this ma-
lignancy.  ELP systems that  selectively and effectively de-
stroyed glioblastoma cells were created using temperature-re-
sponsive properties for the agglomeration or deposition of
the drug delivery system in tumor cells at a certain tempera-

ture exceeding physiological values. Additionally, the cou-
pling  of  thiol  maleimide  to  three  cysteine  residues  on  the
elastic-like  protein  enabled  the  insertion  of  the  drug
molecule and the acid-sensitive linker in a very predictable
and selective way. A trustworthy and measurable measure-
ment of drug conjugation is made possible by this exact stoi-
chiometric control [84, 85]. Hence, to anticipate future de-
mands  with  specialized  or  selective  DDS,  such  a  bioengi-
neered  protein-polymer  approach  provides  exquisite  cus-
tomization  and  control.  Compatibility  with  tunable  target-
ing, complex peptides and assemblies, degradation, proteins,
biocompatibility,  stability  features,  and  safe  degradation
products are just a few of these system’s significant benefits
that may be attained even though still preserving the mechan-
ical benefits of natural elastin's elasticity. When choices to
directly encode target sequences, treatments, as well as asso-
ciated control points are coupled, new opportunities for bio-
engineering protein-polymers in the arena of drug delivery
systems are achieved [86, 87].

5.3. Drug Delivery via Bioengineered Thermo-responsive
Scaffold

Scaffolds are the structures of support that replicate an
ECM environment and are biocompatible and biodegradable
[88, 89]. Thermo-responsive polymers are incredibly useful
for scaffold building due to their outstanding performance
under a particular temperature change (such as localized in-
flamed  tumors  in  inflammatory  processes).  As  a  result  of
this transformation, a loaded antibacterial, wound-care, and
anti-inflammatory medication may be released, which may
result  in  a  phase transition in  the polymer [90,  91].  These
refined thermos-responsive biomaterials have three-dimen-
sional structures like those of humans and offer physical sup-
port  for  tissue  regeneration  and  cell  development.  These
structures are also employed as cutting-edge drug delivery
approaches.  Also,  because  of  their  unique  qualities  over
other  graphene-based  materials  like  carbon  nanotubes,
graphene nanoribbons (GNRs) were selected for study in the
field of medical science. The results show that GNRs have a
great deal of potential for application as an efficient agent in
photothermal therapy, DNA assembly, drug delivery, and an-
ti-cancer treatments. Using oxidative unzipping of the multi-
-wall carbon nanotubes and subsequent deoxygenation by hy-
drazine  and  bovine  serum  albumin,  single-layer  reduced
graphene oxide nanoribbons were used to report the efficient
concentration-dependent genotoxicity effects on human mes-
enchymal stem cells [92, 93]. Additionally, the design of the
scaffold  must  take  into  account  several  aspects,  including
vascularization, cell-tissue interaction, loading with medica-
tions, cells, antimicrobial substances, scaffold degradation,
and  growth  factors.  To  provide  a  biocompatible,  non-im-
munogenic,  and  quality  product  that  quickens  the  healing
process of localized tissue, pre-formulation and logical scaf-
fold designs for biomedical devices or drug delivery systems
are essential [94, 95]. Numerous innovative manufacturing
processes  are  used,  including  electrospinning  and  3D bio-
printing [96, 97]. However, not all thermo-responsive poly-
mers  can  be  used  in  3D printing.  The  processing  of  poly-
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mers into drug delivery systems needed by specific popula-
tions to cure uncommon illnesses is being investigated using
fused  deposition  modeling  (FDM).  For  thermo-responsive
polymers, this extrusion technique is frequently used since it
enables  bigger  structures  than  other  options.  Another
method is stereolithography, a laser-based 3D printing pro-
cess that creates 3D things using UV-sensitive liquid resins
[98, 99]. Additionally, due to their safety profile, a novel ap-
proach to the administration of medications for wound heal-
ing is offered by electro-spun nanofibers constructed of ther-
mo-responsive polymers [100-103]. Furthermore, the discip-
line of nanomedicine is addressing the rising need for cus-
tomized treatments. The challenges of effective medication
delivery can be solved with the use of thermo-responsive po-
lymers. These biomaterials can improve the drug's poor bioa-
vailability, solubility, quick clearance rates, protection from
enzymatic degradation, and inability to traverse biological
obstacles by being incorporated into scaffolds [104, 105].

The scaffolds and the biomaterials carried out certain bio-
logical reactions that design novel methods for drug delivery
systems. These systems may be utilized to speed up tissue re-
covery, prevent scarring, and control inflammatory reactions
throughout the healing process of wounds. Small pharmaceu-
ticals or biomacromolecules (like proteins and poly-nucleic
acids) are loaded into scaffolds constructed of synthetic, nat-
ural,  and  modified  biopolymers  [106-108].  However,  po-
lyvinyl povidone (PVP), a hydrophilic polymer, may encap-
sulate  pharmaceuticals  that  are  either  hydrophilic  or  have
low water solubility. The created chitosan/polyurethane scaf-
fold for skin tissue engineering was improved by using its
swelling and pore-forming abilities. Additionally, due to its
adaptability,  it  is  a  suitable  polymer  for  making  scaffolds
and other  products  used in  biomedicine  using 3D printing
and electrospinning [109-112]. Additionally, thermo-respon-
sive scaffolds offer one or multiple APIs temporally and spa-
tially regulated drug release mechanisms. These structures
can  delay  medication  delivery  while  minimizing  the  burst
impact. This is a crucial factor to consider to keep the body's
therapeutic levels stable and lower the needed dose.  More
importantly,  these  methods  enable  the  controlled  drug  re-
lease that is desired by only releasing the API in response to
temperature  stimulation.  The  presence  of  a  localized  in-
flamed tumor while inflammaging, whether brought on by
histological  damage or as a reaction of a biomaterial,  per-
mits boosting the delivery because of the shrinking of poly-
mer  chains  [113,  114].  Thermo-responsive  scaffolds  also
aim to increase patient adherence to treatments. For the pro-
longed release of the herbal remedy of the composition of
five bark medications from Ayurveda called Panchavalkala,
a scaffold was created using electro-spinning. Since polylac-
tic acid (PLA) is biodegradable, the researchers utilized it as
the carrier and it was observed that the scaffold steadily de-
livered 80% of the medication for five days. Comparing the
constructed scaffold to the conventional unstable drug disper-
sion, a scaffold was shown to be more effective in healing
wounds. Because of the improved bioavailability of this bio-
material, the inflammatory process can be successfully con-
trolled [115, 116]. Hence, for the construction of scaffolds,

thermo-responsive polymers are now one of the utmost cru-
cial resources in the domains of nanotechnology, tissue engi-
neering, nanomedicine, and biomedicine. Due to their am-
phiphilic  nature,  the  simplicity  with  which  their  physico-
chemical  properties  may  be  modified  by  innovative  tech-
niques,  and  the  impact  of  physiological  reactions,  various
drug moieties and biomolecules for wound healing can be
supplied.  Since  these  systems  can  orthogonally  react  to
many stimuli, multi-responsive amphiphilic polymer assem-
blies are also relatively more important. An often-seen sys-
tem incorporates reactions to heat, light, acidity, and base.
The ability to use one stimulus for guest loading and another
for guest release is another benefit of such multi-stimuli-re-
sponsive systems [117].

