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Abstract
Various polymeric nanoparticles have been used as drug carriers in drug delivery systems (DDSs). Most of them were
constructed from dynamic self-assembly systems formed via hydrophobic interactions and from structures that are unstable
in an in vivo environment owing to their relatively weak formation forces. As a solution to this issue, physically stabilized
core-crosslinked particles (CP) with chemically crosslinked cores have received attention as alternatives to the dynamic
nanoparticles. This focused review summarizes recent advances in the construction, structural characterization, and in vivo
behavior of polymeric CPs. First, we introduce a nanoemulsion-mediated method to create polyethylene glycol (PEG)-
bearing CPs and their structural characterization. The relationship between the PEG chain conformations in the particle shell
and the in vivo fate of the CPs is also discussed. After that, the development and advantages of zwitterionic amino acid-
based polymer (ZAP)-bearing CPs are presented to address the poor penetration and the internalization of PEG-based CPs
into tumor tissues and cells, respectively. Finally, we conclude and discuss prospects for application of polymeric CPs in the
DDS field.

Introduction

Considerable effort has been devoted to developing antic-
ancer drugs with low molecular weights [1–3]. Owing to the
relatively small sizes of those drugs, they can easily enter
the target cells and reach the target organelles or proteins
inside the cells via diffusion. However, their specific
accumulation levels in cancer tissues in actual in vivo
systems are extremely low owing to fast clearance of those
small drugs in the kidneys, so overdoses are required to
obtain the desired therapeutic effects. This raises medical
costs and concerns about side effects because of undesired
accumulation in healthy organs. For instance, hydrophobic
anticancer drugs, such as doxorubicin (dox), are immedi-
ately captured by serum proteins after administration and
accumulate in all healthy organs at high levels (especially in
the liver), causing severe side effects [4].

To avoid undesired biodistribution of anticancer drugs
and enhance their therapeutic efficacies at the tumor site,
self-assembled nanoparticles, such as liposomes, polymer
micelles, and polymersomes, were developed decades
ago as carriers for such anticancer drugs [5–13]. In
this strategy, specific drug delivery systems (DDSs), such
as anticancer drugs, are encapsulated with biocompatible
polymer-coated nanoparticles that are not recognized by
serum proteins in vivo and avoid capture by the reticu-
loendothelial system. If the nanoparticle size is controlled
within an appropriate range, renal clearance is inhibited,
and this leads to prolonged blood circulation of the drug to
be delivered [6, 14]. Furthermore, the nanoparticles are
believed to specifically accumulate in the tumor tissues by
passing through the gaps between underdeveloped endo-
thelial cells [15–17] or by using the intracellular pathway
based on the transcytosis of the cells around cancer tissues
[18, 19]. The accumulated nanoparticles are thought to
be retained relatively longer at the tumor site due to
the immature lymphatic systems in solid tumors. These
phenomena are known as the enhanced permeability
and retention (EPR) effect and have been used as a stan-
dard strategy in most nanoparticle-based cancer che-
motherapies [20, 21].
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Although there are various debates over this EPR
effect, the impact of nanoparticle sizes on the in vivo fate
is unavoidable and is based on both pharmacokinetics
(PK) and pharmacodynamics (PD). Renal clearance of
relatively small nanoparticles (<5 nm) cannot be avoided
[22]. Particles with relatively large sizes (>150 nm) might
be trapped in the lung capillary network or filtered in the
liver and spleen [22]. Because of these concerns, nano-
particle sizes are designed to fall within the range
20−150 nm. In addition to the size issue, it is essential to
impart biocompatible polymers onto the nanoparticle
surfaces to control blood retention by avoiding protein
recognition during blood circulation. Polyethylene glycol
(PEG) and zwitterionic polymers are frequently used on
DDS nanoparticles to prevent recognition by proteins and
the resulting immune responses [23–26]. Doxil, a com-
mercially available liposomal formulation encapsulating
dox, and liposomal vaccines encapsulating COVID-19
mRNA also have PEGs on their particle surfaces to
enhance biocompatibility [27, 28].

However, although various self-assembly based nano-
particle systems have been developed thus far, their ther-
apeutic effects have not been as beneficial as anticipated
[29]; this is due to low selectivity in tumor delivery owing
to poor retention in the blood, which has been an issue even
for conventional small-molecule anticancer drugs. Since
these nanoparticles are formed in aqueous solutions by self-
assembly of amphiphilic unimers via relatively weak
hydrophobic interactions, the solution condition impacts the
equilibrium between the unimers and the nanoparticles.
Because of this equilibrium, the administered nanoparticles
always suffer from various effects in the in vivo environ-
ment, including dilution, protein interactions, and high
shear stress in the blood, which shift the equilibrium toward
dissociation into the unimers even though their surfaces are
protected with biocompatible polymers [30–34]. Even in
polymeric micelles with a polystyrene core whose glass
transition temperature is ~100 °C, over 80% of the micelles
are cleared from the blood after intravenous administration
owing to these equilibrium issues [35]; this limits the tumor
delivery efficiency as long as self-assembled nanoparticles
are employed.

As a solution for this issue, physically stabilized core-
crosslinked particles (CPs) with polymer chains on the
particle surfaces have been proposed as next-generation
drug carriers [36–39]. Since those nanoparticles do not
establish dynamic equilibria, they are retained in the blood
longer than self-assembled systems; this enhances accu-
mulation in tumors by reducing undesired biodistribution
into healthy organs. Based on our studies, this review is
focused on recent progress in developing polymeric CPs as
drug carriers.

