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ABSTRACT

Conventional cancer chemotherapy regimens, albeit successful to some extent, suffer from some significant draw-
backs, such as high-dose requirements, limited bioavailability, low therapeutic indices, emergence of multiple drug
resistance, off-target distribution, and adverse effects. The main goal of developing implantable drug delivery
systems (IDDS) is to address these challenges and maintain anti-cancer drugs directly at the intended sites of
therapeutic action while minimizing inevitable side effects. IDDS possess numerous advantages over conventional
drug delivery, including controlled drug release patterns, one-time drug administration, as well as loading and
stabilizing poorly water-soluble chemotherapy drugs. Here, we summarized conventional and novel (three-dimen-
sional (3D) printing and microfluidic) preparation techniques of different IDDS, including nanofibers, films, hy-
drogels, wafers, sponges, and osmotic pumps. These systems could be designed with high biocompatibility and
biodegradability features using a wide variety of natural and synthetic polymers. We also reviewed the published
data on these systems in cancer therapy with a particular focus on their release behavior. Various release profiles
could be attained in IDDS, which enable predictable, adjustable, and sustained drug releases. Furthermore, multi-
step or stimuli-responsive drug release could be obtained in these systems. The studies mentioned in this article
have proven the effectiveness of IDDS for treating different cancer types with high prevalence, including breast
cancer, and aggressive cancer types, such as glioblastoma and liver cancer. Additionally, the challenges in applying
IDDS for efficacious cancer therapy and their potential future developments are also discussed. Considering the
high potential of IDDS for further advancements, such as programmable release and degradation features, further
clinical trials are needed to ensure their efficiency. The overall goal of this review is to expand our understanding
of the behavior of commonly investigated IDDS and to identify the barriers that should be addressed in the pursuit
of more efficient therapies for cancer.

Keywords: Implantable drug delivery system, polymer depot, local drug delivery, controlled release, cancer chem-
otherapy

INTRODUCTION regimen of most cancers. This is especially
true for chemotherapy, which can be applied
before or after surgical intervention, and with
or without radiation therapy rather than sur-
gery. Many current chemotherapeutic agents
suffer from poor aqueous solubility which
limits their intravenous (IV) delivery, unless
they are modified chemically as a water-solu-
ble pro-drug (as in the case of irinotecan) or
formulated by using a surfactant/cosolvent-
containing solution like ethanol/cremophor-
EL (e.g. paclitaxel). Nevertheless, both ap-
proaches can result in poor bioavailability,
hypersensitivity reactions, and other second-
ary adverse effects (Gelderblom et al., 2001;
Paulik et al., 2012; Weiss et al., 1990;
Wolinsky et al., 2012).

It is also imperative to mention that IV
chemotherapy does not specifically target ma-
lignant cells, so it is very challenging to reach
therapeutic levels of anti-cancer agents inside
or adjacent to the tumoral area. Moreover,
considerable concentrations of systemically
administered chemotherapeutics frequently
accumulate in normal tissues, leading to dose-
limiting toxicity and serious side effects
(Krukiewicz and Zak, 2016). The use of

As a leading cause of death, cancer pre-
sents a substantial barrier to extending life ex-
pectancy in every country across the globe.
According to 2019 estimates by the World
Health Organization (WHO), cancer is identi-
fied as either the first or second leading cause
of premature death (occurring before the age
of 70) in 112 of 183 countries worldwide and
ranked either the third or fourth in an addi-
tional 23 countries (Sung et al., 2021). The
current diagnostic and therapeutic paradigms
in the continuum of cancer care involve stand-
ardized screening measures for a few types of
cancer, followed by a multimodal treatment
approach composed of a combination of sur-
gical resection, radiotherapy, and/or chemo-
therapy (Krukiewicz and Zak, 2016; Magill et
al., 2023; Wolinsky et al., 2012).

Even with the remarkable progress in
early diagnosis and therapeutic modalities
over recent years, which has substantially led
to a steady decline in the incidence of cancer-
associated mortality (Byers, 2010), there are
still undeniable shortcomings in rates of re-
currence, treatment-related side effects, and
morbidity with the present standard treatment
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systemic chemotherapy and radiation also
substantially adds to the total treatment cost
because of the huge material costs and the de-
mand for strict cooperation among cancer
specialists for drug delivery, management of
side effects, and continuous monitoring.
These therapeutic strategies are time-consum-
ing for both patients and healthcare service
providers, necessitating frequent visits over
the treatment period (Wolinsky et al., 2012).
A rising approach to overcome some of
the negative aspects of the present therapeutic
paradigms involves the application of local-
ized chemotherapy using implantable drug
delivery systems (IDDS) aiming to increase
the effectiveness of treatment and decrease
patient morbidity. IDDS are administered di-
rectly at the tumoral site, possessing several
distinct advantages over conventional sys-
temic delivery (Magill et al., 2023), such as 1)
loading of poorly water-soluble antineoplastic
drugs (Monterrubio et al., 2016); i1) stabiliza-
tion of embedded chemotherapeutic mole-
cules and maintenance of their anti-cancer ef-
ficacy (Wolinsky et al., 2010); iii) prolonged
and controlled drug release to yield adequate
tumoral uptake (Sun et al., 2013); iv) possibil-
ity of one-time administration of drugs
(Magill et al., 2023); v) direct delivery to the
tumoral sites (Wu et al., 2018b), and vi) re-
duced adverse effects because of the avoid-
ance of systemic blood circulation of anti-
cancer drugs (Zhang et al., 2017). Numerous
types of synthetic and natural-based polymers
have been assessed as controlled-release de-
pot systems for cancer drug delivery, such as
chitosan (Puente et al., 2018), gelatin (Jaiswal
et al., 2013), hyaluronic acid (HA) (Fong et
al., 2017), silk (Yavuz et al., 2018), poly(e-
caprolactone) (PCL) (Babadi et al., 2022a),
poly(lactic acid) (PLA) (Monterrubio et al.,
2016), poly(D,L-lactide-co-glycolide)
(PLGA) (Lei et al., 2013), and poly(vinyl al-
cohol) (PVA) (Zhang et al., 2017). Here, we
discuss the current research and clinical land-
scape of IDDS, including nanofibers, films,
hydrogels, wafers, sponges, and osmotic
pumps for local delivery of chemotherapeu-
tics (Figure 2). We summarize our analysis in

relevant tables to delineate key clinical areas
that IDDS have found remarkable success and
further highlight challenges that may impede
their future clinical translation.
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Figure 2: Application of different IDDS, including
nanofibers, films, hydrogels, wafers, sponges,
and osmotic pumps in tumor sites. The drugs
integrated in these systems release locally into
the target tumor site.

NANOFIBERS

Drug-loaded electrospun nanofibers are
one of the most effective and extensively
studied IDDS due to their distinctive proper-
ties, such as high porosity and surface area,
programmable and predictable drug release
profile, efficient encapsulation of the cargoes,
biocompatibility, and high drug loading (Abid
etal., 2019, Khodadadi et al., 2020). By using
these nanocarriers, high local concentration of
the chemotherapeutic drug is achieved within
the tumor region, while systemic exposure is
minimized (Zhang et al., 2016a), which can
lead to better therapeutic responses and lower
incidence of adverse effects (Guimaraes et al.,
2015; Luo et al., 2012b). In addition, the com-
plex and interconnected structure allows elec-
trospun nanofibers to provide an additional
advantage in local cancer therapy, imitating
the topography of the extracellular matrix
(ECM) (Igbal et al., 2017, Khodadadi et al.,
2020). It is pertinent to mention that ECM
degradation is one of the crucial reasons for
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cancer metastasis due to its vital role in con-
trolling cell proliferation and differentiation
(Elgundi et al., 2019). Therefore, local im-
plantation of the electrospun nanofibers can
overcome the absence of ECM and diminish
tumor recurrence/metastasis risk (Sun et al.,
2019).

Several methods are utilized for nanofiber
preparation, including electrospinning, melt-
blowing, self-assembly, and forcespinning.
Electrospinning exhibits many advantages,
such as the ability to produce a wide range of
fiber sizes, scale-up feasibility, low setup cost
for laboratory scale experiments, and versatile
fiber compositions. Therefore, electrospun
nanofibers are extensively used in different
fields, including wound healing, cancer treat-
ment, tissue engineering, and regenerative
medicine (Chen et al., 2020).

Many polymers have been exploited to
create nanofibers for anti-cancer drug deliv-
ery (Table 1), among which the typical ones
are PCL (Talimi et al., 2023), PLA
(Monterrubio et al., 2016), PLGA (Tseng et
al., 2015), and PVA (Zhang et al., 2017).

PCL, an aliphatic polyester, is one of the
most widely applied polymers for various
medical purposes because of its biocompati-
bility, biodegradability, safe degradation
products, and approval by Food and Drug Ad-
ministration (FDA) (Abid et al., 2019). In
comparison with PLA nanofibers, PCL ones
have been reported to be more hydrophobic in
nature, which makes them appropriate for
more prolonged sustained release than their
PLA-based counterparts. Thus, PCL nano-
fibers can be utilized for malignant cells re-
quiring longer periods of treatment (Abid et
al., 2019). In a recent study, a series of epiru-
bicin-loaded PCL/PLGA nanofibers having
tunable rates of drug release and degradation
was developed by emulsion electrospinning
technology and characterized for local chem-
otherapy (Sun et al., 2019). These vehicles
had distinctive core-sheath structures consist-
ing of 0, 5, or 10 wt% of epirubicin in the core
and 15 or 25 wt% of PCL in the sheath to op-
timize the antitumor effect. The findings of
this study indicated that the drug release and

degradation of the proposed carriers could be
reduced by increasing the content of PCL in
the sheath, leading to improved anti-cancer
activity (Sun et al., 2019).

To achieve a more sustainable drug re-
lease rate, drugs could be encapsulated inside
vesicular systems such as micelles or lipo-
somes, which are later loaded inside the nan-
ofibers (Poldkova et al., 2019). As an example
of this approach, an active-targeting micelles-
in-nanofiber implantable device was fabri-
cated to treat cancer safely and effectively.
The hydrophobic doxorubicin was incorpo-
rated inside micelles, which were self-assem-
bled using amphiphilic folate-conjugated
PCL- poly(ethylene glycol) (PEG) copoly-
mers. Later, the core-shell nanofibers were
made up via coaxial electrospinning, using
the blend of micelles and PVA aqueous solu-
tion as the core and genipin-crosslinked gela-
tin as the shell of the nanofibers. Functionali-
zing the micelles with folate increased their
targeting effects. The release of doxorubicin
inside the micelle-loaded nanofibers reached
about 40 % in 2 days and approximately 80 %
in 12 days. Loading doxorubicin-encapsu-
lated micelles inside the core-shell nanofibers
prolonged the release time and decreased the
initial burst release of doxorubicin compared
to free micelles (Figure 3) (Yang et al., 2015).

