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Recent Progress in Implantable Drug Delivery Systems

Guang-Qin He, Haimei Li, Junyi Liu, Yu-Lin Hu, Yi Liu,* Zhong Lin Wang,*

and Peng Jiang*

In recent years, tremendous effort is devoted to developing platforms, such as
implantable drug delivery systems (IDDSs), with temporally and spatially
controlled drug release capabilities and improved adherence. IDDSs have
multiple advantages: i) the timing and location of drug delivery can be
controlled by patients using specific stimuli (light, sound, electricity,
magnetism, etc.). Some intelligent “closed-loop” IDDS can even realize
self-management without human participation. ii) IDDSs enable continuous
and stable delivery of drugs over a long period (months to years) and iii) to
administer drugs directly to the lesion, thereby helping reduce dosage and
side effects. iv) IDDSs enable personalized drug delivery according to patient
needs. The high demand for such systems has prompted scientists to make
efforts to develop intelligent IDDS. In this review, several common
stimulus-responsive mechanisms including endogenous (e.g., pH, reactive
oxygen species, proteins, etc.) and exogenous stimuli (e.g., light, sound,
electricity, magnetism, etc.), are given in detail. Besides, several types of IDDS
reported in recent years are reviewed, including various stimulus-responsive
systems based on the above mechanisms, radio frequency-controlled IDDS,
“closed-loop” IDDS, self-powered IDDS, etc. Finally, the advantages and
disadvantages of various IDDS, bottleneck problems, and possible solutions
are analyzed to provide directions for subsequent research.

1. Introduction

Taking oral administration of non-steroidal
anti-inflammatory drugs may damage the
gastrointestinal tract. The acid-base envi-
ronment of the gastrointestinal tract may
also affect the release and absorption of
active ingredients in drug carriers and
even lead to inactivation of the active
ingredients.l”! Besides, repeated dosing is
necessary to maintain adequate levels of
drugs within the therapeutic window; this
can increase the risk of drug resistance and
side effects, as well as potential drug abuse.
This effect is even more pronounced in peo-
ple with chronic diseases. They may for-
get to take their medication or abandon the
treatment directly. Blaschke et al. summa-
rized drug use in 95 clinical studies. After
100 days of clinical trials, 20% had stopped
taking the drugs; and year later, only 40%
were still on treatment.’! In Europe, non-
compliance with prescribed medications
causes up to 20 0000 deaths and 125 billion
euros in medical losses every year.*] These
problems, if not alleviated, these problems
will significantly increase the burden on
healthcare systems. Therapeutic drug mon-
itoring (TDM) is necessary for drugs with
high toxicity and a narrow safety range.

Therefore, tremendous efforts have been devoted to develop-

The efficacy of clinical, therapeutic treatments is highly de-
pendent on the drug delivery method. Traditional drug deliv-
ery methods that rely on systemic administration, such as oral
and intravenous, may have side effects and low bioavailability.!]

ing a drug delivery platform with temporally and spatially con-
trolled drug release capabilities. With the development of mate-
rials science, biomedicine, energy, and microelectronics technol-
ogy, great progress has been made in the study of the controlled
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release of drugs. Since 1950s, drug delivery systems (DDSs)
have been divided into three generations. In 1952, Smith
Kline & French introduced the first controlled-release formula-
tion of dextroamphetamine to treat depression.*] Subsequently,
this technique was used to develop oral and transdermal
patches. That is, the first-generation DDSs did not have or
had some simple controlled release capabilities, such as oral
drugs, transdermal patches, and sustained-release agents, and
need to be administered regularly and quantitatively by pa-
tients. The second-generation DDSs achieved a stimulus re-
sponse and zero-order release. These stimulus-response sys-
tems can respond to physiological environments (enzymes, pro-
teins, pH, etc.) or external physical signals (optical, acoustic,
electrical, magnetic, etc.) to release drugs in a controllable
manner. The second-generation controlled-release technologies,
such as microneedles,! iontophoresis,/”! prodrugs,®! and gastro-
retentive systems,!®) have multiple advantages. They circumvent
first-pass effects, improve drug bioavailability, and protect ac-
tive components from destruction by the digestive tract. How-
ever, they are not suitable for patients with chronic diseases who
require long-term medication. Therefore, scientists are putting
great effort into developing a new generation of DDSs. Currently,
there is no specific classification of next-generation DDSs, but
the main development tendency is to develop an intelligent con-
trolled release system that integrates health monitoring, disease
diagnosis, and drug delivery capabilities to achieve precision and
personalized medicine. The IDDSs have many advantages that
make them ideal for the treatment of chronic diseases: (i) re-
sponse to signals in and out of the body, (ii) controllable tim-
ing and location of release, (iii) tailoring to the patient, and (iv)
long working life. What is exciting is that the emergence of some
closed-loop IDDSs offers hope that people suffering from chronic
diseases can live normally rather than having to inject or take
drugs for long periods of time.

An IDDS can be implanted into the body through minimally
invasive surgery to achieve sustained and controllable drug re-
lease. The service life of an IDDS varies from several months
to several years. For example, Liletta® 52-mg, an intrauterine-
device, can consistently release levonorgestrel for more than
6 years after intrauterine implantation.[') In 2022, a supplemen-
tary drug application was approved, extending the working life
of the device to 8 years. An IDDS can be implanted in the dis-
ease focus directly or in other easily operated areas (e.g., sub-
cutaneous implantation) and deliver drugs to the disease focus
through a catheter.'!] This technique avoids first-pass effects, im-
proves bioavailability, and prevents damage to normal tissues.
Moreover, the shape of the implant, drug formulation, and re-
lease mode can be customized for the patient to realize personal-
ized medication. Over the past few decades, IDDSs have gained
significant attention in the medical market because of their ad-
vantages. As of 2020, the global IDDS market size is $21.8 billion
and is expected to grow to $31.6 billion by 2025.1%]

IDDSs have been reported in a variety of forms, including hy-
drogels (such as alginate, methacrylate, chitosan, and glucan),
thin films (such as poly (3,4-ethylenedioxythiophene) (PEDOT)
and polypyrrole (PPy)), polymer fiber scaffolds, microreservoir
arrays, and microelectromechanical systems. Some simple sys-
tems release drugs via free diffusion or erosion.['*} Combined
with 3D printing technology, these systems can achieve dual-
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Figure 1. Overview of IDDS types alongside clinical and research applica-
tions presented in this review.

drug controlled release and inhibit tumor cell proliferation and
metastasis through combined chemotherapy.'*! The integration
of stimulus-responsive materials (such as light-, heat-, and acid-
sensitive materials) in the main structure can make these IDDSs
respond to specific signal stimuli, such as changes in redox state
and hydrophilic/hydrophobic balance, swelling/deswelling, and
solid-liquid transition. After implantation, drugs are released by
interaction with the microenvironment at the implant site or by
receiving artificially applied signals from outside the body.

In this review, several types of IDDSs, including various
stimulus-responsive systems (such as light, sound, electricity,
magnetism, pH, and protein), radio frequency controlled IDDSs,
“closed-loop” IDDSs, and self-powered IDDSs, reported in recent
years are reviewed (Figure 1). Furthermore, the challenges related
to technical and biological issues are discussed.

2. Endogenous Stimulus-Responsive IDDS

Diseased human tissues often have different physiological condi-
tions from normal tissues. For example, the pH of the tumors is
5.0-6.5, compared to 7.4 in the normal tissues, and the concentra-
tion of GSH in tumor tissue was 4 times higher than that in nor-
mal tissue.'] In addition, the occurrence and progression of dis-
ease are often accompanied by abnormal expression of biomark-
ers such as proteins, enzymes, and cytokines. Therefore, trigger-
ing drug release in an abnormal physiological environment and
disease biomarkers is an effective strategy for achieving specific
controlled release.

2.1. Acid-Sensitive Drug Release

Acid-sensitive IDDSs usually contain acid-sensitive linkages
(such as acetals, Schiff bases, and ortho esters) to conjugate
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Figure 2. a) Redox/pH dual-responsive mechanism of drug carriers. Reproduced with permission.[16b] Copyright 2021, The Royal Society of Chemistry.
b) Structure of pH-sensitive acetal and ortho ester. c) Schematic illustration of the synthesis of Fe0 nanocrystal embedded implantable chemotherapy
platform FeMSN@PG fiber and its cell killing mechanism. Reproduced with permission.["] Copyright 2020, Elsevier. d) Reduction of disulfide and
selenide bonds by dithiothreitol (DTT). Reproduced with permission.[?%] Copyright 2021, The American Chemical Society. €) Schematic diagram of
albumin nanoparticles loaded with IR780 and paclitaxel dimer prodrug PTX,-S containing thioether bonds. Reproduced with permission.[2!] Copyright

2019, Springer Link.

drugs and/or carriers (Figure 2a,b).1'%! Sarmah et al. developed a
pH-sensitive hydrogel using dynamic Schiff-base bonds as pH-
responsive linker to conjugate dialdehyde derivatives of starch
and amino modified “chitosan.” Drug release in the hydrogel was
controlled by pH, which exhibited the maximum release of ampi-
cillinata pH of 1.2, and the release decreased with increasing pH.
Bacteriostatic experiments showed that the hydrogels loaded with
ampicillin showed significant antibacterial activity against the
tested bacterial strains.['’] Lin et al. used diacetone-acrylamide,
di(ethylene glycol) ethyl ether acrylate, and oligo(ethylene glycol)
methyl ether acrylate as raw materials to synthesize an interme-
diate, which was then crosslinked with adipic acid dihydrazide to
form a hydrogel through dynamic acylhydrazone covalent bonds.
The hydrazone bonds were very sensitive to pH changes, and
a small drop in pH (from 7.4 to 6.8) will cause a significant
change in release profiles. Bovine serum albumin and glucose
oxidase showed similar release in the hydrogels. At pH = 7.4,
only ~33% of glucose oxidase was released within 7 days. How-
ever, at pH = 6.0, the release reached 60% on day one."®! Acid-
catalyzed reactions are another strategy used to trigger drug re-
lease. Wang et al. embedded Fe® nanocrystals into the pores of
mesoporous silica nanoparticles (FeMSNs) and designed an im-
plantable chemotherapy platform (FeMSN@PG fiber) by com-
bining FeMSNs with PCL-gelatin fibers (Figure 2c). After im-
plantation at the tumor site, the FeMSNs were replaced by H*
and reacted with oxygen in the presence of H* to produce H,0O,,
which was then converted into hydroxyl free radicals to kill cancer
cells.[9]

2.2. ROS-Sensitive Drug Release

Sensitive bonds in redox-responsive systems are mainly disul-
fide linkers, diselenide bonds, and thioethers (Figure 2d,e).[2022]
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These chemical bonds are easily reduced or oxidized by the abnor-
mal physiological environment in diseased tissues, such as high
level of GSH and H,0,. The reactive oxygen species, including
hydroxyl radical (-OH), superoxide (-O ,~), singlet oxygen (*O,)
and hydrogen peroxide (H,0,), are highly oxidizing, and the ab-
normal expression of ROS is a hallmark of a variety of diseases.
Therefore, ROS are effective factors in triggering specific drug
delivery. Similar to pH-sensitive systems, ROS-sensitive systems
connect drugs, carriers, or carrier monomers through redox-
sensitive bonds. ROS-sensitive DDSs can be implanted directly
into the lesion location to increase drug accumulation in the
form of bulk materials such as hydrogels and polymer patches.
Yao et al. integrated thioketal linkages into elastic polyurethane
(PUTK) and electrospun them into fibrous polyurethane patches.
Thioketal linkages can be decomposed by ROS, which are overex-
pressed in myocardial infarction, losing the PUTK structure and
releasing the loaded glucocorticoid, methylprednisolone (MP).
The PUTK/MP patch scavenged more than 60% of free radicals
within 6 h, significantly promoted angiogenesis, and enhanced
cardiac function after 28 days of treatment.[?]