Moreover, there are various techniques that researchers
have innovated for targeted drug delivery via microrobots,
vector  drug  delivery,  bioengineered  bacterial  (Thermotog
maritima) drug delivery, 3D printed microfluidic technolo-
gy, and many more, as shown in Table 1.
Table  1.  Recent  Applications  of  Bioengineering  Products  in
Drug Delivery.

S.
No. Bioengineering Products Applications Reference

1 Micro-robots Targeted drug delivery [9]
2 Organ-on-a-chip Improve Biocompatibility [5, 63]
3 Thermotog martima Improve Patient Compliance [40]
4 3D-printed technology Peptide and gene therapy [59]
5 Diatomite-based vector Anti-cancer activity [27]
6 Elastin-like Protein Tissue Engineering [68]

7 Thermo-responsive
Scaffold

Improve the drug's poor bioa-
vailability, solubility, and

quick clearance rates
[86]

8 Biorobots Personalized medicines [16, 17]

9 Microfluidic technology Improve the efficiency and
sustainability [52]

10 Encapsulin protein Improves biodegradability [49, 118]

CONCLUSION
The rapid advancement of synthetic biology, system biol-

ogy, and biotechnological molecular biology tools and meth-
ods, together with biotechnological devices and approaches
for the creation of novel strategies for medicines outline, are
all heavily reliant on the bioengineered tools in the current
study. It concluded that efforts to increase the exploration, ra-
tional variation, manufacture, and purification of significant
biopharmaceuticals  are ongoing.  Bioengineering technolo-
gies are increasingly being used in pharmaceutical delivery
to enhance metabolites, enhancing their endurance and bioac-
tivities. These technologies include biochips, diatomite nano-
particles, encapsulin, 3D-printed microfluids, and more. The
pharmaceutical industry is increasingly employing bioengi-
neering tools to improve the efficiency and sustainability of
their  products.  Biopharmaceuticals,  such  as  antigens,  im-
munosera, vaccines, blood, cell therapies, monoclonal anti-
bodies, hormones, enzymes, cytokines, allergens, gene reme-
dies,  and  other  bioproducts  made  from recombinant  DNA
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(rDNA), are effective in treating diseases safely and effec-
tively. The acceptance of bioengineered tools is now widely
acknowledged for the creation of pharmaceuticals owing to
the current approval from the drug development authority on
the most recent investigation and expansion of animal, plant,
and bacterial-based manufacturing techniques, synthetic biol-
ogy, as well as molecular bioengineered approaches. This is
because  bioengineered  tools  are  effective  in  the  past.  The
main  issues  with  nanoengineered  tools  still  need to  be  re-
solved,  including measuring the health  risks  of  nanomate-
rials, their impacts, how people are exposed to them, how to
use them safely in the environment, how much they cost to
make, and how user-friendly they are in remote areas.

AUTHORS’ CONTRIBUTION
The authors confirm their contribution to the paper as fol-

lows:  study  conception  and  design:  SV,  KT;  Validation:
NV;  analysis  and  interpretation  of  results:  AM;  draft
manuscript:  MS.  All  authors  reviewed  the  results  and  ap-
proved the final version of the manuscript.

LIST OF ABBREVIATIONS

NPs = Nanoparticles
rDNA = Recombinant DNA
TDDS = Targeted Drug Delivery System
DNPs = Diatomite Nanoparticles
ROS = Reactive Oxygen Species
WT = Wild Type

CONSENT FOR PUBLICATION
Not applicable.

FUNDING
The authors extend their appreciation to the Deanship of

Research  and Graduate  Studies  at  King Khalid  University
for funding this work through Large Research Project under
grant number RGP2/580/45”.

CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or

otherwise.

ACKNOWLEDGEMENTS
Declared none.

REFERENCES

Khatodia S, Khurana SMP. Genetic engineering for plant transgen-[1]
esis.Omics  technologies  and  bio-engineering.  Academic  Press
2018; pp. 71-86.
http://dx.doi.org/10.1016/B978-0-12-815870-8.00005-X
Jozala AF, Geraldes DC, Tundisi LL, et al. Biopharmaceuticals[2]
from microorganisms: From production to purification. Braz J Mi-
crobiol 2016; 47(S1): 51-63.
http://dx.doi.org/10.1016/j.bjm.2016.10.007 PMID: 27838289
Sangwan NS, Jadaun JS, Tripathi S, et al. Plant metabolic engi-[3]

neering.Omics technologies and bio-engineering. Elsevier 2018;
pp. 143-75.
http://dx.doi.org/10.1016/B978-0-12-815870-8.00009-7
Kalia  A.  Nanotechnology  in  bioengineering:  Transmogrifying[4]
plant biotechnology.Omics technologies and bio-engineering. Aca-
demic Press 2018; pp. 211-29.
Jang Y, Kim A, Moon JJ, Lee JY, Park H. Novel bioengineering[5]
strategies for drug delivery systems. Appl Mater Today 2023; 33:
101834.
http://dx.doi.org/10.1016/j.apmt.2023.101834
Sarsaiya S, Shi J, Chen J. Bioengineering tools for the production[6]
of pharmaceuticals: Current perspective and future outlook. Bio-
engineered 2019; 10(1): 469-92.
http://dx.doi.org/10.1080/21655979.2019.1682108
Chen YC, Yeh MK. Introductory chapter: Biopharmaceuticals.Bio-[7]
pharmaceuticals. IntechOpen 2018.
Strand V, Girolomoni G, Schiestl M, Mayer ER, Quecke FH, Mc-[8]
Camish M. The totality-of-the-evidence approach to the develop-
ment and assessment of GP2015, a proposed etanercept biosimi-
lar. Curr Med Res Opin 2017; 33(6): 993-1003.
http://dx.doi.org/10.1080/03007995.2017.1288612  PMID:
28133979
Schellekens H, Smolen JS, Dicato M, Rifkin RM. Safety and effi-[9]
cacy  of  biosimilars  in  oncology.  Lancet  Oncol  2016;  17(11):
e502-9.
http://dx.doi.org/10.1016/S1470-2045(16)30374-6  PMID:
27819248
Fuller H. Robotics and automation in cardiovascular-inspired plat-[10]
forms for bioengineering. Diss. University of Pittsburgh 2023.
Blair JMA, Webber MA, Baylay AJ, Ogbolu DO, Piddock LJV.[11]
Molecular mechanisms of antibiotic resistance. Nat Rev Microbiol
2015; 13(1): 42-51.
http://dx.doi.org/10.1038/nrmicro3380 PMID: 25435309
Davies J, Davies D. Origins and evolution of antibiotic resistance.[12]
Microbiol Mol Biol Rev 2010; 74(3): 417-33.
http://dx.doi.org/10.1128/MMBR.00016-10 PMID: 20805405
Li J, Mooney DJ. Designing hydrogels for controlled drug deliv-[13]
ery. Nat Rev Mater 2016; 1(12): 16071.
http://dx.doi.org/10.1038/natrevmats.2016.71 PMID: 29657852
Manzari MT, Shamay Y, Kiguchi H, Rosen N, Scaltriti M, Heller[14]
DA.  Targeted  drug  delivery  strategies  for  precision  medicines.
Nat Rev Mater 2021; 6(4): 351-70.
http://dx.doi.org/10.1038/s41578-020-00269-6 PMID: 34950512
Ceylan  H,  Yasa  IC,  Kilic  U,  Hu  W,  Sitti  M.  Translational[15]
prospects of untethered medical microrobots. Prog Biomed Eng
2019; 1(1): 012002.
http://dx.doi.org/10.1088/2516-1091/ab22d5
Soto F, Karshalev E, Zhang F, de Avila EFB, Nourhani A, Wang[16]
J.  Smart  materials  for  microrobots.  Chem  Rev  2022;  122(5):
5365-403.
http://dx.doi.org/10.1021/acs.chemrev.0c00999 PMID: 33522238
Infective  endocarditis.  2022.  Available  from:  https://www.-[17]
heart.org/en/healthtopics/infective-endocarditis
Cahill TJ, Harrison JL, Jewell P, et al. Antibiotic prophylaxis for[18]
infective  endocarditis:  A  systematic  review  and  meta-analysis.
Heart 2017; 103(12): 937-44.
http://dx.doi.org/10.1136/heartjnl-2015-309102 PMID: 28213367
Boyd NK, Teng C,  Frei  CR.  Brief  overview of  approaches  and[19]
challenges in new antibiotic development: A focus on drug repur-
posing. Front Cell Infect Microbiol 2021; 11: 684515.
http://dx.doi.org/10.3389/fcimb.2021.684515 PMID: 34079770
Spellberg B, Rice LB. Duration of antibiotic therapy: Shorter is[20]
better. Ann Intern Med 2019; 171(3): 210-1.
http://dx.doi.org/10.7326/M19-1509 PMID: 31284302
Cruz MM, Delgado Y,  Castillo  B,  et  al.  Smart  targeting to  im-[21]
prove  cancer  therapeutics.  Drug  Design,  Devel  Ther  2019;  13:
3753-72.
Tibbitt MW, Dahlman JE, Langer R. Emerging frontiers in drug[22]
delivery. J Am Chem Soc 2016; 138(3): 704-17.
http://dx.doi.org/10.1021/jacs.5b09974 PMID: 26741786
Villa K, Krejčová L, Novotný F, Heger Z, Sofer Z, Pumera M. Co-[23]
operative multifunctional self-propelled paramagnetic microrobots
with  chemical  handles  for  cell  manipulation  and  drug  delivery.