As another FDA-approved biopolymer,
PLA, consisting of lactic acid monomers, has
been shown to be non-toxic and to possess
good compatibility with drugs (Abid et al.,
2019). Based on the chiral feature of the struc-
tural unit, this polymer can be divided into
three stereoisomers, i.e., poly(L-lactic acid)
(PLLA), poly(D-lactic acid) (PDLA), and
poly(D,L-lactic acid) (PDLLA). PLLA and
PDLA are semicrystalline and crystalline ma-
terials, respectively, and both have regular
chain structures, whereas mixing the D and L
isomers results in an amorphous polymer.
Since PLLA degrades to L(+) lactic acid,
which is the naturally occurring form of lactic
acid, and shows higher mechanical strength
than PDLA, it is preferred over PDLA.
PDLLA is amorphous and could be useful for
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Table 1: Studies on implantable nanofiber systems for localized anti-cancer drug delivery

In vitro In vivo tumor Reference

cell line

Bioactive agent

Components Type of cancer  Investiga-

tion status

In vitro release profile DR% (time)

Epirubicin PCL and PLGA Bladder cancer In vitrol In T24 T24 cells/ mice = PCL (15 wt%)/ PLGA + Epirubicin (10 Sun et al.,
Vivo wit%): 2019
~ 20 % (50 h), ~ 50 % (144 h), ~ 63 %
(312 h)
PBS (pH = 7.4) with 0.5 % Tween-80
~40 % (50 h), ~ 70 % (144 h), ~ 82 %
(312 h)
Artificial urine (pH = 5.5) with 0.5 %
Tween-80
Aspirin and DOX- PLGA Breast cancer In vitrol In 4T1 and H22 and 4T1- DOX: ~52 % (6 h), ~59 % (12 h), ~ Lietal.,
loaded microparti- and liver cancer | vivo H22 Luc cells/ mice | 59 % (24 h) 2022
cles Aspirin: ~ 41 % (24 h), ~ 52 % (72 h),
~60 % (120 h)
PBS (pH =7.4)
Curcumin-loaded Gelatin and PCL Breast cancer In vitro MDA-MB- = _ ~ 54 % (3 d, initial burst release), ~ Xu et al.,
mesoporous silica 231 80 % (10 d), ~ 100 % (35 d) 2022
nanoparticles and PBS (pH =7.4)
free curcumin
DOX Alginate, gelatin, Breast cancer In vitrol In 4T1 4T1 cells/ mice | One end open: ~ 15 % (0.5 h), ~ 38 % Liu et al.,
PCL, and polydopa- vivo (1.5h),~70 % (2.5 h) 2021
mine Both ends open: ~25 % (0.5 h), ~ 62 %
(1.5h),~92 % (2.5 h)
600 pum filament diameter: ~ 17 % (0.5
h),~42 % (1.5h), ~72 % (2.5 h)
With NIR irradiation (PBS)
DOX-loaded PVA, gelatin, and Breast cancer In vitrol In 4T1 4T1 cells/ mice | Inside dialysis bag: Yang et al.,
micelles fabricated genipin vivo ~40 % (48 h), ~ 80 % (288 h), ~ 85 % 2015

from FA-PEG-PCL

(~ 700 h)

Without dialysis bag:

~ 60 % (48 h), ~ 90 % (288 h), ~ 100 %
(~ 700 h)

PBS (pH =7.4)
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Bioactive agent

Components

Type of
cancer

Investi-
gation

In vitro cell line

In vivo tumor

In vitro release profile DR% (time)

Reference

PIP Collagen and PCL
PTX PLGA

Cisplatin and PEO and PLA
curcumin

DCA and oxaliplatin | PLLA

DOX and multi- PLLA
walled carbon nano-
tubes’

Pt (IV) prodrug- PVA
backbone micelle
and DCA

" Used as a photothermal agent

Breast
cancer

Breast
cancer

Cervical
cancer

Cervical
cancer

Cervical
cancer

Cervical
cancer

status
In vitro/
In vivo

In vitrol
In vivo

In vitrol
In vivo

In vitrol
In vivo

In vitro/
In vivo

In vitro/
In vivo

MCF-7 and 4T1

MDA-MB-231

HelLa

HelLa

Hela

Hela

4T1 cells/ mice

MDA-MB-231
cells/ mice

U14 cells/ mice

U14 cells/ mice

U14 cells/ mice

U14 cells/ mice

PIP and PCL:Collagen at 75:25 weight
ratio:

~20% (4 h),~49 % (2 d), ~65 % (16
d)

PBS (pH =7.4)

~23% (4h),~49 % (2d), ~64 % (16
d)

PBS (pH = 5.4)

PLGA/PTX at 10:1 weight ratio:

~18 % (5d), ~48 % (25d),~61 %
(42 d)

PBS (pH =7.4)

Cisplatin: ~ 78 % (0.5 h), ~ 85 % (24 h),
~95 % (72 h)

Curcumin: ~ 33 % (10 h), ~ 40 % (24 h),
~45 % (72 h)

PBS (pH = 7.4) with Tween-80

DCA: ~25% (1 h), ~70 % (24 h), ~
75 % (48 h)

Oxaliplatin: ~0 % (1 h), ~ 1 % (24 h),
<5% (48 h)

PBS (pH =7.4)

~20 % (2.5 h), ~25 % (12 h)

PBS (pH = 6.5 and 7.4) with NIR irradia-
tion of 2 W/cm?, which was imple-
mented at the time point of 2 h for 30
min

Inside dialysis bag:

Pt (IV): ~5 % (1 h), ~20 % (24 h), ~
30 % (72 h)

Without dialysis bag:

DCA: ~90 % (1 h), ~90 % (24 h), ~
90 % (72 h)

Pt (IV): ~70 % (1 h), ~ 85 % (24 h), ~
90 % (72 h)

PBS (pH =7.4)

Babadi et al.,
2022a

Hsu et al.,
2021

Ma et al.,
2015

Zhang et al.,
2016¢

Zhang et al.,
2015

Zhang et al.,
2017
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Bioactive agent Components Type of Investi- | In vitro cell line In vivo tumor In vitro release profile DR% (time) Reference
cancer gation
status

5-FU and oxaliplatin | PLLA Colorec- | Invitrol | HCT8 CT-26 cells/ 5-FU: ~ 35 % (10 h), ~ 45 % (48 h) Zhang et al.,
tal In vivo mice Oxaliplatin: ~ 34 % (10 h), ~ 50 % (48 2016a
cancer h)
Acetate buffer (pH = 5.0)
PTX PDLLA and PEG (6, @ Fibrosar- = Invitro/ HT-1080 HT-1080 cells/ PLA-PEG (20): ~ 300 ng/cm? (0.5 h), ~ Hobzova et
20, and 35 kDa) coma In vivo mice 650 ng/cm? (24 h), ~ 700 ng/cm? (72 h) | al., 2019
PBS (pH = 7.4) with 0.5 % Tween-80
Cyclopamine-conju- | PCL, PLL, and lam- GBM In vitro/ | U-87 MG-eGFP and U-87 MG-eGFP | _ Jain et al.,
gated collagen hy- inin In vivo RT2 cells/ rats 2014
drogel 2,3
DOX Ace-DEX GBM In vitrol  U-87 MG, LN-229, and | U-87 MG cells/ = Ace-DEX + DOX (10 wt%): Graham-
Invivo  LN-18 mice 28 % (1 d), 50 % (21 d), ~ 55 % (35 d) Gurysh et
PBS (pH =7.4) al., 2018
siRNA Palmitoyl- GBM In vitro/ | U-87 MG and U-87 U-87 MG-Luc2 _ Mazza et al.,
(siPLK1 and GGGAAAKRK pep- In vivo MG-Luc2 cells/ mice 2019
siMMP2) tide amphiphile
DOX-loaded ZnS na- | Silica Liver In vitro/ ~ HL-7702 and Huh-7 Huh-7 cells/ DOX: ~ 11 % (2 h), ~ 16 % (24 h) Wang et al.,
noparticles cancer In vivo mice PBS (pH = 7.4) 2020
DOX: ~ 52 % (2 h), ~ 81 % (24 h)
PBS (pH =5.4)
DOX-loaded polydo- | Gelatin and PCL Liver In vitrol = CCLP1 and HIBEC IHCC tissue/ ~8% (6h),~10% (12 h), ~11 % (24 h) | Cen et al,,
pamine nanoparti- cancer In vivo mice PBS (pH = 7.4) with NIR irradiation 2020
cles
HCPT PELA/PBELA and Liver In vitrol | HepG2 H22 cells/ mice = PELA fiber: ~14 % (1d), ~34 % (24d) Luoetal,
HPCD cancer In vivo PBS (pH = 6.0, 6.8, and 7.4) 2012b
PBELA fiber: ~34 % (1d), ~73 %
(24 d)
PBS (pH = 6.0)
~29 % (1d), ~67 % (24 d)
PBS (pH = 6.8)
~15 % (1d), ~ 35 % (24 d)
PBS (pH =7.4)
HCPT PELA and HPCD Liver In vitrol = HepG2 H22 cells/ mice | PELA/HPCD (1.5 wt%) + HCPT (3 Luo et al,,
cancer In vivo wit%): 2012a
~30 % (1d), ~90 % (20 d)
PBS (pH =7.4)

2 The hydrogel was implanted above the fiber film.
3 Nanofibre film was within a PCL/polyurethane carrier conduit.
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Bioactive agent Components Type of Investi- | In vitro cell line In vivo tumor In vitro release profile DR% (time) Reference
cancer gation
status

Cisplatin PCL and PGC-C1s Lung In vitro/ | LLC LLC cells/ mice | <1 % (1day), ~ 60 % (90 days) Kaplan et al.,

cancer In vivo linear release over ~ 90 days ~ 3 ug cis- | 2016
platin/day
PBS with 10 % (v/v) FBS

Free metformin and  Iron oxide nanoparti- = Mela- In vitro  B16-F10 _ Release profile corresponding to cycles = Samadzadeh

metformin-loaded cles, poly(NIPAAm- noma of “on-off switching” of AMF: ~ 32 % et al., 2021

mesoporous silica co-HMAAm) (end of 1%t cycle), ~ 52 % (end of 3™ cy-

nanoparticles cle), ~ 66 % (end of 5" cycle)

PBS (pH =7.4)

SN-38 microcrystals | PLA Pediatric | Invitro/ = LAN-1, SK-N-AS, SK- HSJD-NB-005 ~100 % (24 h) Monterrubio
solid tu- | Invivo | ES-1, and Rh30; and HSJD-ES- | PBS (pH = 7.4) with HPCD etal., 2016
mors HSJD-NB-005 and 001 primary

HSJD-ES-001 primary | cultures/ mice
cultures.
Curcumin Alginate/gelatin Not men-  In vitro/ = MCF-7 S180 cells/ ~13 % (48 h), ~ 34 % (120 h), ~ 50 % Chen et al.,
sponge, PCL tioned In vivo mice (360 h) 2021

PBS (pH = 6.8) with 1 % Tween-80

Abbreviations: Ace-DEX, Acetalated dextran; AMF, Alternating magnetic field; DCA, Dichloroacetate sodium; DOX, Doxorubicin; FA, Folic acid; FBS, Fetal bovine serum; 5-FU, 5-fluorouracil; GBM,
Glioblastoma multiforme; HCPT, Hydroxycamptothecin; HMAAm, N-hydroxymethylacrylamide; HPCD, 2-hydroxypropyl-R3-cyclodextrin; NIPAAm, N-isopropylacrylamide; NIR, Near-infrared radiation;
PBELA, Poly(benzaldehyde—poly(ethylene glycol))—poly(D,L-lactide); PBS, Phosphate buffered saline; PCL, Poly(e-caprolactone); PDLLA, Poly(D,L-lactic acid); PEG, Poly(ethylene glycol); PELA,
Poly(D,L-lactide)—poly(ethylene glycol); PEO, Poly (ethylene oxide); PGC-C18, Poly(glycerol monostearate-co-g-caprolactone); PIP, Piperine; PLA, Poly(lactic acid); PLGA, Poly(D,L-lactide-co-gly-
colide); PLL, Poly-L-lysine; PLLA, Poly(L-lactic acid); PTX, Paclitaxel; PVA, Poly(vinyl alcohol)
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Figure 3: Schematic illustrations of preparation
and delivery of core-shell nanofibers to cancer
cells. (a) Core-shell nanofiber mats are fabricated
using coaxial electrospinning. Doxorubicin-loaded
micelles are incorporated in the core of the coaxial
electrospun nanofibers. The nanofiber shells are
made of genipin-crosslinked gelatin. (b) After im-
plantation in tumor-bearing mice, the micelles are
released from the nanofiber and reach the tumor
site by mechanisms such as enhanced permea-
tion and retention (EPR) and interstitial transport.
(c) The micelles bind to folate receptors on the tu-
mor cells using their folic acid (FA) ligands, and
transport doxorubicin into the cancer cells. (d)
Schematic structure of the micelles. Reprinted
from Yang et al. (2015). Copyright (2015) with per-
mission from American Chemical Society.

drug-eluting applications (Hadasha and
Bezuidenhout, 2018). The crystalline form of
PLA exhibits higher chemical stability, and
lower water resistance and biodegradation
speed than the amorphous form (Kiihnert et
al., 2018).