2.3. Biomolecule-Sensitive Drug Release

Diseases are often accompanied by cellular metabolic disorders
and dysfunction, leading to abnormal physiological activities,
such as the overexpression of enzymes and proteins. The use of
abnormal physiological activity to trigger drug release is an ef-
fective approach. For example, Fu et al. encapsulated sunitinib
nanodrugs in a hyaluronic acid-acrylate hydrogel to construct
a matrix metalloproteinase-responsive hydrogel. Matrix metallo-
proteinases are highly expressed at tumor sites and can degrade
the natural extracellular matrix and basement membrane to open
up space for tumor proliferation. The hydrogel network was

(3 of 26) © 2024 Wiley-VCH GmbH

85U8017 SUOWIWIOD aAIe.D 3(qeoljdde ayy Aq pausenob afe sejole YO ‘8sn JO Sa|n 10} ARIq1T8ULUO AB]IAA UO (SUOIPUOD-PUE-SWLBILI0D" A8 | ARe.q 18U JUO//:SdnL) SUORIPUOD pue sue 1 8Y) 88S *[7z0z/c0/TT] uo ARiqitauluo A(1m ‘ABojouyoe | JO @misul elbices Aq 0£SZTEZ0Z BWPe/Z00T OT/I0pAL0D" A8 | M Aleiq Ul |uo//Sdiy Woj papeo|umod ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
Table 1. Advantages and disadvantages of different stimulus-responsive IDDSs.
Stimulus Advantages Disadvantages References
Endogenous Stimulus Local delivery, sustained and active release Cannot achieve “on-off” controlled release [27]
(pH, ROS, Biomolecule, et al.)
Light Spatiotemporal control, low cost, versatility (mediates PDT, Phototoxicity, limited tissue penetration [26]
PTT and imaging)
Ultrasound Spatiotemporal control, high tissue penetration and low Not suitable for calcified and gas-containing tissues [28, 29]
cost, versatility (mediates SDT and imaging)
Magnetism Spatiotemporal control, high tissue penetration, Imaging Toxicity due to MNPs accumulation, susceptible to [30]
external magnetic field interference
Electricity Spatiotemporal control, electronic equipment is highly Limitations of potential biosafety hazards and battery [31,32]
integrated and miniaturized capacity
Radio Frequency Spatiotemporal control, data telemetry and power transfer Distance-sensitive, complex structure [33]

cross-linked by sensitive peptides that could be cleaved by ma-
trix metalloproteinases, resulting in hydrogel collapse to release
the sunitinib nanodrugs.?*! Lu et al. combined calcium phos-
phate (CaP) nanosheets with vancomycin-loaded hydrogel mi-
crospheres using microfluidic technology to prepare a compos-
ite hydrogel for treating bone defects. Among them, vancomycin
and hydrogels are covalently linked through oligonucleotide link-
ers, which can be specifically cut by the nuclease and Ca’**
of bacteria at the site of infection to release vancomycin, thus
playing an antibacterial role. Simultaneously, calcium phosphate
nanosheets were released from the gel pores to promote bone-
defect repair.[]

3. Exogenous Stimulus-Responsive IDDS

Endogenous stimulus-responsive IDDS can accurately control
drug release at the lesion sites. However, these technologies are
not suitable for applications where the physiological environ-
ment does not change significantly, such as cancer prognosis and
vaccination. In addition, endogenous stimulus often irreversibly
disrupt the carrier material, making it impossible to achieve “on-
off” controlled release (Table 1). In order to avoid abnormal drug
concentrations at the implant site (too high or too low), it is nec-
essary to carefully modulate the carrier material formulation and
drug load.

Exogenous stimulus-responsive systems can respond to light,
ultrasound, electricity, magnetism, and other signals, and re-
lease loads. These signals have little cross-reactivity with cellu-
lar signaling networks and little influence on biological tissues,
which can improve the spatiotemporal precision of drug delivery
with minimal side effects.[?] In this context, exogenous stimulus-
responsive drug delivery systems have been extensively devel-
oped and explored to achieve site-specific cargo release and ac-
tivation by precisely controlling the site, intensity, and duration
of the signal application.

3.1. Photo-Responsive IDDS
As an exogenous stimulus signal, light has unique advantages

such as non-invasiveness, high spatiotemporal precision, and rel-
atively low cost. As an electromagnetic wave, light can transfer its
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energy to targets, causing a temperature increase, state change,
and the breaking of chemical bonds. Therefore, light is a power-
ful tool for manipulating IDDS, and many photosensitive drug
delivery systems have been developed to enhance delivery preci-
sion.

The choice of the wavelength is critical for photosensitive
systems. Ultraviolet (UV) (100-400 nm) can provide high en-
ergy for bond cleavage but can also induce significant photo-
damage to biomolecules and tissues. Some polymers and pho-
tosensitive small molecules can respond to visible light (400-
750 nm), such as vitamin B12 derivatives, ruthenium complexes,
and trithiocarbonate which are promising alternatives to UV-
responsive systems.[?’] However, limited penetration depth re-
mains a barrier to photo-responsive IDDS. Extending the photo-
sensitive spectral range to the near-infrared (NIR I: 700-1000 nm,
NIR II: 1000-1700 nm) window will expand the application of
photo-responsive IDDS because light in the NIR window pos-
sesses stronger tissue penetration ability and lower photodamage
than the ultraviolet-visible window.**]

According to the classification of response mechanisms, pho-
tosensitive IDDS can be divided into two categories: direct and
indirect photo-responsive. Direct photo-responsive systems use
light to directly trigger drug release, including photocleavage-
triggered drug release, photoisomerization-triggered drug re-
lease, and photothermal-induced drug release.*”! Indirect photo-
responsive systems typically utilize light-induced intermediate
reaction products such as ROS to trigger the release of loaded
drugs. Such systems often carry photosensitizers as ROS sources
and trigger load release through the cleavage of ROS-sensitive
bonds.

3.1.1. Photocleavage Triggered Drug Release

Photocleavage refers to the irreversible rupture of carrier link-
ers under light irradiation. When the hydrophilic/hydrophobic
balance is disrupted or the polymer chain is broken, the sys-
tem collapses and releases the drug. These photosensitive struc-
tures including o-nitrobenzyl ester, coumarinyl, and pyrenyl-
methyl esters (Table 2).[41l Kharkar et al. designed a GSH-based
photodegradable hydrogel. The o-nitrobenzyl arylthiol moiety in
the hydrogel can be cleaved by UV light at 365 nm, and the

© 2024 Wiley-VCH GmbH
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Table 2. Common light sensitive structures and their response mechanism.
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succinimide thioether linkages can undergo thiol exchange re-
actions with GSH, resulting in further breakage of the hydro-
gel crosslinks. The hydrogel was implanted subcutaneously into
mice for controlled release of fibroblast growth factor-2.1*2] Wei
et al. constructed functional hydrogels using polyethylene gly-
col (PEG) and a 5-methylfurfuryl grafted carboxymethyl chitosan
derivative (CMCS-MF). The two ends of the synthesized photo-
sensitive PEG derivatives are esters formed by maleic acid and
o-nitrobenzyl. The maleacyl groups at both ends of the PEG
derivatives were linked to 5-methylfurfural on CMCS-MF via
a Diels-Alder (DA) reaction to form a photodegradable hydro-
gel (PNC gel). Under UV irradiation (365 nm), the active o-
nitrobenzaldehyde produced by the photolysis of o-nitrobenzyl is
cross-linked with an amino group through a Schiff base bond to
form a pH-sensitive linker. The hydrogel was further cleaved un-
der acidic conditions to achieve cascade degradation (Figure 3a).
The dual-signal response system can control the load release
more precisely than a single stimulus.[**]

The penetration depth of ultraviolet light is a main limi-
tation of photocleavage-triggered IDDSs. An important solu-
tion is to use upconverting nanoparticles (UCNPs) to convert
incident light at long wavelengths into shorter wavelengths
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and higher energy light because NIR light has a larger pen-
etration depth than UV and visible light. Yan et al. designed
a hybrid polyacrylamide-poly(ethylene glycol) hydrogel, which
was crosslinked by a photo-responsive o-nitrobenzyl group, and
loaded core-shell NaYF,:TmYb nanoparticles into the hydrogel.
NaYF,:TmYb nanoparticles act as up-conversion elements and
emit ultraviolet light under 980 nm light irradiation to cleave
the o-nitrobenzyl group, causing the hydrogel to change from a
solid state to a liquid state, releasing encapsulated bovine serum
albumin and trypsin.[*/ Bansal et al. designed a polyethylene
glycol diacrylate hydrogel to co-encapsulate silica-coated NaYF,:
Yb** /Tm3* UCNPs and genetically modified cells. UCNPs con-
vert NIR into blue light and activate genetically modified cells
to express melanopsin (blue light reactive protein) and NFAT-
shGLP-1 plasmid, which could mediate the in situ production of
GLP-1 and promote the increase in insulin secretion in rat insuli-
noma cells (Figure 3b).*5] Han et al. innovatively used the pho-
toelectric effect of organic photovoltaics to power drug delivery
systems. In this system, three organic photovoltaics coated with
upconversion nanoparticles (NaYF,:Yb and Er@NaYF,:Nd, Yb)
were connected in series and linked to a gold-film-encapsulated
drug reservoir. Under NIR irradiation, UCNPs emit visible green

© 2024 Wiley-VCH GmbH
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Figure 3. a) Photo-induced cascade degradation of PNC gel. Reproduced with permission.[*3] Copyright 2021, Elsevier. b) Schematic showing the
use of UCNPs for NIR-mediated GLP-1 production from optogenetically modified cells encapsulated in a light-guiding hydrogel. Reproduced with

permission.[*3] Copyright 2023, Royal Society of Chemistry. c) Working principle of the polyurethane drug reservoir. Reproduced with permission.