http://dx.doi.org/10.1016/B978-0-12-815870-8.00005-X
http://dx.doi.org/10.1016/j.bjm.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27838289
http://dx.doi.org/10.1016/B978-0-12-815870-8.00009-7
http://dx.doi.org/10.1016/j.apmt.2023.101834
http://dx.doi.org/10.1080/21655979.2019.1682108
http://dx.doi.org/10.1080/03007995.2017.1288612
http://www.ncbi.nlm.nih.gov/pubmed/28133979
http://dx.doi.org/10.1016/S1470-2045(16)30374-6
http://www.ncbi.nlm.nih.gov/pubmed/27819248
http://dx.doi.org/10.1038/nrmicro3380
http://www.ncbi.nlm.nih.gov/pubmed/25435309
http://dx.doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
http://dx.doi.org/10.1038/natrevmats.2016.71
http://www.ncbi.nlm.nih.gov/pubmed/29657852
http://dx.doi.org/10.1038/s41578-020-00269-6
http://www.ncbi.nlm.nih.gov/pubmed/34950512
http://dx.doi.org/10.1088/2516-1091/ab22d5
http://dx.doi.org/10.1021/acs.chemrev.0c00999
http://www.ncbi.nlm.nih.gov/pubmed/33522238
https://www.heart.org/en/healthtopics/infective-endocarditis
https://www.heart.org/en/healthtopics/infective-endocarditis
http://dx.doi.org/10.1136/heartjnl-2015-309102
http://www.ncbi.nlm.nih.gov/pubmed/28213367
http://dx.doi.org/10.3389/fcimb.2021.684515
http://www.ncbi.nlm.nih.gov/pubmed/34079770
http://dx.doi.org/10.7326/M19-1509
http://www.ncbi.nlm.nih.gov/pubmed/31284302
http://dx.doi.org/10.1021/jacs.5b09974
http://www.ncbi.nlm.nih.gov/pubmed/26741786


Bioengineering Marvels in Pharmaceutical Delivery Current Drug Therapy, XXXX, Vol. XX, No. XX   9

Adv Funct Mater 2018; 28(43): 1804343.
http://dx.doi.org/10.1002/adfm.201804343
Losic D, Mitchell JG, Voelcker NH. Diatomaceous lessons in nan-[24]
otechnology  and  advanced  materials.  Adv  Mater  2009;  21(29):
2947-58.
http://dx.doi.org/10.1002/adma.200803778
Aw MS, Simovic S, Yu Y, Mensah AJ, Losic D. Porous silica mi-[25]
croshells  from  diatoms  as  biocarrier  for  drug  delivery  applica-
tions. Powder Technol 2012; 223: 52-8.
http://dx.doi.org/10.1016/j.powtec.2011.04.023
Sumper M, Brunner E. Learning from diatoms: Nature’s tools for[26]
the production of nanostructured silica. Adv Funct Mater 2006;
16(1): 17-26.
http://dx.doi.org/10.1002/adfm.200500616
Zhang H, Shahbazi MA, Mäkilä EM, Silva dTH, Reis RL, Salo-[27]
nen JJ, et al. CAS. Biomaterials 2013; 34(36): 9210-9.
http://dx.doi.org/10.1016/j.biomaterials.2013.08.035  PMID:
24008036
Terracciano M, Shahbazi MA, Correia A, et al. Surface bioengi-[28]
neering of diatomite based nanovectors for efficient intracellular
uptake and drug delivery. Nanoscale 2015; 7(47): 20063-74.
http://dx.doi.org/10.1039/C5NR05173H PMID: 26568517
Terracciano M, Stefano DL, Rea I. Diatoms green nanotechnology[29]
for  biosilica-based  drug  delivery  systems.  Pharmaceutics  2018;
10(4): 242.
PMID: 24008036
Rea I, Martucci NM, Stefano DL, et al. Diatomite biosilica nano-[30]
carriers for siRNA transport inside cancer cells. Biochim et Bio-
phys Acta (BBA)-General Subj 2014; 1840(12): 3393-403.
Martinez JO, Brown BS, Quattrocchi N, Evangelopoulos M, Fer-[31]
rari  M,  Tasciotti  E.  Multifunctional  to  multistage  delivery  sys-
tems: The evolution of nanoparticles for biomedical applications.
Chin Sci Bull 2012; 57(31): 3961-71.
http://dx.doi.org/10.1007/s11434-012-5387-5 PMID: 24587616
Liou JC, Diao CC, Lin JJ, Chen YL, Yang CF. Prepare dispersed[32]
CIS nano-scale particles and spray coating CIS absorber layers us-
ing nano-scale precursors. Nanoscale Res Lett 2014; 9(1): 1.
http://dx.doi.org/10.1186/1556-276X-9-1 PMID: 24380376
Alcantar NA, Aydil ES, Israelachvili JN. Polyethylene glycol-coat-[33]
ed  biocompatible  surfaces.  J  Biomed  Mater  Res  2000;  51(3):
343-51.
http://dx.doi.org/10.1002/1097-4636(20000905)51:3<343::AID-J
BM7>3.0.CO;2-D PMID: 10880075
Huang Y, Jiang Y, Wang H, et al. Curb challenges of the “Trojan[34]
Horse” approach: Smart strategies in achieving effective yet safe
cell-penetrating peptide-based drug delivery. Adv Drug Deliv Rev
2013; 65(10): 1299-315.
http://dx.doi.org/10.1016/j.addr.2012.11.007 PMID: 23369828
Hussein HA, Nazir MS, Azra N, et al. Novel drug and gene deliv-[35]
ery system and imaging agent based on marine diatom biosilica
nanoparticles. Marine Drugs 2022; 20(8): 480.
http://dx.doi.org/10.1039/C5NR05173H PMID: 26568517
Van de Steen A, Khalife R, Colant N, et al. Bioengineering bacte-[36]
rial encapsulin nanocompartments as targeted drug delivery sys-
tem. Synth Syst Biotechnol 2021; 6(3): 231-41.
http://dx.doi.org/10.1016/j.synbio.2021.09.001 PMID: 34541345
Choi  SH,  Kwon  IC,  Hwang  KY,  Kim  IS,  Ahn  HJ.  Small  heat[37]
shock protein as a multifunctional scaffold: Integrated tumor tar-
geting  and  caspase  imaging  within  a  single  cage.  Biomacro-
molecules 2011; 12(8): 3099-106.
http://dx.doi.org/10.1021/bm200743g PMID: 21728293
Min  J,  Kim S,  Lee  J,  Kang  S.  Lumazine  synthase  protein  cage[38]
nanoparticles as modular delivery platforms for targeted drug de-
livery. RSC Advances 2014; 4(89): 48596-600.
http://dx.doi.org/10.1039/C4RA10187A
Han JA, Kang YJ, Shin C, et al. Ferritin protein cage nanoparti-[39]
cles as versatile antigen delivery nanoplatforms for dendritic cell
(DC)-based  vaccine  development.  Nanomedicine  2014;  10(3):
561-9.
http://dx.doi.org/10.1016/j.nano.2013.11.003 PMID: 24262997
Moon  H,  Lee  J,  Min  J,  Kang  S.  Developing  genetically  engi-[40]
neered encapsulin protein cage nanoparticles as a targeted deliv-
ery nanoplatform. Biomacromolecules 2014; 15(10): 3794-801.