Studies using PLA polymer have met with
different degrees of success. For instance,
Monterrubio and colleagues addressed the in-
corporation of SN-38 microcrystals into PLA
nanofibers to improve both its poor aqueous
solubility and toxicity profile for the efficient

control of pediatric solid tumors following
subtotal resection surgery. Phosphate buffer
solution (PBS) at pH 7.4 with or without 2-
hydroxypropyl-B-cyclodextrin (HPCD) as a
solubilizer was used as the release medium.
Obtained results showed that in the presence
of HPCD, the PLA matrices released their
content completely within 24 h. Moreover, in
vivo experiments showed a significant reduc-
tion in tumor size and delayed tumor growth
in mouse models after subtotal bilateral tumor
resection (Monterrubio et al., 2016).

In another study, the effect of the number
of layers on the release behavior of nanofiber
mats was assessed by Zhang and co-workers
(2016¢). They prepared dual drug-encapsu-
lated nanofiber mats with four layers. Oxali-
platin and dichloroacetate (DCA) were se-
quentially electrospun into the discrete layer
of developed fabrics made from PLLA and
the oxaliplatin-incorporated fibers’ layer was
situated between two nanofibrous layers and
the basement layer (PLLA film). In vitro re-
lease studies demonstrated that in comparison
with DCA-loaded monolayered PLLA fibers
(~ 75 % in 24 h) and oxaliplatin-loaded mon-
olayered PLLA fibers (~ 40 % in 24 h), the
co-loaded multilayered mats exhibited a
much slower release trend for both drugs, es-
pecially oxaliplatin (~ 70 % and ~ 1 % in 24
h, for DCA and oxaliplatin, respectively)
(Zhang et al., 2016c).

PLLA nanofibers were also employed as
carriers to co-deliver doxorubicin and multi-
walled carbon nanotubes (MWCNTs) for
combined chemo- and photothermal cancer
therapy (Zhang et al., 2015). Carbon nano-
tubes are efficient thermal generators via ab-
sorbing near-infrared radiation (NIR). Based
on the findings of this study, it was revealed
that NIR could not only trigger burst release
of doxorubicin molecules from the nanofibers
because of the rather low glass transition tem-
perature of PLLA, but also considerably raise
the temperature of fibers-covering tumor area,
leading to promising in vitro and in vivo re-
sults (Zhang et al., 2015). However, possible
carbon nanotube-induced toxicity is an im-
portant issue. Many factors could increase the
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toxicity of carbon nanotubes, such as high
length, presence of metal impurities, and in-
creased aggregation state (Alshehri et al.,
2016). High length and metal impurities could
also decrease the biodegradability of carbon
nanotubes, which increases their lifetime in
living systems, contributing to potential long-
term toxicity (Yang and Zhang, 2019). The
high aggregation degrees of MWCNTs could
also increase their accumulation in organs,
such as livers and lungs, and cause inflamma-
tory responses (Alshehri et al., 2016). In the
mentioned article, it was observed that the ad-
verse effects of the fabricated system on livers
and kidneys were insignificant due to pro-
longed degradation of PLLA and therefore,
concentration of MWCNTs was low enough
with appropriate blood clearance and reduced
aggregation (Zhang et al., 2015).

In a recent study, PDLLA/PEG mi-
cro/nanofibers loaded with paclitaxel were
developed by needleless electrospinning tech-
nology, which provides large-scale produc-
tion (Hobzova et al., 2019). In this study, the
effect of the addition of PEG of different mo-
lecular weights (6, 20, and 35 kDa) to modify
the release pattern of a hydrophobic drug
(paclitaxel) was investigated. According to
the results, it was found that low amounts of
drug released from the pure PDLLA fibers,
and the addition of PEGs considerably in-
creased the released amounts of drug and also
extended its release period. This influence
was more noticeable by PEG of the lowest
molecular weight in the early phase of release
profiles (Hobzova et al., 2019). Even though
PEG is biocompatible, it is not degradable in
vivo and is mostly eliminated from the body
via the kidneys. To increase the degradability
of the systems fabricated with PEG, some
studies have prepared co-polymers consisting
of PEG and a biodegradable polymer, such as
PLA (Peng et al., 2016).

PLGA, the copolymer of PLA and
poly(glycolic acid), has also been explored by
numerous research groups to develop nano-
fibers for a wide range of therapeutic applica-
tions. This is because this FDA-approved pol-
ymer 1is also biocompatible and bio-

degradable, and its degraded products (i.e.,
lactic acid and glycolic acid) are finally con-
verted into carbon dioxide and water and
eventually eliminated (Chereddy et al., 2016).
In a recent study, PLGA nanofibrous films
were developed to prevent postoperative can-
cer recurrence and metastasis. Doxorubicin-
loaded microparticles were co-delivered with
aspirin for eliminating cancer cells and inhib-
iting platelet-triggered proliferation, simulta-
neously. The PLGA nanofibrous films en-
hanced the accumulation of the drugs inside
tumor resection cavities and enabled a sus-
tained release manner for both doxorubicin
microparticles and aspirin. While the release
percentage of doxorubicin microparticles
reached about 59 % in 24 hours, the same ap-
proximate amount of aspirin was released in
120 hours. This difference in release rate con-
tributed to the deactivation of platelets over an
extended period while maintaining efficient
tumor-killing properties (Li et al., 2022).

A study explored the idea of using PLGA
nanofibers for extended delivery of car-
mustine, irinotecan, and cisplatin in the cere-
bral cavity, aiming at successful treatment of
glioblastoma multiforme (GBM). The nano-
fibrous membranes prepared in this work
showed the early release phase of irinotecan
within 7 days and carmustine and cisplatin
within 4 days. This was most likely related to
the relatively low aqueous solubility of the
loaded pharmaceuticals. However, it is im-
portant to note that the in vivo experiments
showed no obvious initial burst release. This
was probably attributable to the difficult pen-
etration of the released drug molecules across
the blood-brain barrier, leading to their accu-
mulation in the brain for a prolonged period.
It was also revealed that carmustine and iri-
notecan were gradually released over the first
two weeks, and thereafter their release rate in-
creased and remained high for four weeks. In
contrast, cisplatin was released at a high rate
and remained at a plateau of high concentra-
tion within the first four weeks, and after that,
its release rate steadily slowed down. There-
fore, combinatorial delivery of cisplatin, car-
mustine, and irinotecan using PLGA
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nanofibrous membranes demonstrated a com-
plementary effect for the efficient treatment
of GBM (Tseng et al., 2015).

PVA, another commonly used biocompat-
ible polymer, has also been extensively stud-
ied for the fabrication of nanofibers due to its
high hydrophilicity, excellent fiber-forming
ability, and biocompatibility (Nitanan et al.,
2013, Steffens et al., 2020). An interesting
study developed an implantable Pt(IV) mi-
celle/DCA co-encapsulated nanofiber mem-
brane for enhanced local chemotherapy. For
this purpose, reduction-responsive micelles
were synthesized by polymerization of PEG2k
units and Pt(IV) prodrug, and co-electrospun
with DCA into PVA nanofibers. The release
behavior of cargoes from the fibers was first
studied without a dialysis bag in PBS (pH
7.4), and it was found that nearly 70 % of Pt
and 90 % of DCA were released during the
first hour. Because of the uniform distribution
of micelles and DCA in the matrix, the fast-
release patterns were explained by the fast
dissolving of PVA. The release pattern of Pt
from the nanofibers was investigated by the
dialysis bag technique to guarantee the collec-
tion of small molecule Pt in the release me-
dium. The release rate of Pt was found to be
very slow, so only 20 % was released in PBS
(pH 7.4) after 72 h. In this study, to further
evaluate the reduction-sensitive release of Pt
and simulate the condition in tumor cells, so-
dium ascorbate (NaVc) and acetate buffer so-
lution (pH 5.0) were applied. The results
showed that 40 % and 57 % of Pt were re-
leased in acetate buffer solution without and
with NaVc, respectively, displaying the high
reduction-responsiveness of the prodrug-
backboned micelles triggered by NaVc
(Zhang et al., 2017).

The nanofiber-based IDDS studied in this
part illustrate that the physicochemical diver-
sity of anti-cancer drugs with respect to im-
portant parameters like aqueous solubility,
size, degree of ionization, environmental con-
ditions, and process parameters can greatly
influence their release profiles (Adepu and
Ramakrishna, 2021). The drug release profile
of nanofibers consists of three main stages.

The first stage is when the release happens
from the nanofiber surface. In the second
stage, the drug which is loaded inside the pol-
ymer matrix diffuses to the surface of the nan-
ofibers and is subsequently released. The
third stage of drug release happens as a result
of the degradation or decomposition of the
nanofibers (Polakova et al., 2019). To de-
velop nanofibers with immediate drug re-
lease, highly porous polymers with intercon-
nected pores and large specific surface areas
should be employed (Adepu and
Ramakrishna, 2021; Sharifi et al.,, 2022).
Many strategies could be used to modify the
drug release from nanofibers. For example,
fabricating sandwich nanofibrous structures
where the drug-incorporated layer overlaps
with the other layers and the drug release is
prolonged due to slow liquid convection
(Polakova et al., 2019). Furthermore, in core-
shell nanofibers, sustained drug release is ob-
tained when the drugs in the core phase with
the highest concentration diffuse out of the
polymer matrix (Monfared et al., 2019). Other
techniques for controlling the drug release
from nanofibers include adjusting the compo-
sition and drug-to-polymer ratio, choice of
polymer and excipients, structure, diameters,
swelling, and thickness of the nanofibers
(Rasouli et al., 2019). For instance, water-sol-
uble polymers exhibit immediate release
while degradable or swellable polymers show
prolonged drug release (Singh et al., 2021). In
addition, drug release could be controlled by
preparing  stimuli-responsive  nanofibers.
These types of nanofibers could release the
drug in response to stimuli such as pH, tem-
perature, light, electric field, magnetic field,
or a combination of different stimuli (Weng
and Xie, 2015).