[47]

Copyright 2019, Proceedings of the National Academy of Sciences of the United States of America.

and red light, generating a voltage higher than 1.8 V through pho-
toelectric conversion, causing dissolution of the gold film and re-
lease of the model drug (Rhodamine B).[*]

3.1.2. Photoisomerization Triggered Drug Release

Photoisomerization is a process by which molecules undergo
reversible structural transformations under light irradiation.
These processes mainly include cis-/trans- structural transi-
tions (azobenzene, stilbene, etc.) and open-loop/closed-loop tran-
sitions (spiropyran, retinoyl, 2-diazo-1,2-naphthoquinone, etc.)
(Table 2).48] The change in structure is accompanied by changes
in polarity and solubility, which causes the system to collapse
and release the load. Taking azobenzene as an example, the two
benzene rings of azobenzene are connected by N = N. Azoben-
zene in trans structure can exist stably owing to the small steric
hindrance and close arrangement. Trans-azobenzene transforms
into cis structure after absorbing 320-350 nm photons, and when
exposed to 400450 nm visible light, a configuration flip oc-
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curs to restore trans structure.[*”! Controlled drug release can be
achieved using azobenzene as a linker to design prodrug or trans-
port vehicle.’® Muller-Deku et al. attached azobenzene to pacli-
taxel 3’-amine and designed a panel of 3-azobenzamide-taxanes
(AzTax) for biological testing. The half-life of Z-AzTax can be ad-
justed from 24 h to 50 days by changing the substituents on
the distal ring of azobenzene.®!! This research enables the on-
demand regulation of the microtubule cytoskeleton to prevent
the disruption of relevant biological reactions. However, azoben-
zene further reduces the water solubility of paclitaxel, and addi-
tional technology is required to solve this problem. Liposomes
have multiple advantages in drug delivery, such as good disper-
sion in aqueous solutions, which can improve the dispersion and
stability of lipophilic drugs, and similar components to the cell
membrane can promote cell internalization. Chander et al. syn-
thesized photosensitive phosphatidylcholine analogs by adding
azobenzene to the lipid tail, inserting it into liposome mem-
branes, and encapsulating DOX (PaLNPs). Under UV irradia-
tion (365 nm), trans-azobenzene changes to a cis-structure, trig-
gering DOX release and exhibiting cytotoxicity similar to that
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Figure 4. a) General scheme showing the design, preparation, and synergistic effects of PTT and NIR-triggered DOX release from Mos,Gel. Reproduced
with permission.[>®] Copyright 2021, Wiley. b) Schematic diagram of molecular structures and NIR light-induced degradation of GelPV. Reproduced
with permission.[®8] Copyright 2020, The American Chemical Society. ¢) Photograph of the micro-LED and the schematic of treatment strategy in mice
orthotopic bladder cancer model. d) schematicillustration of the mechanism of Ce6 and GemE coloaded glycosylated carrier for a synergistic combination
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of free DOX. Considering the limited tissue penetration depth
of light, the authors designed red-shifted azobenzene liposomes
(red-PaINPs) in which -Cl was added to the N = N ortho-position
of the azobenzene ring to redshift the absorption wavelength to
660 nm.>?I

3.1.3. Photothermal Triggered Drug Release

There are three main types of photothermal conversion princi-
ples: (I) surface plasmon resonance (SPR); (II) band gap tran-
sition; (III) z-z” transition. The most common photothermal
agents include small molecules (such as indocyanine green and
pullulan), carbon materials (such as graphene and carbon nan-
otubes), metal nanoparticles (Au, Ag, Pt, etc.), metal oxides and
sulfides (Ag,S, CuS, MoS,, MnO,, Fe,0,, etc.), metal-organic
skeletons, and photosensitive polymers (such as polydopamine).
Photothermal heating locally elevates the temperature, caus-
ing changes in the porosity and physical state of the carrier,
and resulting in cargo release.®®! Chen et al. prepared NIR-
responsive hydrogels by evenly dispersing cellulose nanocrys-
tals (CNCs) and Fe;O, nanoparticles (Fe;O,/CNCs) in poly(N-
isopropylacrylamide) (PNIPAm) networks. After irradiation with
808 nm light for 80 s, the temperature of the PNIPAm gel in-
creased from room temperature to 41 °C, and the release of van-
comycin reached 47% within 2 h. During the 80 h study pe-
riod, the amount of vancomycin released by the NIR irradiation
group was 1.4 times that of the control group.’* Lee et al. re-
ported a polyurethane drug storage system consisting of 18 small
drug-carrying tanks sealed with stimulus-responsive membranes
(SRM). The SRM contained a thermosensitive polymer and re-
duced graphene oxide. A DDS implanted in vivo can respond
to NIR light and release loaded human growth hormone (hGH)
(Figure 3c). After 480 min of NIR irradiation, plasma insulin-

like growth factor concentration was 270.5 + 36.8 ng mL™,
which was similar to that of intravenous injection group
(261.1 + 46.7 ng mL™1).[’l Liu et al. designed a gelfiber scaf-
fold that could be loaded with both hydrophilic and hydropho-
bic drugs. The scaffold was composed of alginate hydrogel, PCL,
and PDA layers. The alginate layer can encapsulate hydrophilic
drugs, the PCL layer can encapsulate hydrophobic drugs, and the
PDA layer can mediate photothermal conversion to cause sol-
gel transformation for drug release.’! Guedes et al. developed
a self-healing hydrogel loaded with {Mo,s,} and DOX for syn-
ergistic photothermal and chemotherapy. The hydrogel formed
a dynamic network through imine bond crosslinking between
dibenzaldehyde-functionalized polyethylene glycol and poly(N-
isopropylacrylamide)-functionalized chitosan (CS-g-PNIPAAm).
The electrostatic interactions between anion {Mo,s,} and
cationic CS-g-PNIPAAm further strengthened the gel network
(Figure 4a). After hydrogel implantation, the local temperature
can rise up to 50 °C under 808 nm light irradiation and the hy-
drogel completely degraded after two weeks.[>®]

3.1.4. ROS-Mediated Photo-Responsive Drug Release

ROS-mediated photo-responsive drug release systems often carry
photosensitizers that produce ROS under light irradiation, trig-
gering drug release by the cleavage of ROS-sensitive bonds. Pho-
tosensitizers include chlorin e6 (Ce6), pyropheophorbide a, and
porphyrin.[>**57] Sun et al. designed a photodegradation hydrogel
by encapsulating photosensitizer (perylene diimide zwitterionic
polymer, PDS), ascorbic acid, DOX and photothermal nanoparti-
cles. In mice, photosensitizers and ascorbic acid produced hy-
drogen peroxide under NIR irradiation, cleaving the dynamic
covalent bonds of the hydrogel and releasing photothermal
nanoparticles and DOX (Figure 4b).’®] As mentioned above,
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light penetration depth is a major challenge for photo-responsive
IDDS. This problem can be addressed by using implantable
LEDs. Sun et al. implanted a micro-LED that emitted purple
(405 nm) and red (660 nm) light near the bladder to treat bladder
cancer, in combination with nanodrugs loaded with photosensi-
tizers and gemcitabine (GemE) (Figure 4c,d). The micro-LED de-
vice was 8 mm in diameter and 2 mm in thickness and could still
operate 33 days after implantation.l®) This strategy of local irra-
diation with a built-in light source not only breaks through the
limit of light penetration depth, but also reduces phototoxicity.

3.2. Ultrasound-Responsive IDDS

Ultrasound is a safe, non-invasive signal that can penetrate tis-
sues without causing damage. Hydrogels are commonly used in
ultrasound-responsive implants. Ultrasound triggers the release
of drugs from hydrogels, mainly through mechanical and ther-
mal effects. The main driving forces that trigger drug release are
the shear force and local high temperature generated by ultra-
sonic waves.[®”) Mechanical effects cause defects in the hydro-
gel, and the destruction is irreversible, making it impossible to
achieve on-off control of drug release. Self-healing hydrogels can
recover to their original state after ultrasound treatment and ter-
minate drug release. In addition, the incorporation of nanoparti-
cles to separate the ultrasonic response element from the hydro-
gel is a strategy for avoiding irreversible damage. By controlling
ultrasonic energy, frequency, exposure time, and other parame-
ters, the release rate can be controlled to achieve on-demand drug
delivery.

3.2.1. Sono-Thermal Triggered Drug Release

The absorption of ultrasonic energy by biological tissues pro-
duces local hyperthermia, which can be directly used for tumor
ablation. However, it is more common to associate the thermal
effect with heat-sensitive materials, such as heat-sensitive lipo-
somes, heat-sensitive hydrogels, and perfluorocarbons. For ex-
ample, thermosensitive liposomes can be obtained by inserting
a lysolipid component (such as 1-stearoyl-2-hydroxy-sn-glycero-3-
phos-phatidylcholine) into the phospholipid bilayer. Upon heat-
ing to the lipid transition temperature (typically 42—43 °C), pores
appear on the bilayer leading to cargo release.[®!! Thermally sen-
sitive hydrogels can undergo sol-gel transitions or structural
changes under the sono-thermal effect to release the load. Huang
etal. designed a hydrogel nanoparticle with a H, S gas core for the
treatment of pancreatic tumors. The nanoparticle shell was com-
posed of gemcitabine coated with N-isopropylacrylamide, which
is a thermosensitive polymer. The H,S gas core oscillates under
ultrasound to produce heat, resulting in shell contraction and
drug release.l®”] Adding metal nanoparticles to hydrogel particles
can increase acoustic impedance and enhance ultrasonic sensi-
tivity. For example, Kubota et al. added tungsten particles to cal-
cium alginate gel beads, which enhanced their ultrasonic sensi-
tivity of gel particles and the ultrasonic-induced cargo release.[®]
Moreover, the addition of microbubbles or metal/metal oxide
nanoparticles can also enhance the ultrasonic scattering effect of
the gel and enhance the imaging contrast.[®/]
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3.2.2. Sono-Mechanical Triggered Drug Release