http://dx.doi.org/10.1021/bm501066m PMID: 25180761
Nichols RJ, Amstutz CC, Chaijarasphong T, Savage DF. Encap-[41]
sulins: Molecular biology of the shell. Crit Rev Biochem Mol Biol
2017; 52(5): 583-94.
http://dx.doi.org/10.1080/10409238.2017.1337709
Jones JA, Giessen TW. Advances in encapsulin nanocompartment[42]
biology  and  engineering.  Biotechnol  Bioengineer  2021;  118:
491-505.
http://dx.doi.org/10.1002/bit.27564
Sutter M, Boehringer D, Gutmann S, et al. Structural basis of en-[43]
zyme encapsulation into a bacterial nanocompartment. Nat Struct
Mol Biol 2008; 15(9): 939-47.
http://dx.doi.org/10.1038/nsmb.1473 PMID: 19172747
Choi H, Eom S, Kim HU, Bae Y, Jung HS, Kang S. Load and dis-[44]
play: Engineering encapsulin as a modular nanoplatform for pro-
tein-cargo encapsulation and proteinligand decoration using split
intein and SpyTag/SpyCatcher. Biomacromolecules 2021; 22(7):
3028-39.
http://dx.doi.org/10.1021/acs.biomac.1c00481 PMID: 34142815
Bae Y, Kim GJ, Kim H, Park SG, Jung HS, Kang S. Engineering[45]
tunable dual functional protein cage nanoparticles using bacterial
superglue. Biomacromolecules 2018; 19(7): 2896-904.
http://dx.doi.org/10.1021/acs.biomac.8b00457 PMID: 29847113
Amstutz CC, Oltrogge L, Going CC, Lee A, Teng P, Quintanilla[46]
D, et al. Identification of a minimal peptide tag for in-vivo and in
vitro loading of encapsulin. Biochemistry 2016; 55(24): 3461-8.
http://dx.doi.org/10.1021/acs.biochem.6b00294 PMID: 27224728
Torra J, Lafaye C, Signor L, et al. Tailing miniSOG: Structural[47]
bases of the complex photophysics of a flavin-binding singlet oxy-
gen photosensitizing protein. Sci Rep 2019; 9(1): 2428.
http://dx.doi.org/10.1038/s41598-019-38955-3 PMID: 30787421
Rosenblum D, Joshi N, Tao W, Karp JM, Peer D. Progress and[48]
challenges towards targeted delivery of cancer therapeutics. Nat
Commun 2018; 9(1): 1410.
http://dx.doi.org/10.1038/s41467-018-03705-y PMID: 29650952
Proshkina  GM,  Shilova  ON,  Ryabova  AV,  Stremovskiy  OA,[49]
Deyev SM. A new anticancer toxin based on HER2/neu-specific
DARPin and photoactive flavoprotein miniSOG. Biochimie 2015;
118: 116-22.
http://dx.doi.org/10.1016/j.biochi.2015.08.013 PMID: 26319592
Toita R, Murata M, Abe K, et al. A nanocarrier based on a geneti-[50]
cally engineered protein cage to deliver doxorubicin to human hep-
atocellular carcinoma cells. Chem Commun 2013; 49(67): 7442-4.
PMID: 25180761
Bae Y, Fukushima S, Harada A, Kataoka K. Design of environ-[51]
ment-sensitive supramolecular assemblies for intracellular drug de-
livery: Polymeric micelles that are responsive to intracellular pH
change. Angew Chem Int Ed 2003; 42(38): 4640-3.
http://dx.doi.org/10.1002/anie.200250653 PMID: 14533151
Jia F, Gao Y, Wang H. Recent advances in drug delivery system[52]
fabricated  by  microfluidics  for  disease  therapy.  Bioengineering
2022; 9(11): 625.
http://dx.doi.org/10.3390/bioengineering9110625  PMID:
36354536
Shang  L,  Cheng  Y,  Zhao  Y.  Emerging  droplet  microfluidics.[53]
Chem Rev 2017; 117(12): 7964-8040.
http://dx.doi.org/10.1021/acs.chemrev.6b00848 PMID: 28537383
Mark D, Haeberle S, Roth G, Stetten vF, Zengerle R. Microfluidic[54]
lab-on-a-chip platforms: Requirements, characteristics and applica-
tions. Chem Soc Rev 2010; 39(3): 1153-82.
http://dx.doi.org/10.1039/b820557b PMID: 20179830
Sackmann EK, Fulton AL, Beebe DJ. The present and future role[55]
of microfluidics in biomedical research. Nature 2014; 507(7491):
181-9.
http://dx.doi.org/10.1038/nature13118 PMID: 24622198
Wang L, Li PCH. Microfluidic DNA microarray analysis: A re-[56]
view. Anal Chim Acta 2011; 687(1): 12-27.
http://dx.doi.org/10.1016/j.aca.2010.11.056 PMID: 21241842
Wang X, Li C, Wang Y, et al. Smart drug delivery systems for pre-[57]
cise  cancer  therapy.  Acta  Pharmaceut  Sinica  B  2022;  12(11):
4098-121.
PMID: 34950512
Vargason AM, Anselmo AC, Mitragotri S. The evolution of com-[58]