FILMS

Polymeric films have also been explored
extensively as local implantable scaffolds to
deliver a variety of anti-cancer agents and
have displayed promising results in vitro, as
well as in vivo (Table 2). Implantable films
possess some Dbenefits for tumor drug
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delivery, such as achieving concentrated and
constant drug delivery to malignant tissues,
minimizing systemic side effects, and im-
proving tumor cytotoxicity by prolonging the
release of chemotherapeutics locally and en-
suring that residual tumor cells are exposed to
them during multiple cell cycles (Karki et al.,
2016; Liu et al., 2012, 2010; Sonvico et al.,
2018b; Wolinsky et al., 2012). Furthermore,
the versatility of design of film implants and
the elasticity of polymeric materials em-
ployed for their development allows them for
sufficient coverage of surface, fixation, and
diffusion of drug molecules within the sites at
greatest risk for local tumor recurrence
(Wolinsky et al., 2012). Considering such ad-
vantageous properties, polymeric films have
been well examined against a variety of ma-
lignancies like lung cancer (Wolinsky et al.,
2010), prostate cancer (Wu et al., 2018a),
melanoma (Zhang et al., 2016b), sarcoma
(Liu et al., 2012), and malignant pleural mes-
othelioma (Sonvico et al., 2018a).

Films could be prepared using several fab-
rication methods. Solvent-casting is one of
the most preferred methods of film manufac-
turing due to its feasibility and low-cost pro-
cess (Figure 4a). In this method, the poly-
meric solution is cast into a substrate and the
solvent is then evaporated by drying, which
leaves a drug-loaded polymeric film (Babadi
et al., 2022b, Hosseinpour-Moghadam et al.,
2021, Sonvico et al., 2018a). Hot melt extru-
sion is another common film preparation
method which in contrast to solvent-casting,
does not require organic solvents (Karki et al.,
2016).

Printing technologies, including flexo-
graphic, inkjet, and other 3D printing methods
are relatively novel techniques for preparing
polymeric films, which have gained interest
due to their cost-effectiveness and flexibility
(Figure 4b-e). Flexographic printing uses con-
tact printing to transfer active ingredients into
films which is suitable for heat-sensitive
products. However, this method suffers from
certain disadvantages, such as low resolution
and high risk of contamination. Inkjet printing

is an accurate and versatile method that is
highly applicable for manufacturing low-dose
or personalized medicines (Karki et al.,
2016). 3D printing constructs 3D objects with
diverse geometries and materials using com-
puter-aided design models (Figure 4b). 3D
printing can also be utilized in combination
with conventional methods to produce films
(Preis et al., 2015). For instance, in a recent
study, mucoadhesive local vaginal films con-
taining disulfiram were prepared for treating
cervical cancer using 3D printing and hot-
melt extrusion (Almotairy et al., 2023).
Generally, there are two main categories
of polymeric materials utilized in the devel-
opment of film implants for cancer therapy:
non-biodegradables (e.g., polyurethane (PU))
and biodegradables (e.g., PLA, PCL, and CS)
(Table 2). As an example of implants fabri-
cated with non-biodegradable polymers,
Zhang and co-workers studied the release of
bioactive peptides from thermoplastic PUs
(TPUs) with various hard and soft segments:
Tecoflex 80A (T80A) and Elast-Eon 5-325
(E5-325) (Zhang et al., 2016b). TPUs show
high biocompatibility and suitable mechani-
cal properties, which makes them favorable
polymers for fabricating IDDS. They are
composed of soft and hard thermodynami-
cally incompatible segments, which form mi-
cro-domains by undergoing phase separation.
At room temperature, the highly polar hard
segments induce non-covalent crosslinking
between polymer chains, whereas the soft
segments provide flexibility. Micro-domains
could be formulated to interact with different
drug molecules that suit their physicochemi-
cal properties. According to the findings of
Zhang et al., peptide release was found to be
dependent on both the size and the TPU com-
position. T80A exhibited a more rapid release
profile than E5-325, which was associated
with the degree of hydration. Moreover, the
medium composition affected both the extent
and rate of peptide efflux. It was also indi-
cated that enhanced control of peptide efflux,
particularly the early burst effect was
achieved by blending the different TPUs. The
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Figure 4: Film preparation methods. (a) lllustration of solvent-casting-based film manufacturing. Re-
printed with permission from (Amin et al., 2015). (b to e) Film preparation by 3D printing. (b) The com-
puter-aided design of the desired shape of the system. (¢) The 3D printer. (d) Inkjet 3D printing which
consists of a heater or a piezoelectric actuator to eject the ink drop-wise. (e) Extrusion 3D printing which

deposits the ink continuously.

group also assessed the influence of TPU-im-
pregnated PMX53, an anti-inflammatory cy-
clic peptide, on the B16-F10 melanoma can-
cer model in C57BL/6 mice. Based on their
results, elevated PMX53 plasma levels were
maintained for at least nine days when using
a mixture of T80A and E5-325A (50:50), and
anotable reduction in cancer cell proliferation
was also observed (Zhang et al., 2016b).
When designing IDDS with non-biode-
gradable polymers, it is important to consider
that these systems require removal strategies.
Though non-biodegradable films can work as
efficient reservoirs, their surgical require-
ments make these systems invasive and un-
comfortable for patients. Thus, it would be ex-
pected that the body responds more efficiently
when treated by biodegradable films, thanks

to their inherent nature and much fewer surgi-
cal concerns (Magill et al., 2023; Stewart et
al., 2020). Liu et al. fabricated paclitaxel
poly(glycerol monostearate co-e-caprolac-
tone) (PGC-C18) films and employed this
platform to prevent postoperative recurrence
in non-small-cell lung cancer. The modifica-
tion by stearic acid provided a controlled re-
lease of paclitaxel (cumulative ~ 31 % drug
release at day 50), thus prolonging the phar-
maceutical effect. Ten days after treatment, a
3000-fold higher drug concentration at the
site of tumor resection was achieved with film
implantation compared to systemic admin-
istration. In addition, 22 % and 83 % of mice
receiving systemic therapy and film implanta-
tion were free from recurrence following sur-
gery, respectively (Liu et al., 2010). Conse-
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quently, this research group also applied this
platform in the recurrent sarcoma model, and
a significant improvement in survival rate and
a decrease in locoregional recurrence were
observed (Liu et al., 2012).

In another study regarding biodegradable
polymers, Tian et al. prepared trilayered films
to be utilized as biliary stents for treating
cholangiocarcinoma and inhibiting biofilm
formation. The films contained two outer of-
loxacin-loaded and paclitaxel-loaded PLA
layers, isolated by another middle PLA layer
which enabled a unidirectional release from
each drug-loaded layer in opposite directions.
All the films with different compositions
showed an initial rapid drug release followed
by a slower release in later stages. Further-
more, incorporating different amounts of the
drugs or PEG in the films could affect the
paclitaxel release pattern. For example, films
without PEG content exhibited a cumulative
paclitaxel release of 3.61 % after 106 days,
while adding 20 % of PEG with an average
number molecular weight (M) of 1500 in-
creased the cumulative release to 18.33 %.
Also, increasing the loaded drug in the films
containing paclitaxel or ofloxacin alone in-
creased the cumulative release of the drugs.
The in vitro results indicated that the films
successfully inhibited tumor cell proliferation
and biofilm formation (Tian et al., 2021). Fur-
thermore, PEGs with M, of 1500 Da are
cleared through kidneys (Hoang Thi et al.,
2020), no concerns remain about the excre-
tion of the IDDS from the body in Tian’s
study.

Considering the film implants reviewed in
this section, the release behavior of these sys-
tems differs markedly, depending on the type
of polymers used for their development and
the cargoes. For example, the release of
pemetrexed from the hyaluronate-based film
was found to be almost complete within 2 h,
which lacked control on release due to high
solubility and low molecular weight of
pemetrexed and its lack of electrostatic attrac-
tions with the polymers in the film (Sonvico
et al., 2018a), while paclitaxel-loaded PLA-
PEG (20 %) film released only about 30 % of

paclitaxel within 300 days, without reaching
a plateau (Wu et al., 2018a). Using a PLA-
based drug-free backing layer enabled a uni-
directional drug release from the side in con-
tact with tumor cells, which increased drug
accumulation in the cancer site (Wu et al.,
2018a). However, it could be advisable to
monitor the degradation rate of the system
from the body by in vivo imaging and discuss
it with regard to the drug release profile. Fur-
thermore, in vitro release tests could not sim-
ulate the degradation of biodegradable sys-
tems; therefore, the actual in vivo release pro-
files could be different from observed in vitro
data.

The release behavior is also highly related
to the structure of polymers. For instance, the
dissolving speed of linear amorphous poly-
mers is much higher than semi-crystalline or
crosslinked polymers. The drug release is re-
markably affected by the erosion of the films.
Furthermore, the quantity of plasticizer used
in the formulations could slightly enlarge the
film thickness, which correlates with the drug
amount incorporated inside the film. Film
thickness needs to be suitable for facile ad-
ministration (Karki et al., 2016). In the arti-
cles discussed in this study, films with differ-
ent thicknesses such as 40 pum (Liu et al.,
2010; Wolinsky et al., 2010), 200 pm (Park et
al., 2015), and 1-2 mm (Zhang et al., 2016b)
were fabricated. There are a few studies re-
garding the effects of film thickness on the
disintegration and dissolution times of films
(Zhang et al., 2018a). Therefore, more studies
on the optimization of film thickness for
IDDS should be performed to adjust the re-
lease profile and minimize tissue injury.

Apart from endowing unidirectional re-
lease, fabricating multi-layered films with dif-
ferent drug-incorporated layers enables drug
release with different rates from each layer,
which could result in multi-stage release pro-
files (Rong et al., 2012). Also, hybrid systems
of nanoparticle-embedded films can be de-
signed to further extend the release duration
(Pereira et al., 2016) or achieve multi-step re-
lease profiles.

156



EXCLI Journal 2024;23:143-179 — ISSN 1611-2156
Received: October 30, 2023, accepted: January 08, 2024, published: February 01, 2024

Table 2: Studies on implantable films for localized anti-cancer drug delivery

Bioactive Components

agent

Type of cancer

Investi-
gation
status

In vitro cell

line

In vivo
tumor

In vitro Release profile DR % (time)

Reference

PTX PGC-C18 Abdominal, pelvic, In vitro/ In = CS-1 CS-1 ~14 % (7 d), ~ 28 % (14 d), ~ 31 % (50 Liu et al., 2012,
and retroperitoneal Vvivo cells/ d) Liu et al., 2010
sarcomas mice PBS

PTX and PEG and PLA Cholangiocarcinoma | In vitro RBE _ 20 % PTX + 10 % PEG +10 % ofloxacin, | Tianetal.,

ofloxacin PTX release: ~1 % (5d), ~1.6 % (35d), | 2021

~1.7 % (65 d)

20 % PTX + 10 % PEG +10 % ofloxacin,

ofloxacin release: ~ 17.4 % (5 d), ~ 29 %

(35d),~32 % (65d)

PBS (pH = 7.4) with 1 % (w/v) SDS
HCPT PGC-OH/PGC-C18 Lung cancer In vitro/ In | LLC LLC PGC-OH: ~17 % (1 d), ~45 % (14 d), ~  Wolinsky et al.,

vivo cells/ 50 % (~30d) 2010
mice PGC-C18: ~2 % (1d), ~ 25 % (14 d), ~

45 % (~50d)

PBS
Pemetrexed/ | Sodium hyaluronate, Malignant pleural In vitro/ In = A549 IL-45 Pemetrexed: ~ 80 % (1 h), ~90 % (3 h) Sonvico et al.,
Cisplatin PVA, PEG 200, PEG mesothelioma Vivo cells/ rats | PBS (pH = 7.4) 2018a, b