In biological tissues, ultrasonic energy causes the microbubbles
to oscillate. This creates a microstream around the bubble, which
acts as a microinjector and facilitates drug infusion. Bubble col-
lapse also produces high pressure and shear forces on nearby
biofilms, changing their permeability and increasing the uptake
of foreign molecules. Moreover, high pressure and shear force
can also break the physical crosslinking or dynamic chemical
bonds of the hydrogels (such as dynamic boronate ester bonds),
collapsing the hydrogel or changing its pore size. Meng et al.
prepared nanovaccines using ovalbumin (OVA) and imiquimote
(R837) encapsulated in self-healing hydrogels (Figure 5a).
When implanted into mice and exposed to ultrasound, these hy-
drogels collapsed, releasing ovalbumin.!%! The porous nature
of hydrogels often leads to undesired drug leakage. Sun et al.
connected tannic acid to the hydrogel backbone via dynamic
covalent boronate ester linkages to solve the leakage problem
while also endowing the hydrogel with ultrasonic responsive-
ness. In addition, methacrylic hyaluronic acid and four-armed
polyethylene glycol acrylate were used to construct a permanently
crosslinked hydrogel network through free radical polymeriza-
tion, which could enhance the mechanical stability of the hydro-
gel network.[®¢]

3.2.3. Other Mechanism of Sono-Responsive Drug Release

Ultrasound-triggered in situ drug synthesis is another mecha-
nism of sono-responsive drug release. Campbell et al. designed
a minijature device consisting of an ultrasonic receiver, a recti-
fier, a UV LED, and interdigitated Pt electrodes. After implanta-
tion at the tumor site and driven by sonication outside the body,
the device generated a current to cause the electrolysis of wa-
ter and platinum electrodes, and lit a UV LED to synthesize cis-
platin in situ (Figure 5b).l] Zhu et al. designed heat-sensitive
hydrogel-enveloped piezoelectric tetragonal BaTiO, (T-BTO). The
electrons and holes of tetragonal BaTiO, are unpaired under ul-
trasonic vibration and separated by piezoelectricity, creating a
strong built-in electric field that catalyzes the generation of ROS
such as toxic hydroxyl (¢OH) and superoxide (¢O?7) radicals in
situ and eradicating tumors (Figure 5c). The gel caused signifi-
cant apoptosis under ultrasound irradiation after implantation at
the tumor site. The tumors of the ultrasound-treated mice were
completely eradicated within five days and the mice survived for
more than 40 days, whereas the control group survived for no
more than a month (Figure 5d,e).[%]

3.3. Magnetic-Responsive IDDS

In the field of biomedicine, the biggest advantage of magnetically
responsive IDDS is the magnetic inertia of biological tissues,
which does not cause tissue damage, and is not limited by pene-
tration depth and phototoxicity. The interaction of the magnetic
field with biological tissue is too insignificant to cause damage to
the biological barrier. In addition, studies have shown that, when
cells internalize magnetic nanoparticles (MNPs), external mag-
netic fields can temporarily destroy endothelial adhesion connec-
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Figure 5. a) The scheme showing the fabrication of ORP NPs for immune stimulation as a nanovaccine and US-triggered release of ORP NPs from the
NC gel. Reproduced with permission.[®*] Copyright 2021, The American Chemical Society. b) Scheme of the complete sequence of reactions and species
involved in the microdevice’s cisplatin synthesis and a picture of simultaneous electro- and photo-chemical reaction. Reproduced with permission.[¢’]
Copyright 2021, Wiley. c) Schematic illustration of cellular level piezocatalytic therapy in vitro. d) Time-dependent tumor-growth curves of tumor-bearing

mice after different treatments. e) Survival curves of tumor-bearing mice after treatments. Reproduced with permission.[%8] Copyright 2020, Wiley.

tions, activate the bypass transport pathway of vascular endothe-
lial cells, increase vascular endothelial permeability, and facilitate
drug entry into tissues.[®]

MNPs play an important role in magnetic triggering because
they have strong magnetic moments that can respond sensitively
to changes in an external magnetic field. Magnetic triggering
depends on the response of magnetic components to external
magnetic fields. There are two triggering mechanisms: the mag-
netothermal effect and magnetic deformation. In general, high-
frequency alternating magnetic fields (AMFs) cause the thermal
deposition of MNPs, resulting in changes in the heat-sensitive
composition and triggering the release of cargoes. The static
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magnetic field and low-frequency AMF can flip the magnetic mo-
ment of the MNPs, resulting in the disturbance of the MNPs,
which leads to the deformation of the carrier and release of the
cargo.3%

3.3.1. Magnetothermal Triggered Drug Release
The mechanism underlying the magnetothermal effect is com-
plex. It is not only related to the properties of the nanoparticles

themselves (such as size and microstructure), but also to the fre-
quency and strength of the magnetic field, which includes the
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effect of magnetic strands, domain wall resonance, Néel relax-
ation, and other mechanisms. For superparamagnetic nanopar-
ticles, the heat generation mechanisms are primarily Néel and
Brownian relaxations. When the size of the superparamagnetic
material was less than the critical value, the thermal motion of
the nanoparticles quickly flipped and randomly oriented their
magnetic moments. The vector sum of the magnetic moments is
zero, and does not exhibit magnetism at the macro level. When
an external magnetic field was applied, the magnetic moments of
the nanoparticles aligned in the direction of the magnetic field.
The magnetic moment changes in two ways: first, the nanopar-
ticles do not move, the magnetic moment rotates, and the re-
sulting electromagnetic loss is converted into heat energy, which
is known as Néel relaxation. Second, the magnetic moment it-
self does not rotate, and the rotation of the nanoparticles causes
the magnetic moment to align in the direction of the magnetic
field. The interaction between the nanoparticles and the fric-
tion between the nanoparticles and the surrounding medium
generates heat energy, which is called Brownian relaxation
(Figure 6a).

The magnetothermal effect of MNPs can act directly on biolog-
ical tissues and produce corresponding biological effects, such
as thermal ablation of tumors and improvement of tumor hy-
poxia, which can be used as an auxiliary means for other ther-
apeutic strategies.’’l In DDS applications, the magnetothermal
effect can be applied to temperature-sensitive drug delivery. A
typical strategy involves the contraction or expansion of carrier
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materials caused by the magnetothermal effect to trigger drug
release. The most commonly used in this regard are superpara-
magnetic iron oxide nanoparticles (SPIONs), which have been
approved by the FDA for the treatment of iron deficiency anemia
in adults and as MRI contrast agents (e.g., Feraheme®).l"!]

Phase transition is another strategy used for temperature-
sensitive DDS. Hydrogels are common phase-transition systems.
Dai et al. used SPIONS as the crosslinking agent for dopamine
and hyaluronic acid coupling gels, and the SPIONs formed co-
ordination bonds with the catechol of dopamine to enhance the
mechanical strength of the gel. Under AMF, the magnetother-
mal effect caused the gel temperature to rise, resulting in a sol-
gel transition and the release of adriamycin.l?! In each stimula-
tion cycle, the temperature was increased from room tempera-
ture to 50 °C for 10 min of AMF stimulation, and then dropped
back to 30 °C when the AMF was turned off (Figure 6b). The ad-
dition of SPIONSs enhanced gel stability, thereby prolonging the
retention time of DOX in vivo. Recently, Wang et al. proposed
a new controlled-release strategy using the magnetothermal ef-
fect to induce thermal degradation of the drug reservoir encap-
sulation material and trigger drug release. A fully biodegradable
composite membrane was fabricated using silk fibroin proteins
and MNPs. The magnetothermal effect of MNPs in AMF causes
thermal degradation of the fibroin protein and the formation of
nanopores to release the drug solution (Figure 6¢). The drug
release rate can be controlled by varying the duration of AMF
exposure.[”’]
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3.3.2. Magnetic Deformation Triggered Drug Release

Under a low-frequency AMF or static magnetic field, the rota-
tion of MNPs does not generate heat but can change the inter-
nal structure of the carrier. Gupta et al. deposited magnetite in
situ in poly[2-(hydroxyethyl) ethyl methacrylate)] to prepare su-
perparamagnetic carriers for cisplatin delivery. In the presence
of a magnetic field, the magnetic moments of the SPIONs tend
to align in the direction of the external magnetic field, caus-
ing the SPIONS to rotate. This process led to relaxation of the
polymer chain and enhanced cisplatin release.”* Aggregation of
MNPs in a magnetic field typically causes the polymer to shrink,
thereby blocking cargo release. Lin et al. synthesized magnetic g-
cyclodextrin (8-CD)/cellulose hydrogel microspheres for delivery
of 5-fluorouracil (5-FU). The external magnetic field caused the
Fe,O, NPs to aggregate, causing the gel to become compact, pre-
venting the release of 5-FU. After removing the magnetic field,
the Fe;O, NPs dispersed, which enlarged the gel aperture and
released 5-FU.I7!

3.3.3. Other Magnetism-Responsive Mechanisms

More recently, Qian et al. designed a two-layer intrinsically
magnetic epicardial patch (MagPatch), in which MNPs are not
used directly to deliver drugs, but as magnetic markers for the
location of drugs in magnetic fields. The bottom three layers of
the patch were composed of poly (glycerol sebacate) and NdFeB
(permanent magnet) to provide a magnetic field. The top was
composed of poly (glycerol sebacate) and poly (e-caprolactone),
which acted as a magnetic shield. The endothelial cells inter-
nalized with SPION were inoculated on the patch surface, and
the attraction between the magnetic field and SPION firmly
attached the endothelial cells to the patch surface. After the
patch was implanted into the myocardial infarction area of the
mouse heart, the capillary density in the tissue recovered rapidly
and built a network between heart and the patch (Figure 7a).
After 28 days, the number of a-SMA (vascular smooth muscle
cell marker) and CD31(endothelial cell marker) positive vascular
structures in tissues was significantly higher than that in other
groups, indicating that the patch significantly promoted vascular
regeneration. After 42 days, the magnetic properties of the patch
were still similar to those of the initial implant. In addition, after
intravenous injection of SPION-labeled nanovesicles, significant
vesicle aggregation was observed at the heart site at a higher
concentration than unlabeled nanovesicles, thanks to the capture
of SPION by the magnetic patch.!”®]