http://dx.doi.org/10.1002/adfm.201804343
http://dx.doi.org/10.1002/adma.200803778
http://dx.doi.org/10.1016/j.powtec.2011.04.023
http://dx.doi.org/10.1002/adfm.200500616
http://dx.doi.org/10.1016/j.biomaterials.2013.08.035
http://www.ncbi.nlm.nih.gov/pubmed/24008036
http://dx.doi.org/10.1039/C5NR05173H
http://www.ncbi.nlm.nih.gov/pubmed/26568517
http://www.ncbi.nlm.nih.gov/pubmed/24008036
http://dx.doi.org/10.1007/s11434-012-5387-5
http://www.ncbi.nlm.nih.gov/pubmed/24587616
http://dx.doi.org/10.1186/1556-276X-9-1
http://www.ncbi.nlm.nih.gov/pubmed/24380376
http://dx.doi.org/10.1002/1097-4636(20000905)51:3<343::AID-JBM7>3.0.CO;2-D
http://dx.doi.org/10.1002/1097-4636(20000905)51:3<343::AID-JBM7>3.0.CO;2-D
http://www.ncbi.nlm.nih.gov/pubmed/10880075
http://dx.doi.org/10.1016/j.addr.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23369828
http://dx.doi.org/10.1039/C5NR05173H
http://www.ncbi.nlm.nih.gov/pubmed/26568517
http://dx.doi.org/10.1016/j.synbio.2021.09.001
http://www.ncbi.nlm.nih.gov/pubmed/34541345
http://dx.doi.org/10.1021/bm200743g
http://www.ncbi.nlm.nih.gov/pubmed/21728293
http://dx.doi.org/10.1039/C4RA10187A
http://dx.doi.org/10.1016/j.nano.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24262997
http://dx.doi.org/10.1021/bm501066m
http://www.ncbi.nlm.nih.gov/pubmed/25180761
http://dx.doi.org/10.1080/10409238.2017.1337709
http://dx.doi.org/10.1002/bit.27564
http://dx.doi.org/10.1038/nsmb.1473
http://www.ncbi.nlm.nih.gov/pubmed/19172747
http://dx.doi.org/10.1021/acs.biomac.1c00481
http://www.ncbi.nlm.nih.gov/pubmed/34142815
http://dx.doi.org/10.1021/acs.biomac.8b00457
http://www.ncbi.nlm.nih.gov/pubmed/29847113
http://dx.doi.org/10.1021/acs.biochem.6b00294
http://www.ncbi.nlm.nih.gov/pubmed/27224728
http://dx.doi.org/10.1038/s41598-019-38955-3
http://www.ncbi.nlm.nih.gov/pubmed/30787421
http://dx.doi.org/10.1038/s41467-018-03705-y
http://www.ncbi.nlm.nih.gov/pubmed/29650952
http://dx.doi.org/10.1016/j.biochi.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26319592
http://www.ncbi.nlm.nih.gov/pubmed/25180761
http://dx.doi.org/10.1002/anie.200250653
http://www.ncbi.nlm.nih.gov/pubmed/14533151
http://dx.doi.org/10.3390/bioengineering9110625
http://www.ncbi.nlm.nih.gov/pubmed/36354536
http://dx.doi.org/10.1021/acs.chemrev.6b00848
http://www.ncbi.nlm.nih.gov/pubmed/28537383
http://dx.doi.org/10.1039/b820557b
http://www.ncbi.nlm.nih.gov/pubmed/20179830
http://dx.doi.org/10.1038/nature13118
http://www.ncbi.nlm.nih.gov/pubmed/24622198
http://dx.doi.org/10.1016/j.aca.2010.11.056
http://www.ncbi.nlm.nih.gov/pubmed/21241842
http://www.ncbi.nlm.nih.gov/pubmed/34950512


10   Current Drug Therapy, XXXX, Vol. XX, No. XX Verma et al.

mercial drug delivery technologies. Nat Biomed Eng 2021; 5(9):
951-67.
http://dx.doi.org/10.1038/s41551-021-00698-w PMID: 33795852
Kearney CJ, Mooney DJ. Macroscale delivery systems for molecu-[59]
lar and cellular payloads. Nat Mater 2013; 12(11): 1004-17.
http://dx.doi.org/10.1038/nmat3758 PMID: 24150418
Zhu P, Wang L. Passive and active droplet generation with mi-[60]
crofluidics: A review. Lab Chip 2017; 17(1): 34-75.
http://dx.doi.org/10.1039/C6LC01018K PMID: 27841886
Felton H, Hughes R, Gaxiola DA. Negligible-cost microfluidic de-[61]
vice  fabrication  using  3D-printed  interconnecting  channel  scaf-
folds. PLoS One 2021; 16(2): e0245206.
http://dx.doi.org/10.1371/journal.pone.0245206 PMID: 33534849
Waheed  S,  Cabot  JM,  Macdonald  NP,  et  al.  3D  printed  mi-[62]
crofluidic devices: Enablers and barriers. Lab Chip 2016; 16(11):
1993-2013.
http://dx.doi.org/10.1039/C6LC00284F PMID: 27146365
Chen  C,  Mehl  BT,  Munshi  AS,  Townsend  AD,  Spence  DM,[63]
Martin RS. 3D-printed microfluidic devices: Fabrication, advan-
tages and limitations—A mini review. Anal Methods 2016; 8(31):
6005-12.
http://dx.doi.org/10.1039/C6AY01671E PMID: 27617038
Ingber DE. Human organs-on-chips for disease modelling, drug[64]
development  and  personalized  medicine.  Nat  Rev  Genet  2022;
23(8): 467-91.
http://dx.doi.org/10.1038/s41576-022-00466-9 PMID: 35338360
Gough  A,  Gutierrez  SA,  Vernetti  L,  Ebrahimkhani  MR,  Stern[65]
AM, Taylor DL. Human biomimetic liver microphysiology sys-
tems in drug development and precision medicine. Nat Rev Gas-
troenterol Hepatol 2021; 18(4): 252-68.
http://dx.doi.org/10.1038/s41575-020-00386-1 PMID: 33335282
Alitalo K. The lymphatic vasculature in disease. Nat Med 2011;[66]
17(11): 1371-80.
http://dx.doi.org/10.1038/nm.2545 PMID: 22064427
Kim S, Chung M, Jeon NL. Three-dimensional biomimetic model[67]
to reconstitute sprouting lymphangiogenesis in vitro. Biomaterials
2016; 78: 115-28.
http://dx.doi.org/10.1016/j.biomaterials.2015.11.019  PMID:
26691234
Cao X, Ashfaq R, Cheng F, et al. A tumor-on-a-chip system with[68]
bioprinted  blood  and  lymphatic  vessel  pair.  Adv  Funct  Mater
2019; 29(31): 1807173.
http://dx.doi.org/10.1002/adfm.201807173 PMID: 33041741
Urry DW, Luan CH, Parker TM, et al. Temperature of polypep-[69]
tide inverse temperature transition depends on mean residue hydro-
phobicity. J Am Chem Soc 1991; 113(11): 4346-8.
http://dx.doi.org/10.1021/ja00011a057
Chambre L, Moldes MZ, Parker RN, Kaplan DL. Bioengineered[70]
elastin-  and  silk-biomaterials  for  drug  and  gene  delivery.  Adv
Drug Deliv Rev 2020; 160: 186-98.
http://dx.doi.org/10.1016/j.addr.2020.10.008 PMID: 33080258
Maeda H, Tsukigawa K, Fang J. A retrospective 30 years after dis-[71]
covery of the enhanced permeability and retention effect of solid
tumors:  Next-generation  chemotherapeutics  and  photodynamic
therapy-problems,  solutions,  and  prospects.  Microcirculation
2016;  23(3):  173-82.
http://dx.doi.org/10.1111/micc.12228 PMID: 26237291
Maeda H. The enhanced permeability and retention (EPR) effect[72]
in tumor vasculature: The key role of tumor-selective macromolec-
ular drug targeting. Adv Enzyme Regul 2001; 41(1): 189-207.
http://dx.doi.org/10.1016/S0065-2571(00)00013-3  PMID:
11384745
Farokhzad OC, Langer R. Impact of nanotechnology on drug deliv-[73]
ery. ACS Nano 2009; 3(1): 16-20.
http://dx.doi.org/10.1021/nn900002m PMID: 19206243
Le DHT, Narutaki SA. Elastin-like polypeptides as building mo-[74]
tifs toward designing functional nanobiomaterials. Mol Syst Des
Eng 2019; 4(3): 545-65.
http://dx.doi.org/10.1039/C9ME00002J
Bessa  PC,  Machado  R,  Nürnberger  S,  et  al.  Thermoresponsive[75]
self-assembled elastin-based nanoparticles for delivery of BMPs. J
Control Release 2010; 142(3): 312-8.
http://dx.doi.org/10.1016/j.jconrel.2009.11.003 PMID: 19913578