10008, and sorbitol Cisplatin: ~ 60 % (24 h), ~ 75 % (48 h), ~

100 % (96 h)

NaCl 0.9 %

Bioactive PUs (T 80A and Melanoma In vitrol In | _ B16-F10 T 80A (50 %) /E 5-325 (50 %): ~ 5 % (4 Zhang et al.,

peptide E 5-325) vivo cells/ h), ~25 % (24 h), ~ 95 % (21 d) 2016b

(PMX53) mice 10 % FBS-RPMI 1640

PTX PGC-C18 Non-small-cell lung In vitro/ In | LLC, NCI- LLC ~14 % (7 d), ~ 28 % (14 d), ~ 31 % (50 Liu et al., 2010
cancer vivo H460, and cells/ d)

NCI-H292 mice PBS

PTX PLA and PEG 1.5kDa Prostate cancer In vitro/ In | PC-3 PC-3 PLA /PEG (20 %) + PTX (50 %): ~15%  Wuetal,,

vivo cells/ (50d), ~22 % (150 d), ~32 % (~300d)  2018a
mice PBS with 1 % (w/v) SDS

Abbreviations: E 5-325, Elast-Eon™ 5-325; FBS, Fetal bovine serum; HCPT, Hydroxycamptothecin; PBS, Phosphate buffered saline; PEG, Poly(ethylene glycol); PEG 1000S, Poly(ethylene glycol)
1000 monostearate; PGC-C18, Poly(glycerol monostearate-co-g-caprolactone); PGC-OH, Poly(glycerol-co-g-caprolactone); PLA, Poly (lactic acid); PTX, Paclitaxel; PVA, Poly(vinyl alcohol); PU, Pol-
yurethane; RPMI 1640, Roswell Park Memorial Institute 1640; SDS, Sodium dodecyl sulfate; T 80A, Tecoflex 80A
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HYDROGELS

Hydrogels are semi-solid structures con-
sisting of hydrophilic polymers, which can
absorb large amounts of water, maintaining a
3D network because of the development of in-
ternal crosslinking bonds (Ho et al., 2022).
Physical and chemical crosslinking are
among the common methods for preparing
hydrogels. Physically crosslinked hydrogels
are relatively facile to produce and are gener-
ally a result of ionic interactions, heat-in-
duced aggregation, hydrogen bonding, and
heating or cooling polymer solutions. Chemi-
cal crosslinking involves the reaction of the
functional groups on polymer backbones to
link polymer chains together. Crosslinkers,
including glutaraldehyde (GA) and epichloro-
hydrin are utilized for obtaining chemically
crosslinked hydrogels of various polymers
(Gulrez et al., 2011). For instance, in a study
by Puente et al., chitosan hydrogels were
crosslinked by GA (Puente et al., 2018). How-
ever, GA is a toxic substance that could in-
hibit cell growth even when used at low con-
centrations. In a study conducted by Yu et al.,
crosslinking of gelatin hydrogels with a low
concentration of GA induced a significant for-
eign body response and inflammation upon
subcutaneous implantation in mice (Yu et al.,
2016). Since other crosslinking agents are
also mostly toxic and could change the integ-
rity of materials, the removal of any remain-
ing unreacted agents from the chemically
crosslinked hydrogels is very important. Us-
ing alternative methods that avoid the use of
crosslinkers (e.g., physical crosslinking) has
increasingly gained interest over the years
(Hennink and van Nostrum, 2002). Grafting,
radiation crosslinking, interpenetrating poly-
mer networks, and hydrophobic interactions
are other methods to produce hydrogels
(Gulrez et al., 2011). Noncovalent molecular
self-assembly assisted by shape complemen-
tarity or nucleic acids is another hydrogel
preparation strategy that is mostly applied for
macromolecule-based hydrogels (Zhang and
Khademhosseini, 2017). Song et al. prepared
a self-assembled hydrogel loaded with suc-
cinated paclitaxel which could inhibit cancer

cell proliferation in vitro (Song et al., 2018).
3D printing is another easy technique to gen-
erate hydrogels with complex structures with
high precision and flexibility (Figure 5). In a
recent study, gemcitabine-loaded coaxial hy-
drogel patches were prepared using 3D print-
ing which effectively inhibited pancreatic tu-
mor cell growth (Talebian et al., 2021). Fur-
thermore, microfluidic printheads can deliver
dual material types to produce multimaterial
hydrogels with higher printing speed and en-
hanced shifting between the materials (Zhang
and Khademhosseini, 2017).

Hydrogels have been of significant inter-
est for a diverse range of biomedical and phar-
maceutical applications thanks to their bio-
degradability, excellent flexibility, shape-
adaptive function, and minimum invasive ad-
ministration (Gulrez et al., 2011; Li and
Mooney, 2016). Recently, there have been
notable advances in utilizing hydrogels for the
management of a variety of cancers (Table 3),
such as breast cancer (Fong et al., 2017;
Jaiswal et al., 2013; Liu et al., 2019; Zhuang
et al., 2020), lung cancer (Lee et al., 2019),
hepatocellular carcinoma (Peng et al., 2014),
GBM (Puente et al., 2018), and osteosarcoma
(Wu et al.,, 2018b). Based on the polymer
origin, these hydrogels can be categorized
into three major groups: synthetic, natural,
and natural/synthetic hybrid hydrogels
(Bashir et al., 2020).

Hydrogels from natural sources are usu-
ally derived from proteins and polysaccha-
rides (Bashir et al., 2020, Ho et al., 2022).
Among various proteins capable of forming
into hydrogels for cancer therapy, gelatin, is
one of the most popular ones, which has been
widely investigated either alone or in combi-
nation with other polymers by numerous re-
search groups (Jaiswal et al., 2013; Lee et al.,
2019; Wu et al., 2018b). One of these studies
addressed the incorporation of doxorubicin
into a semi-interpenetrating hydrogel network
of gelatin and poly(acrylic acid) (PAA) to en-
gineer an efficient system, which can be ad-
ministered as a post-surgical implant for solid
tumors (Jaiswal et al., 2013). In this study,
gelatin was kept free, whereas PCL diacrylate
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Figure 5: 3D printed hydrogel-based structures. (a-c) A printed cardiovascular shape memory polymer
(SMP)-hydrogel stent. (a) Design of the stent with the ability to turn into a squeezed shape and recover
into its original shape based on temperature. (b) A detailed illustration of the design showing the drug-
incorporated hydrogels are integrated into SMP rods. (¢) The printed SMP-hydrogel stent. (d) A diago-
nally symmetric Kelvin structure consisting of elastomer and acrylamide-poly(ethylene glycol) diacrylate
(PEGDA)(AP) hydrogel. (e) A hydrogel composite strengthened by a rigid horseshoe polymer structure.
(F) A printed hydrogel cube possesses gradient stiffness and is strengthened by a rigid lattice polymer
structure. (g) A printed hydrogel meniscus strengthened by a rigid lattice structure. (h-k) The micro-
scopic images of the meniscus at locations number 1 to 4, respectively. Reprinted with permission from

(Ge et al., 2021).

was used as a crosslinking agent for PAA
chains with concentrations of 0.2 — 2 mol %,
which can offer control over the drug release
as well as the degradation behavior of the de-
vice. Therefore, the impact of crosslinker con-
centration on the key physicochemical char-
acteristics of the system was also investi-
gated. From the in vitro release experiments
in PBS (pH 6.5), it was found that although
there was a controlled release pattern for all
of the matrices over 30 days, by increasing the
concentration of crosslinker from 0.2 to 2
mol %, the release rate decreased from
~ 70 % to ~ 30 % (Jaiswal et al., 2013). This
can be justified by a higher crosslinking de-
gree making the network denser and resulting
in a slower release of drug molecules (Khan

and Ranjha, 2014). Furthermore, buffer media
penetration inside the polymeric network was
suggested to be the rate-determining step for
the release of doxorubicin, and doxorubicin
was released afterward by overcoming its in-
teractions with the functional groups of the
polymers. Also, the matrices using the lowest
crosslinker concentration (0.2 mol %) de-
graded completely in 20 days in vitro, while
matrices prepared with higher concentrations
of the crosslinker only degraded from 12 % to
28 % within 30 days (Jaiswal et al., 2013).
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Table 3: Studies on implantable hydrogel systems for localized anti-cancer drug delivery

Bioactive agent

Components

Type of
cancer

Investi-

gation
status

In vitro cell
line

In vivo tumor

In vitro Release profile DR% (time)

Refer-
ence

GW2580 CPC, HAMA, hydroxy- In vitrol  RAW264.7 4T1-Luc cells/ mice =~ CPC/hydrogel: ~ 56 % (12 h), ~ 78 % Lietal.,
butyl chitosan, and oxi- = mor In vivo (48 h), ~ 90 % (120 h) 2023
dized chondroitin sul- PBS
fate

Black phosphorus Dibenzaldehyde-func- Breast In vitro/ | MDA-MB-231 | MDA-MB-231 cells/ | DOX: ~40 % (8 h), ~60 % (24 h), Wu et al.,

nanosheets and DOX tionalized PEG and cancer In vivo and HepG2 mice ~ 80 % (48 h) 2019
polyaspartylhydrazide and liver (pH =5.5)

cancer ~25% (8 h), ~ 30 % (24 h),
~ 38 % (48 h)
(pH =6.5)
~10 % (8 h), ~ 20 % (24 h),
~ 20 % (48 h)
(pH=17.4)
With NIR irradiation of 1 W/cm?

DOX Polyacrylic acid, gela- Breast In vivo Ehrlich’s Ascites Tu- = PCL-diacrylate (0.2 mol %): Jaiswal et

tin, and PCL-diacrylate | cancer mor murine breast ~34 % (2d),~65 % (6d),~68 % (30d) al., 2013
carcinoma cell lines/ = PBS (pH = 6.5)
mice

DOX P(CL-co-TOSUO)- Breast In vitrol | 4T1 4T1 cells/ mice ~2%(1d),~10% (3d), ~20 % (7 d) Liu et al.,
PEG-P(CL-co-TOSUQ) | cancer In vivo PBS (pH = 6.5) 2019
and CRGDK-PEG-PCL ~1% (1d), ~5 % (3d), ~ 10 % (7 d)

PBS (pH =7.4)
DOX and gemcitabine = A-HA and CMCS Breast In vitrol  4T1-Luc and 4T1-Luc cells/ mice = Gemcitabine: ~60 % (1d), ~85 % (2d), Zhuang et
cancer In vivo L929 ~95 % (3d) al., 2020
DOX:~2% (1d),~3 % (2d),~4 %
(14 d)
PBS (pH =7.4)

DOX and resatorvid HASH and methacry- Breast In vitro/ | RAW264.7 4T1-Luc cells/ mice DOX: ~ 48 % (2 h, initial burst release), ~ = Wang et
lated cancer In vivo and 4T1 63 % (2d), ~73 % (21 d) al., 2022
Pluronic Resatorvid: ~ 25 % (2 h, initial burst re-

F127 lease), ~ 50 % (2 d), ~ 76 % (21 d)
PBS with 0.2 % Tween-80
FA-conjugated DOX- HA-CS-g- PNIPAAmM Breast In vitro/  MCF-7 MCF-7 cells/ mice ~60% (1d),~78 % (6d), ~82 % (9d) Fong et
loaded graphene ox- cancer In vivo PBS (pH = 5.5) al., 2017

ide nanocarriers

~1% (1d),~5% (6d),~5% (9d)
PBS (pH = 7.4)
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Bioactive agent Components Type of
cancer