Another type of magnetically-actuated system does not rely
on SPION, but uses macro-scale magnets to control the drug
reservoir through the principle of “same poles repel, different
poles attract.” Lee et al. designed a microinjector that could
accurately absorb the prescribed dose of liquid medicine and
inject it into the lesion site under the control of external magnets.
As shown in Figure 7b, when an external magnet was applied,
the plunger was drawn upward, and the liquid in the loading
tank was sucked into the cartridge. Conversely, when the magnet
is removed, the plunger falls, injecting liquid from the cartridge
into the biological tissue. The volume of liquid per injection
could be controlled by increasing or decreasing the number
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of outlet ports on the cartridge walls. The microinjector can
function in the body for at least 30 days with a mild foreign body
response and inflammation.””) The plunger could be patterned
such that only a certain shaped magnet could pull the plunger,
preventing interference from other magnetic fields.[®! Iacovacci
et al. designed a temporary drug reservoir (PILLSID), that
could be implanted into the peritoneum and repeatedly refilled
through the digestive tract. After the capsule was taken orally,
the capsule traveled through the digestive tract to the implant
device, and by magnetic docking, PILLSID popped up a small
needle to transfer the drug from the capsule into the PILLSID.
The PILLSID quantitatively injects drugs into the abdominal
cavity through a catheter, and the capsules are naturally excreted
through the digestive tract (Figure 7c).[”®] More recently, Zheng
et al. recently developed an implantable magnetically actuated
capsule (IMAC) for on-demand drug delivery. The capsule
consists of two magnetic spheres, an elastic membrane, and a
drug reservoir. Driven by a portable magnetic actuator (MA), the
two magnetic balls repelled and moved away from each other,
squeezing the elastic film and creating pressure to squeeze the
liquid out of the drug reservoir (Figure 7d). Over the course of 15
days of in vivo administration, the capsule-treated diabetic rats
showed pharmacokinetic and pharmacodynamic profiles that
were highly similar to those of rats treated with subcutaneous
injection, suggesting that the magnetically actuated capsule has
powerful on-demand drug release properties.!””!

3.4. Radio Frequency Field Controlled IDDS

Radio frequency (RF) is a high-frequency alternating electromag-
netic wave that can pass through biological tissues noninvasively
and cause a temperature increase by accelerating the relative mo-
tion between molecules. This effect was used to trigger release in
the implanted device. Lee et al. developed a radio-frequency field-
controlled IDDS consisting of an oxidized starch patch (OST)
for DOX loading, an ultrathin magnesium electronic device for
heating, and a wireless temperature sensor for controlling the
heating (Figure 7e). After intracranial implantation in mice, the
temperature of the IDDS was wirelessly controlled by an exter-
nal alternating radio frequency field to trigger DOX release and
increase the penetration depth of DOX into the brain tissue.
Intracranial implantation allows drugs to cross the blood-brain
barrier directly and increases drug accumulation at lesion
sites.!®"] In implantable medical devices, radio frequency can be
used to power the device or send commands to control device
operation. Joo et al. designed a soft implantable drug delivery de-
vice that could be connected wirelessly to a wearable device and
triggered subcutaneous drug release via wireless voltage induc-
tion for the emergency treatment of fatal epilepsy. The system
consists of three components: an implantable drug reservoir, a
transmitter, and an electrophysiological sensor. The drug trans-
mitter was implanted in the subcutaneous area of the wrist and a
watch-like power transmitter was worn above the implant site
for wireless communication. An electrophysiological sensor was
worn on the patient’s head to monitor the physiological status.
When a patient has a fatal seizure, the sensor detects an abnor-
mal signal and sends a command to the transmitter to wirelessly
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Figure 7. a) Schematic of the MagPatch therapy. i) Representative photographs of MagPatch. ii) MagPatch locates SPION labeled drugs at the implant
site and promotes tissue repair. Reproduced with permission.[”®! Copyright 2023, Wiley. b) Schematic description of the microinjector operation. Repro-
duced with permission.l’”] Copyright 2018, Elsevier. c) PILLSID operation sequence overview. Reproduced with permission.[”8] Copyright 2021, Science.
d) Schematic illustration of on-demand drug release using IMAC and MA. The implanted IMAC releases liquid drugs under magnetic actuation of MA.
Reproduced with permission.[’°] Copyright 2023, Elsevier. e) Schematic illustration of the BEP and the molecular structure of drug-containing oxidized

starch (OST). Reproduced with permission.[8%] Copyright 2019, Nature Publishing Group.
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of PANI. ¢) Schematic diagram of the process by which a conductive polymer loads and releases cationic and anionic drugs. d) Schematic diagram of
experimental setup for intracranial delivery of DNQX in mice. Reproduced with permission.!33] Copyright 2019, Wiley. e) Rhodamine release process

from PEDOT film. Reproduced with permission.!34] Copyright 2020, Elsevier.

power the implantable drug reservoir, turning on the drug
release.8%]

3.5. Electro-Responsive IDDS

Electro-responsive IDDSs offer unique advantages because the
intensity, direction, and other parameters of electricity are easily
and accurately controlled by programming, making the drug re-
lease system more accurate and reliable. In addition, the power
management system can be integrated into a microchip and com-
bined with smart materials to build a closed-loop micro-DDS with
a sensing function that can provide the physiological status, drug
dosage, and other information to patients via electromagnetic sig-
nals to adjust the release mode. This lays the foundation for pre-
cision medicine.

An electro-responsive IDDS mainly consists of a power-supply
system and drug-loading system. Drug carriers are usually con-
ductive polymers, conductive hydrogels, metal nanoparticles,
and carbon-based nanomaterials.!®! Conductive polymers and
conductive hydrogels are the most commonly used materials.

Adv. Mater. 2024, 2312530
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Conductive polymers are polymeric materials with high electri-
cal conductivity and biocompatibility. Conductive polymers have
been considered as potential candidates for drug delivery sys-
tems since the 1980s, when Zinger and Miller demonstrated
that applying a voltage could release glutamate and ferrocyanide
from polypyrrole films.[®] The first conductive polymers discov-
ered were polyacetylene, and more than 25 conductive polymers
have been used in drug delivery after more than 40 years of
research and development.®”] Among these, polypyrrole (PPy),
poly (3, 4-ethylenedioxythiophene) (PEDOT) and polyaniline are
the most widely used (Figure 8a). PPy and PEDOT are mem-
bers of the polyheterocyclic family of conductive polymers, which
have good biocompatibility and have been proven to be non-toxic
to fibroblasts, endothelial cells, and mesenchymal stem cells.[®8!
Polyaniline and oligo-aniline have convertible oxidation states
(leucoemeraldine, emeraldine, and pernigraniline bases), which
provide electrical response properties for polyaniline and oligo-
aniline based biomaterials (Figure 8b). In addition, polyaniline
and oligo-aniline release acidic ions and adsorb bacteria via elec-
trostatic interactions. This inherent antibacterial ability makes it
advantageous for wound healing and other fields.[®!
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Hydrogels are polymers with a three-dimensional (3D) net-
work structure that can absorb a large amount of water and ex-
pand. Because their properties are similar to those of extracellular
matrices, hydrogels have been widely used in biomedical fields,
including tissue engineering, drug delivery, and biosensors.!*")
However, the poor mechanical strength and electrical conductiv-
ity of pure hydrogels limit their applications. Conductive hydro-
gels can be prepared by introducing conductive components into
a pure hydrogel, which offers the advantages of both conductive
polymers and hydrogels. These conductive components can be
conductive polymers, metal nanoparticles, carbon-based nano-
materials, etc.l”!l The introduction of conductive components not
only improves the conductivity of hydrogels, but also endows
them with new properties, such as strong mechanical properties,
stimulus responsiveness, and self-healing ability, which greatly
expands the application scope of hydrogels.

The release mechanisms of electrically responsive DDSs in-
clude reversible redox reactions of the carrier, or pH changes in-
duced by water electrolysis, and changes in the carrier pore size or
hydrophilic/hydrophobic state caused by electrical stimulation.
The release process is usually a combination of various mech-
anisms, and it is difficult to determine the main driving force.
Some representative studies were selected to elaborate on the
main mechanisms.

3.5.1. IDDS Based on Reversible Electrochemical Redox Reaction

Conductive polymer is a typical example of a drug release me-
diated by reversible redox reactions. The backbones of conduc-
tive polymers have z-conjugate structure, and the delocalized r
electrons are able to move on chains, and act as charge carriers
to give the polymer electrical conductivity. Conductive polymers
are usually synthesized in an oxidized state and require nega-
tively charged dopants to maintain the charge balance and sta-
bilize the backbone. When a negative potential is applied, the
backbones are reduced, and the electrostatic interaction between
the backbones and dopants is destroyed, leading to the expul-
sion of the dopants, whereas the opposite is true when a pos-
itive potential is applied. Similarly, cationic drugs were doped
in the conductive polymers reduction state and released in the
oxidation state (Figure 8c). Bansal et al. incorporated polypyr-
role into a methacrylate gelatin hydrogel for the controlled re-
lease of glutamate. When a reduction potential was applied, the
negative charges on the backbone increased, and electrostatic re-
pulsion was generated to expel glutamate from the carrier.?]
Positively charged drug is released when conductive polymers
are oxidized. For example, Ge et al. loaded positively charged
daunorubicin onto PPy nanoparticles. Under an oxidation po-
tential, PPy was oxidized, the positive charge on the main chain
increased, and daunorubicin was released through electrostatic
repulsion.[?*] The reversible redox nature of conductive polymers
has also been used to simultaneously release drug molecules
with opposite charges. Woeppel et al. incorporated sulphonate
modified silica nanoparticles (SNP) into PEDOT films with a
drugloading capacity of 0.55 g cm™3, which could simultaneously
load and release drugs with opposite charges, such as rhodamine
and fluorescein. The stimulated release of fluorescein and rho-
damine in the silica nanoparticles was 6.4 times and 16.8 times
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higher than in the group without silica nanoparticles. In addition,
it protects melatonin from oxidative inactivation during electro-
chemical polymerization. Then, the PEDOT/SNP-loaded gluta-
mate alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)/kainate receptor DNQX was polymerized on a carbon
fiber electrode and implanted into the brains of GCaMP mice
(Figure 8d). DNQX is released after electrical stimulation and sig-
nificantly inhibits the production of action potentials by mouse
neurons. This demonstrates the feasibility of the IDDS in con-
trolling drug release.[®]