Fujita Y, Mie M, Kobatake E. Construction of nanoscale protein[76]
particle  using  temperature-sensitive  elastin-like  peptide  and
polyaspartic  acid  chain.  Biomaterials  2009;  30(20):  3450-7.
http://dx.doi.org/10.1016/j.biomaterials.2009.03.012  PMID:
19324406
Cheng J,  Park M, Lim DW, Hyun J.  Polypeptide microgel cap-[77]
sules as drug carriers. Macromol Res 2013; 21(11): 1163-6.
http://dx.doi.org/10.1007/s13233-013-1167-6
Costa  RR,  Custódio  CA,  Testera  AM, et  al.  Stimuli-responsive[78]
thin coatings using elastin-like polymers for biomedical applica-
tions. Adv Funct Mater 2009; 19(20): 3210-8.
http://dx.doi.org/10.1002/adfm.200900568
Teng W, Cappello J, Wu X. Physical crosslinking modulates sus-[79]
tained drug release from recombinant silk-elastinlike protein poly-
mer for ophthalmic applications. J Control Release 2011; 156(2):
186-94.
http://dx.doi.org/10.1016/j.jconrel.2011.07.036 PMID: 21839125
Ahadian S, Sadeghian RB, Salehi S, et al. Bioconjugated hydro-[80]
gels for tissue engineering and regenerative medicine. Bioconjug
Chem 2015; 26(10): 1984-2001.
http://dx.doi.org/10.1021/acs.bioconjchem.5b00360  PMID:
26280942
Peppas NA, Hilt JZ, Khademhosseini A, Langer R. Hydrogels in[81]
biology and medicine: From molecular principles to bionanotech-
nology. Advan Mat 2006; 18(11): 1345-60.
http://dx.doi.org/10.1002/adma.200501612
Hoffman AS. Hydrogels for biomedical applications. Adv Drug[82]
Deliv Rev 2002; 54(1): 3-12.
http://dx.doi.org/10.1016/S0169-409X(01)00239-3  PMID:
11755703
Hoare TR, Kohane DS. Hydrogels in drug delivery: Progress and[83]
challenges. Polymer 2008; 49(8): 1993-2007.
http://dx.doi.org/10.1016/j.polymer.2008.01.027
Dragojevic S, Mackey R, Raucher D. Evaluation of elastin-like po-[84]
lypeptides for tumor targeted delivery of doxorubicin to glioblasto-
ma. Molecules 2019; 24(18): 3242.
http://dx.doi.org/10.3390/molecules24183242 PMID: 31489879
Shmidov Y, Zhou M, Yosefi G, Bitton R, Matson JB. Hydrogels[85]
composed  of  hyaluronic  acid  and  dendritic  ELPs:  Hierarchical
structure and physical properties. Soft Matter 2019; 15(5): 917-25.
http://dx.doi.org/10.1039/C8SM02450B PMID: 30644510
Mane SR, Chatterjee K, Dinda H, Sarma JD, Shunmugam R. Stim-[86]
uli responsive nanocarrier for an effective delivery of multi-front-
line tuberculosis drugs. Polym Chem 2014; 5(8): 2725-35.
http://dx.doi.org/10.1039/C3PY01589K
Mane SR, Sathyan A, Shunmugam R. Synthesis of norbornene de-[87]
rived helical copolymer by simple molecular marriage approach to
produce smart nanocarrier. Sci Rep 2017; 7(1): 44857.
http://dx.doi.org/10.1038/srep44857 PMID: 28327656
O’Brien  FJ.  Biomaterials  &  scaffolds  for  tissue  engineering.[88]
Mater Today 2011; 14(3): 88-95.
http://dx.doi.org/10.1016/S1369-7021(11)70058-X
Singh BN, Panda NN, Mund R, Pramanik K. Carboxymethyl cellu-[89]
lose  enables  silk  fibroin  nanofibrous  scaffold  with  enhanced
biomimetic potential for bone tissue engineering application. Car-
bohydr Polym 2016; 151: 335-47.
http://dx.doi.org/10.1016/j.carbpol.2016.05.088 PMID: 27474575
Karimi M, Zangabad SP, Ghasemi A, et al. Temperature-respon-[90]
sive smart nanocarriers for delivery of therapeutic agents: Applica-
tions  and  recent  advances.  ACS  Appl  Mater  Interfaces  2016;
8(33): 21107-33.
http://dx.doi.org/10.1021/acsami.6b00371 PMID: 27349465
Bedoya DA, Figueroa FN, Macchione MA, Strumia MC. Stim-[91]
uli-responsive polymeric systems for smart drug delivery.A New
Era  for  microbial  corrosion  mitigation  using  nanotechnology.
Cham, Switzerland: Springer 2020; pp. 115-34.
Henríquez CL, Alpízar CJ, Correa LM, Baudrit VJ. Exploration of[92]
bioengineered scaffolds composed of thermo-responsive polymers
for  drug delivery  in  wound healing.  Int  J  Mol  Sci  2021;  22(3):
1408.
http://dx.doi.org/10.3390/ijms22031408 PMID: 33573351
Mousavi SM, Soroshnia S, Hashemi SA, et al. Graphene nano-rib-[93]
bon based high potential and efficiency for DNA, cancer therapy