PTX:BCD complex

Temozolomide/
131)-alginate micropar-
ticles

G5-BGG/pDNA

Embelin

PTX

Gold(lll) porphyrin

CAR T-cells, IL-15-
loaded nanoparticles,
and P-aPDL1

CS, oxidized pectin,
and nano y-Fe203

Gellan gum

CS and
GA

PLGA-PEG-PLGA

P(CL-co-TOSUO)-
PEG-P(CL-co-TOSUO)

PELG-PEG-PELG

PEG-diacrylate, gelatin
conjugated with PEG-
cysteine

MA-modified hyalu-
ronic acid, MBAAm,
PLGA, and PVA

Breast
cancer

Breast
cancer

GBM

Glioblas-
toma
Liver
cancer

Liver
cancer

Lung
cancer

Mela-
noma

Investi-

gation
status
In vitro

In vitro

In vitrol
In vivo

In vitrol
In vivo
In vitrol
In vivo

In vitro/
In vivo

In vitrol
In vivo

In vitro/
In vivo

L929 and 4 g NalO4 (for pectin oxidization) and 400
MCEF-7 mg y-Fe203: ~38 % (2 h), ~ 71 %
(6 h),~90 % (12 h)
PBS (pH = 6.8)
BT474 and Crosslinked with 3 mg/ml L-cysteine
SKBR3 + 10 mM glutathione:
~80% (6 h),~90 % (48 h), ~95 %
(72 h)
Acetate buffer (pH = 6.8)
~62 % (6 h),~80 % (48 h), ~82 %
(72 h)
PBS (pH = 6.8)
D54 D54-GFP-Luc cells/ = Temozolomide: 50 % (2 h), ~ 80 % (8 h),
mice ~90 % (2 d)
Radioactivity leakage: < 1 % (42 d)
PBS (pH = 7.4)
U87MG U87MG cells/ mice ~48 % (1d),~68 % (3d),~80 % (7 d)
PBS
H22 H22 cells/ mice ~32%(2d),~45 % (10d), ~57 %
(21d)
PBS (pH = 7.4) with 5 % (w/v) DMSO
HepG2 HepG2 cells/ mice <50 % (21 d)
PBS (pH = 7.4) with 2.4 wt% Tween 80
and 4.0 wt% Cremophor® EL
NCI-H460 NCI-H460 ~43 % (1d),~50 % (2 d), ~65 % (7 d)
and A549 cells/ mice PBS
WM115 WM115 cells/ mice CAR T-cells: ~ 250 x 10* cells (24 h), ~

300 x 10* cells (48 h), ~ 500 x 10*cells
(96 h)

Platelets: ~ 500 x 10* cells (24 h), ~ 800
x 10* cells (48 h), ~ 980 x 10* cells (96 h)
Complete medium with 45 % RPMI 1640
and 45 % Click’'s medium, 10 % FBS, 2
mmol/l GlutaMAX, and human recombi-
nant IL-7 and IL-15

In vitro cell In vivo tumor In vitro Release profile DR% (time) Refer-
line ence

Lietal.,
2020

Nieto et
al., 2022

Puente et
al., 2018

Song et
al., 2021
Peng et
al., 2014

Cheng et
al., 2013

Lee et al.,
2019

Hu et al.,
2021
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Bioactive agent Components Type of  Investi- In vitro cell In vivo tumor In vitro Release profile DR% (time)

cancer gation line
status

Cisplatin PLGA-PEG-PLGA and Osteo- In vitro/ 143B, HOS, 143B cells/ mice 0.8 mg/ml: ~ 67 % (1 d), ~78 % (7 d), Jing et al.,
TisAlsV sarcoma  In vivo and ~90 % (18 d) 2021
MG63 1.6 mg/ml: ~ 64 % (1d), ~71 % (7 d), ~
88 % (18 d)
PBS (pH = 5.5)
Gemcitabine/ GelMA Osteo- In vitrol MG-63 MG-63 cells/ mice GelMA (20 %) + Gemcitabine-loaded lipo- | Wu et al.,
Gemcitabine-loaded sarcoma | In vivo somes (60 mg): 2018b
liposomes ~42 % (4 h), ~ 87 % (24 h), ~ 96 % (96 h)
PBS
Gemcitabine Alginate-methacrylate, Pancre- In vitro/ MIA-PaCa-2 = MIA PaCa-2 cells/ 4 layers + CaCOs + PLA: ~ 13 % (2.5 h), Talebian
dopamine and PLA atic In vivo and PANC-1 | mice ~27 % (25 h), ~ 29 % (70 d) etal.,
cancer SBF 2021
DOX HA-SS-HA Not men- | In vitro/ Hela 4T1 cells/ mice ~30%(1d),~60% (4d),~65% (10d) | Xuetal,
tioned In vivo PBS (pH=7.4) 2021

Abbreviations: A-HA, Aldehyde hyaluronic acid; CAR-T, Chimeric antigen receptor T; BCD, B-cyclodextrin; CMCS, Carboxymethyl chitosan; CPC, Calcium phosphate ceramic; CRGDK, Cys-Arg-Gly-
Asp-Lys; CS, Chitosan; DMSO, Dimethyl sulfoxide; DOX, Doxorubicin; FA, Folic acid; FBS, Fetal bovine serum; 5-FU, 5-fluorouracil; GA, Glutaraldehyde; GBM, Glioblastoma multiforme; GelMA,
Gelatin methacryloyl; HA, Hyaluronic acid; HAMA, Methylacrylate hyaluronic acid; HASH, Thiolated hyaluronic acid; HA-SS-HA, Disulfide crosslinked hyaluronic acid; '*'l, lodine-131; IL, Interleukin;
MA, Methacrylic anhydride; MBAAmM, N,N’-methylenebis(acrylamide); NIR, Near-infrared; P-aPDL1, Platelets conjugated with nti-PDL1 antibody; PBS, Phosphate buffered saline; PCL, Poly(e-capro-
lactone); P(CL-co-TOSUO)-PEG-P(CL-co-TOSUOQO), Poly(e-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone)—poly(ethylene glycol)-poly(e-caprolactone-co-1,4,8-trioxa[4.6]spiro-9-undecanone);
pDNA, shRNA871 plasmid; PEG, Poly(ethylene glycol); PELG, Poly(y -ethyl-L-glutamate); PLA, Polylactic acid; PLGA, Poly(D,L-lactide-co-glycolide); PNIPAAm, Poly(N-isopropylacrylamide); PTX,
Paclitaxel; PVA, Poly(vinyl alcohol); RPMI 1640, Roswell Park Memorial Institute 1640; SBF, Simulated body fluid
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A variety of polysaccharides like chitosan
(Puente et al., 2018), gellan gum (Nieto et al.,
2022), HA (Fong et al., 2017), and alginate
(Brudno et al., 2018) have also been explored
as hydrogels for cancer drug delivery. These
hydrogels can be fabricated by methods in-
cluding covalent crosslinking, polymeriza-
tion, and esterification (Ho et al., 2022). A
study reported the use of an injectable chi-
tosan hydrogel implant that released a chemo-
therapeutic agent (temozolomide) while
maintaining radioactive agents (iodine-131,
BI]) in the cancer site to enhance the local
control and treatment results of GBM (Puente
et al., 2018). According to the findings of this
study, temozolomide was fully released over
the first 2 days with a negligible release of '
within 42 days. Moreover, in vivo experi-
ments showed that '*'T was totally retained in
the cancer site with very limited distribution
in normal tissues. This was achieved by con-
jugating '3'I to human serum albumin (HSA),
which is a large and biocompatible molecule,
and subsequently encapsulating the iodinated
HSA inside biodegradable, crosslinked algi-
nate microparticles to further immobilize the
HSA-conjugated '*'I molecules and prevent
their release. Moreover, '*'T exhibits a rela-
tively short half-life of 8 days, which allows
it to decay while still encapsulated inside the
hydrogel. Furthermore, when administered
locally, temozolomide accumulated in the
cancer site at 10-fold greater concentrations
compared to when administered systemically
(Puente et al., 2018). In another study, redox-
responsive gellan gum-based hydrogels incor-
porated with paclitaxel were developed for
treating HER2-positive breast cancer. The hy-
drogels were crosslinked with different de-
grees using 1.5, 3, or 4.5 mg/ml of L-cysteine
to enhance their stability and make the hydro-
gels redox-responsive. The hydrogels were
prepared in PBS or acetate buffer which,
along with the crosslinking degree, affected
some hydrogel properties, including porosity
and swelling rate. According to the results,
crosslinking with 3 mg/ml of L-cysteine
achieved the best hydrogels with regard to
drug release. The release studies were

performed using non-crosslinked and cross-
linked hydrogels. In all hydrogel samples, a
slight initial burst release was observed for 6
hours. In crosslinked hydrogels, the paclitaxel
release rate was more controlled compared to
non-crosslinked samples and was faster in ac-
etate buffer than in PBS, possibly due to
higher crosslinking density and lower swell-
ing capacity and porosity in PBS. Therefore,
the viability of breast cancer cells was re-
duced slightly more when treated with the hy-
drogels prepared in acetate buffer. When hy-
drogels were exposed to high glutathione con-
centrations, approximately all of their
paclitaxel content was released within 72
hours, which proved that the hydrogels pos-
sessed reduced stimuli responsiveness due to
crosslinking (Nieto et al., 2022).

Synthetic polymers can be considered an
attractive alternative for developing hydro-
gels since they can be molecularly tailored by
molecular weights, block structures, mechan-
ical strength, as well as biodegradability (Zhu
and Marchant, 2011).

PEG, PLGA (Chang et al., 2011), and
poly(N-isopropyl acrylamide) (PNIPAAm)
(Fong et al., 2017) are some examples of pop-
ular synthetic polymers utilized to prepare hy-
drogels intended for localized delivery of an-
ticancer drugs. PEG is the most extensively
studied synthetic polymer used to make hy-
drogels because of its unique features like sol-
ubility in various solvents, non-immunogen-
icity, and non-toxicity (Kolate et al., 2014).
Moreover, the terminal hydroxyl groups of
PEG can be modified by numerous functional
groups, such as thiol, acrylate, and carboxyl,
or attached to other molecules. PEG-based
hydrogels can be developed via free radical
polymerization of PEG macromers or radia-
tion crosslinking of PEG (Zhu, 2010). For ex-
ample, Liu et al. designed tumor-specific,
doxorubicin-loaded prodrug nanoparticles
self-aggregated hydrogel using PEG with M,
= 1500 Da to enhance tumor cell targeting and
penetration for effective post-surgical preven-
tion of breast cancer recurrence (Figure 6).
The system was developed using the aqueous
solutions of lyophilized pH-responsive pow-
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Figure 6: (a) Fabrication steps of doxorubicin-loaded prodrug nanoparticles (PDNPs) with the ability to
undergo sol-gel transition upon injection to mice and forming a hydrogel depot. (b) The hydrogels re-
lease PDNPs, which degrade under acidic conditions in the cancer tissue environment and release
doxorubicin. This method enhances the efficacy and reduces the toxicity of the treatment. Reprinted

from Liu et al. (2019) copyright (2019) with permission from the American Chemical Society.

der of targeted doxorubicin-loaded prodrug
nanoparticles. These carriers were formed us-
ing a modular co-assembly of a thermosensi-
tive amphiphilic copolymer, acid-cleavable
PEGylated polymeric doxorubicin prodrug,
and tumor-specific  targeting  peptide
(CRGDK). This study indicated that a single
administration of prodrug nanoparticles can
develop a long-acting depot to release the
nanocarriers in the tumor site for over three
weeks and provide an obvious effect against
tumor recurrence (Liu et al., 2019). In a dif-
ferent study, thermosensitive PLGA-PEG-
PLGA hydrogels were prepared for treating
postoperative glioblastoma recurrence. A
gene complex was formed with a non-viral
vector (i.e., G5-BGG) and shRNA plasmid,
and the complex was then loaded in the hy-
drogels. The hydrogels were formed due to a
temperature shift by locally injecting the
PLGA-PEG-PLGA solution and the gene
complex inside the postoperative cavity. The
gene complex showed a sustained release be-
havior due to the slow hydrogel degradation.
According to the results, 60 % of the gene
complex was released in 2 days, while about
80 % was released within one week. Accord-

ing to the in vivo results, combining the hy-
drogels with temozolomide could effectively
enhance the permeation of macrophages into
the tumors and increase the animal survival
time. Furthermore, it could downregulate the
expression of CD47 proteins, which increases
the phagocytosis of cancer cells (Song et al.,
2021).