The release of drugs depends on changes in the static charge
of the carriers. Compared with a simple sustained-release sys-
tem, the amount of drug leakage was significantly reduced, and
the release dose was more controllable. However, it is only suit-
able for therapeutic molecules with specific charges, and can-
not be applied to neutral molecules. Therefore, it is impor-
tant to design a controlled-release system that is not limited by
the charge properties of the therapeutic agent. Paun et al. de-
signed an electrically responsive microreservoir array consist-
ing of miniature drug storage pools. Dexamethasone was dis-
solved in a phosphate buffer solution, mixed with glycerol to
increase its viscosity, mixed with PPy nanoparticles, and added
to microreservoir. When an oxidation potential was applied, the
positive charge on the PPy backbone increased and anions in
the medium entered the PPy nanoparticles, causing expansion,
creating pressure, and pushing the drug solution out. The de-
gree of proliferation of the MG-63 osteoblasts on the surface
of the system was similar to that of the control group, indicat-
ing no cytotoxicity. Within 350 h, the microreservoir delivered
98% and 30% of the drug with and without electric field stim-
ulation, respectively.”*l Garcia-Fernindez et al. mixed porous sil-
ica microspheres loaded with Rhodamine B into PEDOT films
and closed the pore outlet with positively charged heparin (PE-
DOT: PSS-co-MA). Upon electrical stimulation, heparin detached
from the pores, leading to the release of Rh B (Figure 8e).l%*
In addition, the expansion or contraction of carriers, mediated
by redox reactions, is the driving force for drug release. For
example, in the electrochemical pump designed by Yan et al,,
the electrode was a polycaprolactone-block-polytetrahydrofuran-
block-polycaprolactone (PPy/PCTC) composite film. Under elec-
trical stimulation, PPy was oxidized and a large number of an-
ions in the PBS solution entered the film, resulting in a stronger
attraction between PCTC and PPy, leading to film contraction.
When PPy was reduced, the anions were expelled, and PCTC sep-
arated from PPy. However, it remains in the PPy frame, causing
the film to expand and infuse the drug.®! Systems triggered by
structural deformation are not limited by the inherent proper-
ties of the drug but also protect the payload from environmental
damage.

In addition to conductive polymers, certain metal ions exhibit
reversible redox properties. These ions often chelate polysaccha-
rides, such as sodium alginate and chitosan, to form ion hydro-
gels. The stability of hydrogels formed by ions of different va-
lence states varies, which provides a new idea for the design of
electrically responsive DDSs. For example, Ambrozic et al. de-
signed an electrically responsive DDS to control the release of
bovine serum albumin (BSA) using a ferric ion-cross-linked algi-
nate gel. The gelation process is caused by the chelation of ferric
ions and carboxyl anions by alginate. The chelation of Fe?* with
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Figure 9. a) Reversible REDOX reaction of ferrocene. b) CV is loaded into the pNIPAm-co-AAc microgels at high pH through electrostatic interactions.
When the microgels are neutralized, the CV can be released. Reproduced with permission.[?*l Copyright 2018, The American Chemical Society. c) Pulsed
release and leakage with -300 pA for 20 s each of (i) CM, (ii) INS, (iii) MX, and (iv) FL-Na with P5 as carrier-polymer. Reproduced with permission.3']
Copyright 2018, The Royal Society of Chemistry. d) Effect of pH and electrical stimuli on the alginate chain. Reproduced with permission.l'%] Copyright
2020, The American Chemical Society. €) An optical image (up, scale bars, 10 mm) and a cross-sectional scanning electron microscope (SEM) image
(down, scale bars, 100 um) showing the structure of DRESS. Reproduced with permission.[19] Copyright 2021, The Royal Society of Chemistry. f)
Components and scheme of the layer-by-layer assembly of PEDOTS/PEI/Dox on the nanopatterned xBCP substrate. Reproduced with permission.[102]
Copyright 2020, The American Chemical Society.

alginate was much less stable than that of Fe**. When Fe*" isre-  reduction potential, it returned to the initial state (Figure 9a).
duced to Fe?*, the gel transforms into a sol, releasing BSA. In  Therefore, Fc is often used as a redox response center to pre-
contrast, oxidative potential prevented the release of BSA.I°l Fer-  pare smart DDSs.”’] Chang et al. used a ferrocenyl surfactant and
rocene (Fc) is an organic metal complex with interlayer structure ~ amphiphilic poly(ethylene glycol)-b-poly(acrylic acid) (PEGy,;-
and reversible redox properties. The orange hydrophobic neutral ~ bPAA,;) to prepare a voltage-responsive superamphiphilic poly-
Fc can be oxidized to purple hydrophilic cationic Fc. Under the  mer (PEG,;-bPAA,;/FITMA). In the reduced state, when the
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micelle concentration exceeded the critical aggregation con-
centration (cac,y), PEG;3-BPAA,)/FTMA self-assembled into
spherical micelles. Under voltage stimulation, Fc is oxidized to
a hydrophilic ion state, which causes the micelles to disintegrate
and release rhodamine 6G. Changes in PEG,;;-bPAA,,/FTMA
from spherical to irregular fragments were observed using TEM.
If the micelle concentration in the oxidized state was higher
than that in the cac,,, the micelles would not disaggregate under
voltage stimulation, but the particle size would increase to 40—
120 nm. When a reduction potential was applied, the micelles
returned to their original state (20-30 nm). The degree of micelle
disintegration is related to the degree of oxidation, which can be
controlled by voltage.[*®]

3.5.2. IDDSs Based on Water Electrolysis

Under electrical stimulation, water electrolysis causes a change
in the pH near the electrode, triggering drug release. A decrease
in anodic pH is usually accompanied by proton depletion. Xu
etal. deposited a monolithic layer of poly(N-isopropylacrylamide-
co-acrylic acid) (pNIPAm-co-AAc) on an anode and loaded it with
crystal violet. When the electrolysis of water caused the pH near
the anode to drop below 4.25, the acrylic anions accepted pro-
tons and became electroneutral, resulting in the disappearance of
electrostatic interactions between the microgel and crystal violet,
which led to the release of crystal violet (Figure 9b). The micro-
gel could be reloaded by immersion in a crystal violet solution,
indicating that the drug-loaded electrodes could be reused.l*”!
An increase in pH at the cathode usually causes carrier depro-
tonation or dissolution to release the cargo. Neumann et al used
methacrylic acid and a methyl methacrylate copolymer to encap-
sulate FITC-labeled insulin (FITC-INS), meloxicam (MX), fluo-
rescein sodium (FL-Na), and curcumin and deposited them on
the cathode surface. Electrical stimulation can increase the pH
near the cathode, and the copolymer dissolves and releases the
load. Under -300 pA current stimulation, FITC-INS, MX and FL-
Na released 82%, 92% and 99%, respectively. Without electrical
stimulation, cargo release depends on its water solubility. For ex-
ample, the amount of hydrophilic fluorescein sodium released
was 32% within 60 min, whereas hydrophobic curcumin showed
almost no leakage (Figure 9c¢).[3!! Puiggali-Jou et al. incorporated
PEDOT and polystyrene sulfonate (PSS) into alginate gels loaded
with curcumin. After applying electrical stimulation, cathodic al-
kalinity enhancement resulted in deprotonation of the carboxyl
groups on the gel. Electrostatic repulsion between the carboxyl
anions causes gel expansion, releasing curcumin (Figure 9d).
Without voltage stimulation, the release amount of curcumin was
only 3.3% + 1.0% after immersion in the release medium for 9
days, while under —0.1 V voltage stimulation, the release amount
was up to 25% within only 2 h.'%] Zhu et al. synthesized PPy
nanoparticles and deposited it on graphene electrodes after load-
ing fluorescein. Under —1.5 V voltage stimulation, water elec-
trolysis led to OH™ generation near the electrode, which depro-
tonated and negatively charged PPy. The electrostatic repulsion
forces between the negative PPy and fluorescein could push out
fluorescein and simultaneously cause changes in the PPy struc-
ture (expansion or contraction). The release of fluorescein from
the electrode was significantly higher at —1.5 V compared with
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+1.5 V and 0 V. Moreover, cell assays showed no obvious cytotox-
icity, indicating the good biosafety of this system.!1%I

H, and O, produced by the electrolysis of water also act as sig-
nals that trigger cargo release. In a closed drug-loading cell, gas
generation can exert pressure on the cargo. For example, Song
et al. designed a pressure pumping system consisting of a drug
storage chamber, catheter, diaphragm, and an electrochemical
power chamber from top to bottom. The electrolysis of water pro-
duces H, and O, which increase the chamber pressure, causing
the diaphragm to bulge upward and extricate the drug solution
from the drug storage chamber. Bubbles from water electrolysis
were clearly visible under a voltage of 3 V, and the amount of
drug administered was almost linearly proportional to the volt-
age used and the time of voltage application.['!) This system sep-
arates the electrochemical reaction from the drug-loading pool,
avoiding the electrochemical inactivation of drugs. In addition,
drug preparations can be repeatedly filled, allowing long-term,
precise, and controlled release.

3.5.3. IDDS Based on Electro-Controlled Expansion and /or
Contraction of Carriers

The controlled release of hydrogel-based drugs usually involves
swelling and deswelling mechanisms. Applying an electric field
can cause counterions in the release medium to enter or exit
the gel, which may change the charge of the active functional
groups on the gel and generate electrostatic repulsion or attrac-
tion, causing gel expansion or contraction. In addition, the elec-
trostatic interaction between the electrode and gel is responsible
for the change in the gel structure. For example, Paradee et al.
introduced poly(2-ethylaniline) into dextran hydrogels to encap-
sulate diclofenac disodium (Dcf). The pore size of the gel with
the same crosslinking ratio increased under voltage stimulation.
The pore size of gel with cross-linking ratio of DX500K_0.2STMP
was increased from 60.43 + 7.88 um to 67.38 + 8.71 um, 80.30 +
7.62 um and 95.87 + 10.60 um after applying voltage of 0.5, 1,
and 3V, respectively. Correspondingly, the release amount of Dcf
was increased from 2.31 mg (28.7%) to 7.92 mg (98.61%) when
the voltage increased from 0 and 3 V.}*] In addition to hydrogels,
thermosensitive polymers can also control drug release through
structural changes. Lee et al. prepared a conductive fiber core
containing silver nanoparticles, and the outer layer was coated
with a drug-loaded thermosensitive polymer-polyvinyl alcohol-
grafted N-isopropyl acrylamide (PVA-PNIPAm) for wound clo-
sure (Figure 9e). Upon stimulation with a voltage of 130 mV,
heat generation from the fiber core caused the PVA-PNIPAM to
shrink, pushing out the drug. By optimizing the ratio of PVA to
PNIPAm, the cargo release rate of the experimental group was in-
creased by 98.2 + 19.5%. In the scratch assay in vitro, compared to
the original distance between the two layers of cells, the interlayer
distance in the electrical stimulation group was reduced to 11%
of the original distance, while the control group retained 31% of
the original distance. These cells remain highly activated.['*!]