http://dx.doi.org/10.1038/s41551-021-00698-w
http://www.ncbi.nlm.nih.gov/pubmed/33795852
http://dx.doi.org/10.1038/nmat3758
http://www.ncbi.nlm.nih.gov/pubmed/24150418
http://dx.doi.org/10.1039/C6LC01018K
http://www.ncbi.nlm.nih.gov/pubmed/27841886
http://dx.doi.org/10.1371/journal.pone.0245206
http://www.ncbi.nlm.nih.gov/pubmed/33534849
http://dx.doi.org/10.1039/C6LC00284F
http://www.ncbi.nlm.nih.gov/pubmed/27146365
http://dx.doi.org/10.1039/C6AY01671E
http://www.ncbi.nlm.nih.gov/pubmed/27617038
http://dx.doi.org/10.1038/s41576-022-00466-9
http://www.ncbi.nlm.nih.gov/pubmed/35338360
http://dx.doi.org/10.1038/s41575-020-00386-1
http://www.ncbi.nlm.nih.gov/pubmed/33335282
http://dx.doi.org/10.1038/nm.2545
http://www.ncbi.nlm.nih.gov/pubmed/22064427
http://dx.doi.org/10.1016/j.biomaterials.2015.11.019
http://www.ncbi.nlm.nih.gov/pubmed/26691234
http://dx.doi.org/10.1002/adfm.201807173
http://www.ncbi.nlm.nih.gov/pubmed/33041741
http://dx.doi.org/10.1021/ja00011a057
http://dx.doi.org/10.1016/j.addr.2020.10.008
http://www.ncbi.nlm.nih.gov/pubmed/33080258
http://dx.doi.org/10.1111/micc.12228
http://www.ncbi.nlm.nih.gov/pubmed/26237291
http://dx.doi.org/10.1016/S0065-2571(00)00013-3
http://www.ncbi.nlm.nih.gov/pubmed/11384745
http://dx.doi.org/10.1021/nn900002m
http://www.ncbi.nlm.nih.gov/pubmed/19206243
http://dx.doi.org/10.1039/C9ME00002J
http://dx.doi.org/10.1016/j.jconrel.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19913578
http://dx.doi.org/10.1016/j.biomaterials.2009.03.012
http://www.ncbi.nlm.nih.gov/pubmed/19324406
http://dx.doi.org/10.1007/s13233-013-1167-6
http://dx.doi.org/10.1002/adfm.200900568
http://dx.doi.org/10.1016/j.jconrel.2011.07.036
http://www.ncbi.nlm.nih.gov/pubmed/21839125
http://dx.doi.org/10.1021/acs.bioconjchem.5b00360
http://www.ncbi.nlm.nih.gov/pubmed/26280942
http://dx.doi.org/10.1002/adma.200501612
http://dx.doi.org/10.1016/S0169-409X(01)00239-3
http://www.ncbi.nlm.nih.gov/pubmed/11755703
http://dx.doi.org/10.1016/j.polymer.2008.01.027
http://dx.doi.org/10.3390/molecules24183242
http://www.ncbi.nlm.nih.gov/pubmed/31489879
http://dx.doi.org/10.1039/C8SM02450B
http://www.ncbi.nlm.nih.gov/pubmed/30644510
http://dx.doi.org/10.1039/C3PY01589K
http://dx.doi.org/10.1038/srep44857
http://www.ncbi.nlm.nih.gov/pubmed/28327656
http://dx.doi.org/10.1016/S1369-7021(11)70058-X
http://dx.doi.org/10.1016/j.carbpol.2016.05.088
http://www.ncbi.nlm.nih.gov/pubmed/27474575
http://dx.doi.org/10.1021/acsami.6b00371
http://www.ncbi.nlm.nih.gov/pubmed/27349465
http://dx.doi.org/10.3390/ijms22031408
http://www.ncbi.nlm.nih.gov/pubmed/33573351


Bioengineering Marvels in Pharmaceutical Delivery Current Drug Therapy, XXXX, Vol. XX, No. XX   11

and  drug  delivery  applications.  Drug  Metab  Rev  2019;  51(1):
91-104.
http://dx.doi.org/10.1080/03602532.2019.1582661  PMID:
30784324
Amado S, Morouço P, Faria PP, Alves N. Tailoring bioengineered[94]
scaffolds for regenerative medicine.Biomaterials in regenerative
medicine. London, UK: IntechOpen 2018.
http://dx.doi.org/10.5772/intechopen.69857
Zhao C, Ma Z, Zhu XX. Rational design of thermoresponsive poly-[95]
mers in aqueous solutions: A thermodynamics map. Prog Polym
Sci 2019; 90: 269-91.
http://dx.doi.org/10.1016/j.progpolymsci.2019.01.001
Suntornnond R, An J, Chua CK. Bioprinting of thermoresponsive[96]
hydrogels for next generation tissue engineering: A review. Macro-
mol Mater Eng 2017; 302(1): 1600266.
http://dx.doi.org/10.1002/mame.201600266
Dubský  M,  Kubinová  Š,  Širc  J,  et  al.  Nanofibers  prepared  by[97]
needleless electrospinning technology as scaffolds for wound heal-
ing. J Mater Sci Mater Med 2012; 23(4): 931-41.
http://dx.doi.org/10.1007/s10856-012-4577-7 PMID: 22331377
Spontak RJ. Polymer blend compatibilization by the addition of[98]
block copolymers. Compatibilization of polymer blends. Elsevier
2020; pp. 57-102.
Mondschein RJ, Kanitkar A, Williams CB, Verbridge SS, Long[99]
TE. Polymer structure-property requirements for stereolithograph-
ic 3D printing of soft tissue engineering scaffolds. Biomaterials
2017; 140: 170-88.
el HY, Gerstenhaber JA, Brodsky R, Huneke RB, Lelkes PI. Elec-[100]
trospun  soy  protein  scaffolds  as  wound  dressings:  Enhanced
reepithelialization in a porcine model of wound healing. Wound
Med 2014; 5: 9-15.
http://dx.doi.org/10.1016/j.wndm.2014.04.007
Mulholland EJ. Electrospun biomaterials in the treatment and pre-[101]
vention of scars in skin wound healing. Front Bioeng Biotechnol
2020; 8: 481.
http://dx.doi.org/10.3389/fbioe.2020.00481 PMID: 32582653
Mahalingam S, Abraham RBT, Craig DQM, Edirisinghe M. Solu-[102]
bility–spinnability map and model for the preparation of fibres of
polyethylene (terephthalate)  using gyration and pressure.  Chem
Eng J 2015; 280: 344-53.
http://dx.doi.org/10.1016/j.cej.2015.05.114
Ding  J,  Zhang  J,  Li  J,  et  al.  Electrospun  polymer  biomaterials.[103]
Prog Polym Sci 2019; 90: 1-34.
http://dx.doi.org/10.1016/j.progpolymsci.2019.01.002
Ward MA, Georgiou TK. Thermoresponsive polymers for biomed-[104]
ical applications. Polymers 2011; 3(3): 1215-42.
http://dx.doi.org/10.3390/polym3031215
Garg T, Singh O, Arora S, Murthy RSR. Scaffold: A novel carrier[105]
for cell and drug delivery. Crit Rev Ther Drug Carrier Syst 2012;
29(1): 1-63.
http://dx.doi.org/10.1615/CritRevTherDrugCarrierSyst.v29.i1.10
PMID: 22356721
Calori IR, Braga G, Jesus dPCC, Bi H, Tedesco AC. Polymer scaf-[106]
folds as drug delivery systems. Eur Polym J 2020; 129: 109621.