Natural/synthetic hybrid hydrogels can be
developed by combining natural and synthetic
polymer blocks generally through polymeri-
zation or chemical conjugation. The nature
and size of these building blocks at the molec-
ular level dictate the hybridization process.
The hybrid hydrogels with functional blocks
could be developed with desirable mechanical
and physical characteristics, tunable kinetics,
and stimuli-responsiveness for targeted drug
delivery (Palmese et al., 2019; Vasile et al.,
2020). Therefore, hybrid hydrogels have be-
come the focus of major interest in cancer
therapy (Fong et al., 2017; Pantshwa et al.,
2018). Recent work by Chen’s group (Fong et
al., 2017) has employed an in situ forming
thermo-sensitive hybrid hydrogel (HA-CS-g-
PNIPAAm) to deliver doxorubicin-loaded,
folic acid-conjugated graphene oxide nano-
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carriers for breast cancer therapy. The hydro-
gel undergoes sol-gel transition after body in-
jection and turns into a gel depot for drug de-
livery, which avoids surgery-assisted implan-
tation, facilitates the modification of drug re-
lease rate by remodeling the formulation, and
improves body excretion after achieving the
intended purposes. Graphene oxide is consid-
ered to be generally safe for administration in
vivo. Furthermore, PNIPAAm, which makes
the hydrogels thermoresponsive, is a non-bio-
degradable polymer. To produce practicable
hydrogels, PNIPAAm was grafted with other
biocompatible materials to increase the safety
and mechanical properties of the hydrogels. It
has also been reported that PNIPAAm with
low molecular weight exhibits better biocom-
patibility by excretion through renal clear-
ance. Therefore, PNIPAAm with a molecular
weight of 22 kDa was used in this study and
histological analysis revealed that the hydro-
gels did not alter the renal and hepatic func-
tion significantly. The nanocarrier-embedded
hydrogel provided controlled and site-specific
delivery of doxorubicin via slow degradation
of the hydrogel (~ three weeks) and subse-
quent cellular uptake of released nanocarriers
through their interactions with folate recep-
tors on the cancer cells. The particles indi-
cated a pH-triggered release profile with ~5
times higher drug released at endosomal pH
(~ 5.5) than at physiological pH (7.4), while
the release behavior of the nanocomposite hy-
drogel displayed the same pH dependence as
the nanocarriers but was much slower (Fong
etal., 2017).

Similarly, some other researchers have
also focused on the incorporation of nanopar-
ticles within the hydrogel network to rein-
force the structure of polymeric hydrogels and
to provide multiple functionalities. Until now,
a wide variety of nanoparticles, such as lipid-
based, polymeric, and metallic ones have
been integrated within the networks of hydro-
gels to develop nanocomposite hydrogels
with superior features and tailored functional-
ity for more efficient cancer treatment (Table
3). Incorporating nanoparticles inside hydro-
gels shows the potential to overcome the

limitations in the administration of nanoparti-
cles. The advantages of this method include
reducing nanoparticle aggregation due to the
high mechanical strength of hydrogels, ena-
bling prolonged and controlled release of na-
noparticles, stabilizing the nanoparticles in-
side the hydrogels, and maintaining them at
the target site (Karimi et al., 2023; Thoniyot
et al., 2015).

Taken together, the findings of studies on
the hydrogels imply that the drug release be-
havior of these systems can be a function of
both physicochemical properties of the car-
goes and key characteristics of the hydrogels,
such as network structure, hydrophilicity,
crosslinking density, and degree of ionization
of functional groups (Jaiswal et al., 2013; Li
and Mooney, 2016; Zhuang et al., 2020).
These features can be exploited to provide
controlled drug delivery for periods lasting
from a few hours to several weeks. The drug
release rates of the articles discussed in this
section varied from 90 % in 12 hours due to
water-solubility of drug molecules (Li et al.,
2020y, to 68 % within 30 days (Jaiswal et al.,
2013) which was discussed in detail. Differ-
ent mechanisms are responsible for drug re-
lease from the hydrogels, including diffusion
(e.g., when the size of the drug is smaller than
the hydrogel mesh size), swelling, and chem-
ical mechanisms. When the mesh size of hy-
drogel is much smaller than the drug mole-
cule, the drug is physically entrapped within
the hydrogel by strong steric hindrance and
could be released in a controlled manner upon
degradation of the hydrogel network or ex-
pansion of the mesh size in response to stim-
uli, such as changes in pH, temperature, or
ionic strength. Furthermore, the release pat-
tern could also be controlled in physical hy-
drogels by engineering biodegradation in
physiological conditions, mediated by hydrol-
ysis, enzymes, or erosion (Andrade del Olmo
et al., 2022).

WAFERS/ SPONGES

Lyophilized wafers or sponges are among
novel drug delivery systems, that can be de-
scribed as gas dispersions within solid
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matrices with interconnected pores (Ng,
2020). They are generally developed by
freeze-drying of polymeric solutions or gels,
and thus possess a porous structure because of
the removal of ice crystals by the lyophiliza-
tion process (Ayensu et al., 2012; Boateng et
al., 2010; Vaezi et al., 2022). Freeze-drying is
crucial for maintaining the texture and other
features of the product (Ng, 2020). 3D print-
ing, as explained in previous sections, is a
novel technology that is also applicable for
fabricating wafers to increase patient adher-
ence and medicine personalization. Different
3D printing techniques, such as extrusion-
based 3D fabrication have been utilized for
preparing pharmaceutical products (Abdel-
kader et al., 2021).

Wafers usually bear high drug loading ca-
pacity, mainly related to their porous nature
and large surface area (Boateng et al., 2010).
In addition, they maintain their swollen state
for a long period, allowing for long residence
time and effective absorption of therapeutics
(Ayensu et al., 2012). With such potential ad-
vantages, different wafers for cancer therapy
have recently been designed using natural
polymers like silk fibroin (Yavuz et al., 2018),
gelatin, and chitosan (Zhang et al., 2018b) and
synthetic polymers, such as poly[1,3-bis(p-
carboxyphenoxy) propane-co-sebacic acid]
(p(CPP:SA); 80:20 molar ratio) (Duntze et al.,
2013) (Table 4).

As an example of this type of implant, a
sandwich-like cisplatin-loaded fibers/sponge
composite was designed to combine hemosta-
sis and chemotherapy, aiming to inhibit recur-
rence and metastasis following the resection
of primary tumors (Figure 7) (Zhang et al.,
2018b). The polymers used to develop the
sponge were chitosan and gelatin, which were
chosen for their ability to activate coagulation
via strong hemaglutination and improvement
of platelet aggregation, respectively. The re-
sults of this study showed that the composite
not only efficiently stopped the bleeding and
adsorbed disseminated cancer cells after tu-
moral resection but also released cisplatin in
a sustained manner (~ 16 % release in PBS
(pH = 7.4) after 5 days) to kill residual cancer

cells as well as those concentrated within the
composite, leading to improved anti-recur-
rence and anti-metastasis efficacy (Zhang et
al., 2018Db).

In an in vitro study, doxorubicin-loaded
collagen sponges with alternating magnetic
field (AMF)-controlled drug release proper-
ties were prepared. The incorporated mag-
netic iron oxide nanoparticles could generate
heat upon exposure to AMF, which leads to a
remote-controlled release pattern by on and
off switching of AMF. According to the re-
sults, thermally crosslinking the sponges for 6
hours completely prevented the undesired
drug release in PBS at 37 °C, without apply-
ing AMF, but enabled AMF-controlled drug
release. Moreover, using thermal treatment
combined with doxorubicin release exhibited
more efficient tumor cell-killing properties
compared to thermal treatment alone, and the
effects lingered on after terminating the AMF
exposure (Hayashi et al., 2020).

The Gliadel® wafer is possibly the most
successful implantable delivery system for
treating high-grade malignant glioma. Devel-
oped by Langer and Brem in the 1980s, this
implant was approved by FDA in 1996
(Abdelkader et al., 2021; Wolinsky et al.,
2012) and has been investigated from its
chemistry to its performance in various clini-
cal trials (Chaichana et al., 2011; De Bonis et
al., 2012; Duntze et al., 2013). This system is
composed of a copolymer, p(CPP:SA), which
is dissolved with the chemotherapeutic car-
mustine in an organic solvent, spray-dried
into microparticles, and finally, compression
molded into the wafer (Wolinsky et al., 2012).
Gliadel® wafers have shown carmustine re-
lease within rat brains for a time period of
about 5 days followed by slow degradation of
their polymeric matrix at 6 to 8 weeks post-
implantation (Fleming and Saltzman, 2002).
Based on the clinical findings, using Gliadel®
together with surgical intervention and, in
most cases, radiotherapy patients with newly
diagnosed, malignant glioma showed an en-
hanced survival from 11.6 months to 13.8
months. Moreover, median survival increased
about two months for cases treated following
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Table 4: Studies on implantable wafers and sponges for localized anti-cancer drug delivery

Bioactive agent Components  Type of cancer Investiga- In vitro cell  In vivo In vitro Release profile DR % (time) Reference
tion status line tumor
5-FU Gelatin, PLGA = Colon carcinoma  In vivo _ CT26.WT 5-FU PLGA suspension: ~ 15 % (1 d), ~ 57 % Sun et al., 2013
cells/ mice (13 d), ~ 90 % (25 d)
PBS (pH =7.4)
DOX-triptolide Chitosan, gela- | Hepatocellular In vitro/ _ H22 cells/ ~23% (1h),~41 % (6 h), ~48 % (24 h) Wang et al.,
loaded fiber tin, glycerol, cancer In vivo mice PBS (pH =7.4) 2021
PCL, and
PDLLA
Cisplatin- Gelatin/CS Liver cancerand  In vivo _ 4T1/GFP Fibers/sponge composite pretreated with blood: | Zhang et al.,
loaded gela- breast cancer cells/ mice <5% (12 h), ~20 % (2 d), ~ 28 % (5 d) 2018b
tin/PLGA fibers PBS (pH =7.4)
DOX Collagen, iron Not mentioned In vitro HelLa _ ~4.5 % (30 min), ~ 7 % (60 min), ~ 9.5 % (90 Hayashi et al.,
oxide min) 2020
PBS with AMF
Carmustine p(CPP-SA) GBM Clinical _ _ _ De Bonis et al.,
2012
Carmustine p(CPP-SA) GBM Clinical _ _ _ Chaichana et
al., 2011
Carmustine p(CPP-SA) Glioma Clinical _ _ _ Duntze et al.,
2013
Curcumin Fibrinogen or Lung cancerand | In vitro/ A549 and DLA cells/ 1 cm diameter wafer: ~5 % (1d), ~13 % (7 d), | Aravind etal.,
albumin-throm- | prostate cancer In vivo PC-3 mice ~ 25 % (60 d) 2021
bin With excess albumin
M199 medium with 10 % FBS
Etoposide Silk fibroin Neuroblastoma In vitro/ KELLY KELLY cells/ = Glycerin coated silk (6 %) wafer: Yavuz et al.,
In vivo mice ~22 % (1d),~40 % (7 d), ~ 100 % (45 d) 2018
PBS (pH =7.4)