3.5.4. Other Electro-Responsive IDDS

The use of multilayer conductive polymers for drug delivery is
a fastresponse strategy. A multilayer polymer film system is
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assembled layer-by-layer on a bulk substrate through electro-
static interactions between the charged drug and the oppositely
charged film. Its structure and charge properties change peri-
odically and its electrical response speed is fast, which is con-
ducive to cargo incorporation. Shen et al. designed a drug deliv-
ery system with a substrate composed of polystyrene-block-poly
(2-vinyl pyridine) (PS-b-Xp2VP), in which polystyrene was elec-
trically neutral, xP2VP was positively charged, and the two frag-
ments were arranged alternately (Figure 9f). On top of the sub-
strate, PEDOT, poly(ethylene imine) (PEI), and DOX appeared
alternately and were assembled layer by layer to form a stereo-
scopic structure (PEM). After applying the oxidation potential,
PEDOT was oxidized, the electrostatic attraction between PEDOT
and PEI was destroyed, and the assembly disintegrated to release
DOX.[102]

Similar to photolysis, electrical stimulation can cleave the
chemical bonds between carriers and drugs to trigger drug re-
lease. Hou et al. attached aniline to the surface of graphene
and loaded 9-anthracenecarboxaldehyde to form a Schiff base be-
tween the amine groups and drug molecules. Under 1.35 V volt-
age, 43% and 62% of the drug was released within 10 and 120
s, respectively. '"H NMR analysis of the product showed that 9-
anthracenecarboxaldehyde was the main component, and there
was a small amount of the oxidation product.[1%]

4. Self-Powered IDDS

As discussed above, electro-responsive IDDS offer many ad-
vantages for achieving superior controlled release performance.
However, one of the major challenges in electro-responsive IDDS
is the energy supply. Traditional batteries for implantable elec-
tronic devices have the limitations of potential biosafety hazards
and battery capacity, exposing patients to the risk of leakage, and
burdening them with multiple surgeries to replace the batteries.
Recently, new self-powered technologies have been reported to
power IDDS, including triboelectric nanogenerators (TENG) and
enzyme biofuel cell (EBFCs) technologies.

4.1. TENG-Powered IDDS

TENG, invented by Professor Zhong Lin Wang in 2012, can con-
vert mechanical energy into electrical energy based on the cou-
pling effects of triboelectrification and electrostatic induction. It
has four operating modes: vertical contact-separation mode, lat-
eral sliding mode, single-electrode mode, and freestanding tri-
boelectric layer mode. Consider a single-electrode TENG oper-
ating in the contact and separation modes as an example. Elec-
trodes with strong and weak electron-binding abilities are re-
ferred to as electret materials and electrodes, respectively. When
the two materials come into contact, the electret material gains
electrons from the electrode and possesses these charges quasi-
permanently. As they are separated, electrons flow from the back
electrode of the electret material to the ground through the exter-
nal circuit due to electrostatic induction, thus generating a cur-
rent in the circuit. When the two materials come into contact
again, the electron flow is reversed (Figure 10a).[1%] The output
of the TENG is closely related to the difference in the electron
binding ability between the two electrode materials.
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The development of TENG has led to the development of sev-
eral self-powered biomedical devices that can convert biome-
chanical energy into electricity. The early application of TENG
in biomedical devices was for human health monitoring. How-
ever, before 2014, TENG had several disadvantages in biomed-
ical applications, such as a low degree of fit and uncomfort-
able wearing.[®?] In April 2014, Zhong et al. integrated a TENG
into fibers to design a soft and comfortable fabric sensor (FBG)
(Figure 10b,c).1%1 After that, several soft and flexible TENG
were developed. Zheng et al. designed an implantable TENG
to capture the energy of the heartbeat in the body and convert
it into electricity, which can be used to monitor the heart rate
(Figure 10d).'%! The device was then integrated with a surgi-
cal catheter to create an endocardial pressure sensor that could
be minimally implanted to monitor arrhythmia (Figure 10e).1%!
Ryu et al. implanted a TENG at the back of an adult hybrid dog,
and the output of the TENG reached 4 V under laboratory con-
ditions. Subsequently, the concept of integrating a TENG with
a cardiac pacemaker was proposed, and the pacing mode was
verified.[!0]

With the deepening of research, the output performance
of TENG has been greatly improved, and their application
in the biomedical field has gradually expanded, including tis-
sue regeneration,'!l cancer treatment,''?! intracellular drug
delivery,['3] and antibacterial agents.[''* For example, Liu et al.
designed an electroporation platform based on a nanoneedle ar-
ray electrode and disk TENG. The voltage (20 V) generated by
the disk-type TENG produced an electric field of up to 2800 V
cm™! at the nanoneedle tip, which could efficiently deliver for-
eign molecules to different types of cells.l'!3] In order to meet the
needs of processing a large number of cells in practical applica-
tions, Liu et al. designed a high-throughput electroporation de-
vice with a one-dimensional (1D) nanostructure and a multilayer
TENG.[1%]

Recently, self-powered drug delivery systems integrating
TENG, including transdermal and implantable drug delivery
systems (IDDSs), have received considerable attention. Ouyang
et al. designed a radial-array rotary TENG to drive the trans-
dermal administration of dexamethasone sodium phosphate
(DEX-P7) in PPy films. The output voltage of the TENG can
reach 250 and 100 V with motor driving and manual rotation,
respectively. For the drug release testing, a power management
unit was used to modulate the TENG output, and the voltage was
constant between 0.8-1.1 V. In a 60 min release test, the TENG-
driven drug release curve was similar to that at the same level of
potentiostat stimulation. In vitro experimental results showed
that the performance of this system was 50% higher than that of
traditional transdermal patches.['1%] More recently, we designed
a contact-separation TENG-powered iontophoresis transdermal
drug delivery system that promoted the subcutaneous penetra-
tion of drugs. The TENG can be integrated into insoles, offering
a promising solution for self-powered wearable systems by con-
verting biomechanical energy into electrical energy (Figure 11a).
The resulting voltage generated an electric field between the
electrodes, which accelerated the penetration of rhodamine 6G
and methylene blue (MB) into the skin through electrophoresis
(Figure 11b).[1") In order to enhance the transdermal drug deliv-
ery of macromolecules drugs and nanomedicines, we developed
a wearable self-powered microneedle patch that integrates a
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Figure 10. a) Schematic diagram of generator mechanism for the single electrode TENG working under contact and separation mode. Reproduced
with permission.['%] Copyright 2022, Wiley. b) Power generation mechanism of the FBG and c) digital photography of a wireless body temperature
monitor system triggered by the power clothes. Reproduced with permission.l'%’] Copyright 2014, The American Chemical Society. d) Schematic diagram
of iTENG’s construction and heart rate monitoring. Reproduced with permission.l'%] Copyright 2016, The American Chemical Society. e) Schematic
diagram of the semaphore acquisition from the TENG implanted into an Adult Yorkshire swine’s heart. Reproduced with permission.!'%’! Copyright

2019, Wiley.

flexible TENG. Because of the advantages of both mi-
croneedles and TENG, therapeutic nanoparticles can pene-
trate deep into the skin upon microneedle patch insertion
(Figure 11c).[118)

The unique characteristics of the TENG make it well-suited as
a “perfect” long-life power source for implantable devices. Song
et al. designed an IDDS controlled using TENG-powered water
electrolysis. A rotating single-electrode TENG with stable outputs
of 15V, 1.5 mA was fabricated to initiate water electrolysis. The
drug carrier pool was prepared using PDMS, which contained
two chambers separated by a membrane. The bottom chamber
contained water and a pair of patterned electrodes, and the top
chamber contained a drug solution. The voltage generated from
the TENG triggered water electrolysis to produce H, and O,, cre-
ating high pressure to squeeze out the drug solution (Figure 11d).
Under 300 and 600 rotating of TENG, the pumping flow rates
reached 5.3 and 40 uL min~", respectively. The infusion tube was
implanted under the sclera of a pig eye to deliver the fluores-
cent dye, and significant fluorescence was observed in the ante-
rior chamber of the pig.l'!®] Wang et al. combined a TENG with a
piezoelectric effect to design a flexible hybrid self-driving system,
which was combined with a conductive hydrogel for electrical
stimulation to regenerate bone defects. The hybrid generator was
implanted into the subcutaneous tissue of the rats, and biphasic
electric pulses were generated. The pulses form a bioelectric field
in the conductive hydrogel filled with bone defects and induce
various biological processes to promote defect repair.['?°] Yao et al.
designed a TENG based on LiCl solution to trigger NO release as
an adjunct therapy for gliomas. The surface-wearable TENG con-
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sists of a LiCl solution encapsulated in PDMS (wsTENG). The
open-circuit voltage of the wsTENG is 401 V at an operating fre-
quency of 1 Hz. Electricity from the TENG lit up an LED with
blue light (455465 nm) to trigger NO release, killing C6 glioma
cells and 4T1 cells.[112}]

4.2. Enzyme Biofuel Cells (EBFCs)

Biofuel cells (BFCs) use biocatalysts to convert the biochemi-
cal energy from organic matter into electricity. BFCs are pri-
marily composed of biological anodes and cathodes. At the an-
ode, biocatalysts catalyze substrate oxidation. Electrons are trans-
ferred directly or indirectly to the electrode and then flowed to
the cathode through an external circuit. Under the action of the
cathode biocatalysts, the substrate receives electrons and is re-
duced. Because the enzymes are not lost during the process of
catalyzing the reaction, BFCs can theoretically generate a steady
current when the substrate is sufficient. Based on the biocata-
lyst used, BFCs can be divided into three categories: Microbial
fuel cells (MBFCs), organelle biofuel cells (OBFCs), and enzyme
biofuel cells (EBFCs). MBFCs use microorganisms as catalysts
and are primarily used for sewage treatment and power genera-
tion. OBFCs use organelles as catalysts.['?!] As organelles con-
tain many enzymes, their substrate selectivity is poor. EBFCs
use enzymes as catalysts and have higher catalytic efficien-
cies and rates than MBFCs. With the development of enzyme
immobilization technology, EBFCs have been applied in various
fields, such as environmental engineering (sewage treatment and
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Figure 11. a) Photograph of the ideal wearable drug delivery system on a human ankle, the insert is the schematic of the insole TENG. b) Photograph
of the R6G-containing hydrogel drug patch on skin (left) and the fluorescent cross-sectional histological images (right). Scale bar, 50 um. Reproduced
with permission.["17] Copyright 2020, Wiley. c) Schematic diagram of a wearable F-MN patch.!'"®] Copyright 2023, Wiley. d) Schematic illustration of the
TENG-based IDDS for drug delivery in the anterior chamber. Reproduced with permission.l"®! Copyright 2017, Wiley.

carbon capture) and biomedicine (biosensing and implantable
power devices).[??]