http://dx.doi.org/10.1016/j.eurpolymj.2020.109621
Nicolas J, Mura S, Brambilla D, Mackiewicz N, Couvreur P. De-[107]
sign, functionalization strategies and biomedical applications of
targeted biodegradable/biocompatible polymer-based nanocarriers
for drug delivery. Chem Soc Rev 2013; 42(3): 1147-235.
http://dx.doi.org/10.1039/C2CS35265F PMID: 23238558
Kutlu B, Aydın TRS, Akman AC, Gümüşderelioglu M, Nohutcu[108]
RM. Platelet‐rich plasma‐loaded chitosan scaffolds: Preparation
and growth factor release kinetics. J Biomed Mater Res B Appl
Biomater 2013; 101B(1): 28-35.
http://dx.doi.org/10.1002/jbm.b.32806 PMID: 22987323
Kurakula  M,  Rao  GSNK.  Pharmaceutical  assessment  of  po-[109]
lyvinylpyrrolidone (PVP): As excipient from conventional to con-
trolled delivery systems with a spotlight on COVID-19 inhibition.
J Drug Deliv Sci Technol 2020; 60: 102046.
http://dx.doi.org/10.1016/j.jddst.2020.102046 PMID: 32905026
Zuo DY, Wang YW-L, Xu WL, Liu HT. Effects of polyvinylpyr-[110]
rolidone on structure and performance of composite scaffold of
chitosan superfine powder and polyurethane. Adv Polym Technol
2012; 31(4): 310-8.
http://dx.doi.org/10.1002/adv.20254
Doval  RR,  Cruz  TMM,  Chávez  RH,  Martínez  CH,  Torres  CG,[111]
Garzón VVR. Enhancing electrospun scaffolds of PVP with po-
lypyrrole/iodine  for  tissue  engineering  of  skin  regeneration  by
coating via a plasma process. J Mater Sci 2019; 54(4): 3342-53.
http://dx.doi.org/10.1007/s10853-018-3024-7
Duncan  R.  The  dawning  era  of  polymer  therapeutics.  Nat  Rev[112]
Drug Discov 2003; 2(5): 347-60.
http://dx.doi.org/10.1038/nrd1088 PMID: 12750738
Dastidar GD. Thermoresponsive drug delivery systems, characteri-[113]
zation and application. Applications of targeted nano drugs and de-
livery systems. Elsevier 2019; pp. 133-55.
Wu Y, Zhou F, Yang L, Liu J. A shrinking strategy for creating dy-[114]
namic SERS hot spots on the surface of thermosensitive polymer
nanospheres. Chem Commun 2013; 49(44): 5025-7.
http://dx.doi.org/10.1039/c3cc40875b PMID: 23619464
Biswas  A,  Amarajeewa  M,  Senapati  S,  Sahu  M,  Maiti  P.  Sus-[115]
tained  release  of  herbal  drugs  using  biodegradable  scaffold  for
faster  wound  healing  and  better  patient  compliance.
Nanomedicine  2018;  14(7):  2131-41.
http://dx.doi.org/10.1016/j.nano.2018.07.003 PMID: 30031095
Mane SR, N RV, Chatterjee K, et al. A unique polymeric nano-car-[116]
rier  for  anti-tuberculosis  therapy.  J  Mater  Chem  2012;  22(37):
19639-42.
http://dx.doi.org/10.1039/c2jm33860b
Mane SR, Sathyan A, Shunmugam R. Biomedical applications of[117]
pH-responsive amphiphilic polymer nanoassemblies. ACS Appl
Nano Mater 2020; 3(3): 2104-17.
http://dx.doi.org/10.1021/acsanm.0c00410
Kawashima Y, Yamamoto H, Takeuchi H, Fujioka S, Hino T. Pul-[118]
monary  delivery  of  insulin  with  nebulized  dl-lactide/glycolide
copolymer (PLGA) nanospheres to prolong hypoglycemic effect.
J Control Release 1999; 62(1-2): 279-87.
http://dx.doi.org/10.1016/S0168-3659(99)00048-6  PMID:
10518661

__________________________________________ 

DISCLAIMER: The above article has been published, as is, ahead-of-print, to provide early visibility but is not the final ver-
sion. Major publication processes like copyediting, proofing, typesetting and further review are still to be done and may lead to 
changes in the final published version, if it is eventually published. All legal disclaimers that apply to the final published article 
also apply to this ahead-of-print version. 

http://dx.doi.org/10.1080/03602532.2019.1582661
http://www.ncbi.nlm.nih.gov/pubmed/30784324
http://dx.doi.org/10.5772/intechopen.69857
http://dx.doi.org/10.1016/j.progpolymsci.2019.01.001
http://dx.doi.org/10.1002/mame.201600266
http://dx.doi.org/10.1007/s10856-012-4577-7
http://www.ncbi.nlm.nih.gov/pubmed/22331377
http://dx.doi.org/10.1016/j.wndm.2014.04.007
http://dx.doi.org/10.3389/fbioe.2020.00481
http://www.ncbi.nlm.nih.gov/pubmed/32582653
http://dx.doi.org/10.1016/j.cej.2015.05.114
http://dx.doi.org/10.1016/j.progpolymsci.2019.01.002
http://dx.doi.org/10.3390/polym3031215
http://dx.doi.org/10.1615/CritRevTherDrugCarrierSyst.v29.i1.10
http://www.ncbi.nlm.nih.gov/pubmed/22356721
http://dx.doi.org/10.1016/j.eurpolymj.2020.109621
http://dx.doi.org/10.1039/C2CS35265F
http://www.ncbi.nlm.nih.gov/pubmed/23238558
http://dx.doi.org/10.1002/jbm.b.32806
http://www.ncbi.nlm.nih.gov/pubmed/22987323
http://dx.doi.org/10.1016/j.jddst.2020.102046
http://www.ncbi.nlm.nih.gov/pubmed/32905026
http://dx.doi.org/10.1002/adv.20254
http://dx.doi.org/10.1007/s10853-018-3024-7
http://dx.doi.org/10.1038/nrd1088
http://www.ncbi.nlm.nih.gov/pubmed/12750738
http://dx.doi.org/10.1039/c3cc40875b
http://www.ncbi.nlm.nih.gov/pubmed/23619464
http://dx.doi.org/10.1016/j.nano.2018.07.003
http://www.ncbi.nlm.nih.gov/pubmed/30031095
http://dx.doi.org/10.1039/c2jm33860b
http://dx.doi.org/10.1021/acsanm.0c00410
http://dx.doi.org/10.1016/S0168-3659(99)00048-6
http://www.ncbi.nlm.nih.gov/pubmed/10518661

	Bioengineering Marvels in Pharmaceutical Delivery: Pioneering Strategies for Future Therapeutics 
	1. INTRODUCTION
	2. TARGETED DRUG DELIVERY USING MICROROBOTS ON A BIOCHIP PLATFORM
	3. DIATOMITE-BASED VECTOR DRUG DELIVERY BY SURFACE BIOENGINEERING
	4. BIOENGINEERED    THERMOTOG    MARITIMA ENCAPSULIN AS TARGETED DRUG DELIVERY SYSTEM
	5. MISCELLANEOUS   APPLICATIONS   IN  DRUG DELIVERY
	5.1. Drug   Delivery    via   3D-printed   Microfluidic Technology
	5.2. Bioengineered Elastin-like Protein as Drug Delivery System
	5.3. Drug Delivery via Bioengineered Thermo-responsive Scaffold

	CONCLUSION
	AUTHORS’ CONTRIBUTION
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