Abbreviations: AMF, Alternating magnetic field; CS, Chitosan; DOX, Doxorubicin; FBS, Fetal Bovine Serum; 5-FU, 5-fluorouracil; GBM, Glioblastoma multiforme; PBS, Phosphate buffered saline;
PCL, Poly(e-caprolactone); p(CPP-SA), 1,3-bis(p-carboxyphenoxy)propane-co-sebacic acid; PDLLA, Poly(D,L-lactide); PLGA, Poly(D,L-lactide-co-glycolide)
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Figure 7: Preparation and delivery of sandwich-like composites of fibers and sponge loaded with cis-
platin for preventing postoperative tumor recurrence. (a) To prepare the composites, electrospun fibers
were inserted into the gel solution and lyophilized after forming a gel. (b) A postoperative cancer model
was prepared using mice. The tumor resection bed is illustrated. (¢) The drug-loaded composites were
implanted in the tumor bed, which induced blood coagulation and residual tumor cell apoptosis. Re-
printed from Zhang et al., 2018b with permission from John Wiley and Sons.

surgery for recurrent disease (Wolinsky et al.,
2012).

In this section, the behaviors of release for
different cargoes in relation to system design,
polymer swelling capacity, and matrix ero-
sion are explained. But, in general, wafers are
designed to provide sustained release of their
loaded chemotherapeutics over sufficiently
long periods, varying from several hours
(Hayashi et al., 2020) to months (Aravind et
al., 2021), allowing achievement of prolonged
therapeutic concentrations at tumor sites. Dif-
ferent drug release mechanisms are present in
wafers. For instance, in a study conducted by

Sun et al., sponge degradation led to sufficient
water penetration and formation of diffusion
channels for drug release. The drug release
rate remained relatively constant using ero-
sion and diffusion release mechanisms (Sun et
al., 2013). Another important factor affecting
controlled drug release in wafers is the inter-
actions of the drug molecule with the cross-
linkers (Ng, 2020) or with the polymer
(Zhang et al., 2018b). As explained before,
wafers could also initiate drug release in re-
sponse to external stimuli (e.g., AMF expo-
sure) (Hayashi et al., 2020). Overall, wafers
could provide a controlled and sustained
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release of different drugs and could easily be
upscaled to industrial production due to its
relatively facile preparation methods com-
pared to other novel drug delivery systems
(e.g., nano-systems) (Ng, 2020).

OSMOTIC PUMPS

Osmotic pumps were first devised in the
1950s by Australian pharmacologists, Rose
and Nelson, for the delivery of drugs. Since
then, different designs have found potential
clinical use for treating a variety of diseases
(Kumar and Pillai, 2018). They are conven-
tionally composed of a drug reservoir, an os-
motic agent, and a semipermeable membrane.
The most commonly used semipermeable
membrane is cellulose acetate with various
acetyl contents. Lactose, fructose, mannitol,
sodium chloride, and some of their mixtures
are available osmotic agents in the market
(Almoshari, 2022). Upon implantation of
these systems, water molecules are drawn via
the semipermeable membrane due to an os-
motic pressure difference between the mois-
ture of the surrounding interstitial fluid and
the osmotic agent. Consequently, expansion
of the osmotic agent pushes the piston for-
ward and thereby expels the drug molecules
from the reservoir through an orifice (Pons-
Faudoa et al., 2019). A nearly constant (zero-
order) drug release rate is maintained in some
studies (Gong et al., 2015; Pan et al., 2017).
Many factors could affect the design of os-
motic pumps, including the types of semiper-
meable membrane, polymer, and plasticizer,
drug solubility, and osmotic pressure. Apart
from providing sustained drug release, these
systems possess many other advantages, such
as easy preparation and handling and high
correlation between in vitro drug dissolution
and in vivo bioavailability. Furthermore, the
drug release is controlled by osmotic pressure
and therefore is independent of different
physiological factors such as pH (Almoshari,
2022).

The Alzet® osmotic pump is today proba-
bly the most well-known example of osmotic
pumps, which is capable of releasing its drug
content at controlled rates for durations rang-
ing from 1 d to 6 weeks (Herrlich et al., 2012;
Kumar and Pillai, 2018). It was fabricated for
research purposes and is commercially avail-
able (DURECT Corporation, Cupertino, CA,
USA). This pump is cylindrically shaped and
comprises a collapsible core reservoir com-
posed of an impermeable thermoplastic hy-
drocarbon elastomer that is enwrapped by an
osmotic driving agent layer. A semi-permea-
ble membrane of a cellulose ester blend co-
vers the external surface of the pump. The
pressure developed by water entering dis-
places the stored drug volume (Herrlich et al.,
2012). The Alzet® pump could be implanted
in numerous animal species and in a variety
of anatomical locations. By providing contin-
uous delivery of anti-cancers, numerous ther-
apeutic regimes can be applicable to the treat-
ment of various malignancies that have been
investigated using this pump (Biddlestone-
Thorpe et al., 2013; Herrlich et al., 2012; Mao
et al., 2015; Yu et al., 2014) (Table 5). The
rate of drug release in Alzet® pump depends
on the drug concentration and the volume of
water entering the semipermeable membrane.
By altering the permeation of semipermeable
membranes, the release rate could be con-
trolled (Almoshari, 2022).

In a study by Lun-Quan Sun’s team, an ac-
tive DNAzyme targeting the bcl-xL gene was
delivered to PC3 prostate tumor-bearing mice
via an Alzet® pump at a dose rate of 12.5
mg/kg/d for 2 weeks. By achieving an accu-
rate delivery of the DNAzyme over the study
period, a significant chemosensitization with
the DNAzyme was achieved for taxol treat-
ment (Yu et al., 2014). Alzet® pump is a non-
biodegradable system (Wright, 2010). How-
ever, biodegradable micro-fabricated osmotic
pumps have been developed by using biode-
gradable materials for the controlled release
of basic fibroblast growth factor (Ryu et al.,
2007).

169



EXCLI Journal 2024;23:143-179 — ISSN 1611-2156
Received: October 30, 2023, accepted: January 08, 2024, published: February 01, 2024

Table 5: Studies on implantable ALZET® osmotic pump for localized anti-cancer drug delivery

Bioactive agent Investigation In vitro cell line In vivo tumor Reference
status
ATM kinase inhibitor KU-60019 GBM In vitrol U1242, U-87, and derivatives U1242/luc-GFP, U-87/luc-DsRed or Biddlestone-Thorpe et
In vivo derivatives/ mice al., 2013
Diruthenium-Gamma-linolenic GBM In vitrol C6 C6 cells/ rats Miyake et al., 2014
acid complex In vivo
5-FC GBM In vitro/ C6 C6 cells alone or mixtures of C6 cells = Altanerova et al., 2012
In vivo either with AT-MSCs
or CDy-AT-MSCs/ rats
AMD3100 Pancreatic In vivo _ PANC-1-Luc cells/ mice Mao et al., 2015
cancer
a-cyano-4-hydroxycinnamate Prostate In vivo _ LAPC-4 cells/ mice Kim et al., 2012
cancer
DNAzyme DT912 Prostate In vitro/ PC-3 and DU-145 PC-3 cells/ mice Yang et al., 2016
cancer In vivo
DNAzyme DT882 Different In vitrol PC-3, T24, MDA-MB-231, CNE-1, PC-3 cells/ mice Yu et al.,, 2014
malignan- In vivo B9-58, HCT116, and A549
cies
Aspirin, oseltamivir phosphate | Pancreatic In vivo _ PANC-1/ mice Qorri et al., 2022
cancer
5-FC or yCD::UPRT-MSC-CM GBM In vitro/ C6 C6 cells/ rats Tibensky et al., 2022
In vivo

Abbreviations: ATM, Ataxia telangiectasia mutated; 5-FC, 5-fluorocytosine; GBM, Glioblastoma multiforme; yCD::UPRT-MSC, yeast cytosine deaminase::uracilphosphoribosyl transferase
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CONCLUSION AND FUTURE
PERSPECTIVES

During the past decades, tremendous ef-
forts have been devoted to the development
and characterization of versatile IDDS to both
increase the effectiveness of chemotherapeu-
tics and decrease their systemic toxicity, and
notable progress has been achieved, as re-
flected by a growing number of publications.
Although utilization of these vehicles has
promising potential in cancer therapy, there
are knowledge gaps regarding the most effec-
tive type of formulations for prolonged local
delivery of anti-cancer agents. To address this
need, we have discussed the formulation and
application of different IDDS in the targeted
delivery of chemotherapeutic agents by re-
viewing the representative literature. The
preparation strategies of the IDDS including
novel techniques of 3D printing and microflu-
idic, and their drug release profiles have also
been outlined in this review article. Further-
more, we demonstrated the effectiveness of
IDDS in treating various types of cancer, in-
cluding breast, liver, and lung cancer, which
are among the most prevalent cancer types
worldwide. The main preclinical and clinical
achievements of these systems are provided in
Tables 1-5. The purpose of this study was to
provide a comprehensive review of IDDS to
better understand their role in cancer treat-
ment and help researchers develop new thera-
peutic strategies.

Many interesting enhancement opportuni-
ties could be available for IDDS in the future.
For instance, advanced features including
stimuli-sensitive drug release, remotely con-
trollable and programmable features, external
drug refill, non-invasive implantation proce-
dures, and self-administration feasibility of
IDDS could be added to the systems (Kar et
al., 2022). Moreover, novel approaches, in-
cluding 3D printing and microfluidic tech-
niques (Zhang and Khademhosseini, 2017),
micro-/nano-electro-mechanical systems
(MEMS/NEMS), which enable the oppor-
tunity to fabricate complicated and miniatur-
ized structures and personalized devices,
could be utilized more extensively.

Although IDDS have achieved many de-
velopments, there are still several challenges
to address. There is a noticeable need for more
well-designed clinical trials with appropriate
methodology, number of participants, treat-
ment duration, and follow-up sessions to de-
termine the safety and efficacy of the treat-
ments. Concerns regarding various inflamma-
tory responses attributed to the local accumu-
lation of chemotherapeutics and polymeric
substances (Taraballi et al., 2018), impair-
ment of the natural tissue repair process after
surgical intervention (Onuki et al., 2008), for-
mation of a thick collagenous fibrous capsule
around IDDS (Dolan et al., 2019) that acts as
a drug release barrier, large-scale production,
and high production yield should be ade-
quately addressed before clinical applica-
tions. Ideal IDDS for cancer therapy should
have tissue repair promotion, inflammation
management, and tumor suppression proper-
ties, simultaneously.
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