Enzymes possess favorable attributes for use in physiologi-
cal environments because of their mild working environment,
high catalytic efficacy, and high selectivity. In conjunction with
the significant advancements in enzyme immobilization tech-
niques, EBFCs have garnered considerable interest in the field
of biomedicine. Similar to TENG, EBFCs also hold potential
for the development of self-powered wearable and implantable
biosensors or DDS. Glucose, lactic acid, and pyruvate are fre-
quently employed as substrates for in vitro and in vivo applica-
tions, providing a basis for the design of sensors based on tears,
sweat, and blood.['2}] The output of implantable EBFCs is gener-
ally low, and their half-life is short because biological molecules
such as proteins in body fluids are easily adsorbed onto EBFCs,
forming mass transfer obstructions and limiting output. Wang
et al. designed an EBFCs with maximum power density of 3 pW
cm~? in human blood, and the half-life was only 2 h.['?*] Gine-
ityte et al. reported an improved glucose dehydrogenase-based
EBFCs with average current density of 0.65 mA cm™ at 0.1 V
versus SCE and half-life of 4.5 h in blood, but the current de-
creased to 23% of the initial value after 24 h operation.'* To
solve this problem, Guo et al. designed a flexible anti-biological
pollution fiber, BFC. They modified a hydrophilic zwitterionic
anti-biofouling polydopamine-2-methacryloyloxyethyl phospho-
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rylcholine layer (PDA-MPC) onto carbon nanotube fibers to
resist the adsorption of nonspecific proteins in complex bio-
logical environment. Glucose oxidase (GOx) and platinum on
carbon (Pt/C) were selected as the anode and cathode cata-
lysts, respectively, and fixed on modified carbon nanotube fibers
(Figure 12a). The maximum power density of the fiber BFC re-
mained above 91% after 100 bending cycles. When implanted in
the mouse brain, it produced a power density of ~4.4 uW cm™2,
which remained at 2.5 pW cm™2 more than a month later. By
contrast, the open-circuit voltage of the unmodified electrode de-
creased below zero after the first day of implantation (Figure 12b).
Immunohistochemical staining showed that astroglial and mi-
croglial cells did not accumulate around the PDA-MPC-modified
electrode one month after implantation, and no neuronal body
damage was observed, resulting in a negligible immune reaction
(Figure 12¢).1120]

The electricity generated by EBFCs can power the DDS. Xiao
et al. designed a self-powered DDS by combining a membrane-
less glucose/O, EBFC with conductive polymers. EBFCs gener-
ate electricity from glucose and O, using porous gold nanofilms
as electrodes, glucose oxidase (GOx) as the anode catalyst, and
bilirubin oxidase (BOx) as the cathode catalyst. The half-life of
the EBFC in the buffer solution was 9.2 h. The drug-loaded
PEDOT film was deposited on the outermost layer of the cath-
ode, and drug release was closely related to PEDOT reduction.
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Figure 12. a) Schematic diagram and characterization of fiber BFC. b) left: Photograph showing the implantation of fiber BFC electrode into the mouse
brain through tungsten wire-assisted strategy. Middle: The power density-voltage curve of PDA-MPC modified fiber BFC in the mouse brain on the first
day after implantation. Right: The maximal power density of PDA-MPC modified BFC generated in vivo for over a month. c) Immunohistochemical
staining images of cross-sectional brain slices at 1 month after implantation of fiber BFC. Reproduced with permission.[126] Copyright 2022, Wiley.
Cumulative amount of d) IBU, e) FLU and f) DAPI released by EBFC (1) operating at 0.15 V. Reproduced with permission.['?’] Copyright 2020, The

American Chemical Society.

At 0.15 V, ibuprofen release reached an equilibrium value of
197 + 20 pg cm™ within 30 min (Figure 12d) and fluorescein
release reached an equilibrium value of 101.5 + 29.3 pg cm™
within 25 min, which was 18 times of spontaneous release
(Figure 12e). DAPI release reached an equilibrium value of
102.5 + 10.5 ng cm~2 within 90 min, 6 times higher than spon-
taneous release (Figure 12f).[127]

Notably, EBFCs often use O, as a cathode substrate, which
is unsuitable for in vivo applications. Particularly, the output of
EBFCs is hindered by the hypoxic tumor environment. There-
fore, it is critical to develop EBFCs that can function effectively in
hypoxic tumor environments. Jeerapan et al. proposed an inter-
nal oxygen supply to overcome this limitation. Oxygen-rich poly-
chlorotrifluoroethylene was used as a cathode material to provide
sufficient oxygen for the cathodic reduction reaction.['?8] In addi-
tion, short working life, low power density, and unstable output
are bottlenecks that limit the development of EBFCs. Currently,
improvements can be made in several aspects: a) introducing
nanomaterials to increase the amount of enzymes immobilized
on the electrode surface and the contact area with the substrate,
b) taking protective measures to enhance the stability of enzymes
on the electrode surface, and c) accelerating the electron transfer
rate between the enzyme and the electrode. EBFCs are environ-
mentally friendly power generation devices and are a promising
strategy for using EBFCs to drive medical devices. With the devel-
opment of EBFCs, a self-powered health-management platform
based on EBFCs is expected.
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5. “Closed-Loop” IDDS

“Closed-loop” IDDSs can make autonomous decisions about the
pattern of drug release. They can detect abnormal physiological
signals in the body and spontaneously release appropriate drug
doses. A “closed-loop” DDS typically contains three important el-
ements: sensors, control algorithms, and drug delivery systems.
Sensors were used to monitor physiological signals and trans-
mit them to the control system. Once the control system deter-
mined that the signal exceeded a normal threshold, it sent in-
structions to the drug delivery system to release the drug. For ex-
ample, Lee et al. designed a “closed-loop” microbubble enhanced
focused ultrasound system for the adjunct treatment of brain
cancer. This system has two working modes: imaging and treat-
ment. In the imaging mode, the location of the microbubbles can
be monitored by ultrasound imaging. When microbubbles reach
the brain, the system detects enhanced echo signals and auto-
matically switches to the treatment mode, adjusting the acoustic
emission level, inducing the opening of the blood-brain barrier,
and promoting immune adjuvant entry into the brain tumor.'*"]

It is important to note that “closed-loop” DDS are only suit-
able for diseases with a clear, specific biomarker, such as dia-
betes, which causes a significant increase in blood glucose. How-
ever, for some diseases, such as epilepsy and Parkinson’s disease,
there is no clear measurement standard for the severity of the
disease, and the symptoms, disease subtypes, and clinical pheno-
types are complex and diverse. Therefore, the clinical diagnosis is
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highly subjective, and it is difficult to judge whether the disease
occurs through a set of fixed control algorithms.['**] Currently,
“closed-loop” DDS systems are mainly used to treat diabetes.
Fully automated “closed-loop” DDS are still being studied, and
hybrid “closed-loop” systems have been commercialized, such as
Medtronic’s 670G, Tandem’s t:slim X2 pump with Control-IQ™,
and Insulet'’s Omnipod™ 5.1'31] A pilot study used the Medtronic
670G to treat randomly selected adolescents with type 1 diabetes
for more than 6 months. Compared with the standard care group,
hyperglycemia and blood glucose change indicators were signifi-
cantly reduced in patients treated with the mixed closed-loop sys-
tem, and their brain development indicators were more similar
to those of healthy people.['32]

6. Conclusion and outlook

This article summarized the research progress of implantable
controlled-release systems. Smart materials with stimulus-
responsive capabilities including optical, ultrasonic, electric, and
magnetic responses have been used to construct IDDSs in the
form of films, patches, micro- and nano-drug storage arrays. In
addition, implantable drug-delivery microelectromechanical sys-
tems with precise construction have been developed, and pa-
tients can interact with them and control the drug release pat-
tern. “Closed-loop” control IDDSs, with built-in sensing and con-
trol algorithms, can self-identify abnormal physiological signals
and release drugs without human involvement, such that pa-
tients, especially those with chronic diseases, can lead a normal
life without requiring long-term injections, pills, and tests. Self-
powered devices further solve the problem of energy supply for
implantable devices, overcoming the limitations of lithium bat-
teries and making them safer and more reliable.

Although the theory and technology of IDDSs have been de-
veloped rapidly, several bottlenecks exist for the clinical transfor-
mation of IDDSs; a few examples are listed below:

1) Some implantable devices inevitably use metallic elements,
such as power management systems, coils, and drug storage,
which are not biodegradable in the body. A prolonged stay
in the body may trigger an inflammatory response, requiring
surgical removal of these devices in severe cases.

2) Foreign body response remains a problem that limits the
function of the IDDSs. Although the biocompatibility of the
materials used in IDDSs has improved significantly, they re-
main heterogeneous relative to the biological tissues; this
leads to the formation of dense fibrous capsules at the implant
site, hindering the diffusion of the IDDS and its communica-
tion with signals outside the body.

3) Anintelligent IDDS requires complex and delicate structures
that challenge its working life and stability in complex phys-
iological environments. The complex structure is easily af-
fected by the surrounding environment, and the pulsation of
organs and movement of organisms may cause abnormali-
ties in the IDDS. A precise controlled-release system, espe-
cially an IDDS communicating through an electromagnetic
field, is easily disturbed by an external electromagnetic field,
which causes abnormalities in the IDDS. This problem can be
solved by patterning electromagnetic fields. E.g., the induced
magnetic field of an IDDS is designed in a special pattern, and
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only when a magnetic field corresponding to this pattern is ap-
plied, the IDDS can accept the command to initiate working.
Abnormalities in automated IDDSs are difficult to detect in
time owing to the small amount of human participation. This
requires a built-in alarm or a signal indication device when
designing an IDDS.

4) IDDSs pose new challenges to market regulation and qual-
ity control. Because IDDSs have the attributes of both drugs
and medical devices, the existing management system may
not be fully applicable to IDDSs and needs to be adjusted and
improved according to the attributes of IDDSs.

Thus, the increasing focus on personalized medicine, as well
as the aging world population and high incidence of cancer and
chronic diseases, have led to an increasing demand for medical
implants, which provide impetus for governments and compa-
nies to increase RD investment in IDDSs, thereby accelerating
the clinical application of the technology.
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