Polymeric CPs prepared via the formation of
nanoemulsions

Preparation and structural characterization

Polymeric CPs are primarily conducted via crosslinking
of micellar cores. The resulting particles are often called
“core-crosslinked micelles (CCMs).” In terms of the micellar
concept, this expression is not quite appropriate; the “CCMs”
cannot be categorized as micelles because these nanoparticles
are not in dynamic structures [40, 41], and there is no
equilibrium between the unimers and micelles [42, 43]. The
traditional strategy for preparing CCMs involves introducing
polymerizable groups (e.g., methyl acrylate) into the hydro-
phobic blocks of amphiphilic block copolymers [44, 45].
After micelle formation, the hydrophobic polymer chains are
linked via polymerization reactions to produce the CCMs.
Rijcken et al. prepared a block copolymer composed of PEG-
b-poly N-(2-hydroxyethyl)methacrylamide with lactate side
chains (pHEMAm-Lacn), and the hydroxyl groups
were partially modified with methacryloyl chloride to intro-
duce polymerizable methyl methacrylate groups [46].
UV-induced polymerization converted the micelles prepared
from the block copolymer into CCMs. Those CCMs showed
relatively prolonged blood circulation times compared to
those of noncrosslinked micelles, which demonstrated the
advantage of the core-crosslinked strategy in improving the
PK of the nanoparticles.

In contrast to the previous study, our approach to produ-
cing polymeric CPs was based on forming nanoemulsions
composed of amphiphilic molecules with crosslinkable oil
agents [47, 48]. As shown in Fig. 1, we first prepared
PEGylated surfactants with vinyl groups at the ends of the
hydrophobic chains. The surfactant was named PxDU, where
x indicates the molecular weight of the PEG. We added
crosslinkable oil agents, such as D4

H and D4
V, into the

solution of PxDU micelles containing a Pt catalyst and pro-
duced nanoemulsions. By vigorously stirring with probe-type
ultrasonication at 60 °C, a hydrosilylation reaction formed the
D4

H/D4
V network structures [49] in the nanoemulsion core.

The vinyl groups in the surfactant were also involved in the
reaction and developed PEGylated CP (PEGx@CP). The
advantage of this method is that various CPs can be prepared
from the surfactant by simply changing the type and amount
of crosslinker [47].

The structure of PEGx@CPs was elucidated with light
and X-ray scattering measurements. Small-angle X-ray
scattering (SAXS) determined the particle morphology,
accurate core, and particle sizes with a model-based ana-
lysis. In addition, multiangle light scattering (MALS)
measurements coupled with an asymmetrical flow field-flow
fractionation (AF4) system indicated the accurate molar
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masses and size distributions of nanoparticles [50–52]. AF4
systems separate nanoparticles based on their sizes by com-
bining vertical and horizontal flows without any stationary
phase, which enables fractionation of the self-assembled
systems, including micelles and liposomes that would
otherwise be adsorbed on stationary phases, such as those in
gel permeation columns. As a typical example, the AF4-
MALS fractograms of P2kDU micelles and PEG2k@CP are
displayed in Fig. 2. Both nanoparticles showed only one peak
in the fractogram, indicating their narrow sizes and molar
mass distributions and lack of secondary aggregation in
solution. The concentrations of whole particles and PxDU
components were determined with RI and UV detectors,
respectively. We also know the molar mass from the MALS
detector. Therefore, based on those parameters, the PEG
chain number (NPEG) was estimated for each nanoparticle by
using a measurement, which estimated the PEG chain density
on the particle shell, as discussed later.

Impact of PEG conformations on the in vivo
performance of PEGylated CPs

The PEG chain conformation is an important structural factor
that determines the in vivo fates of PEGylated nanoparticles
[53–55]. Cao et al. reported that a denser brush conformation
in PEGylated micelles (PEG-b-poly(D,L-lactide) (PLA))

suppressed protein adsorption and improved their blood
retention in vivo [56]. However, other studies reported that
the PEG density was not dependent on the in vivo PK of
the PEGylated nanoparticles. Wang et al. found that rather
than PEG, a higher molecular weight PEG in a micelle
(PEG-b-poly(ε-caprolactone)) improved blood retention
in vivo [57]. Another study on the in vivo fates of PEGylated
gold nanoparticles demonstrated a nonsignificant difference
in the effects of the PEG brush and mushroom conformations
on blood retention [58]. Because of these inconsistent reports,
the relationship between the PEG chain conformations and
the in vivo fates of the particles remains unclear. Herein, we
attempt to clarify the relationship by using PEGx@CP as a
model PEGylated nanoparticle.

The PEG chain density can be calculated from NPEG, and
the particle core size is determined using SAXS measure-
ments, which thus elucidates the PEG chain conformation
for each nanoparticle. We found that the PEG chain density
could be controlled by changing the PEG molecular weight
of the surfactant PxDU. In PEGx@CP composed of a D4

H/
decadiene (DD) crosslinked structure in the core, the PEG
density decreased with increasing the PEG molecular
weight (from 1k to 2k and then to 5k Da), which changed
the PEG chain conformation from dense brush, to brush, to
mushroom conformations, as shown in Fig. 3 [59]. The
changes in PEG chain density could depend on the micelle

Fig. 1 Schematic illustration of the synthesis of PEGylated core-crosslinked particles (PEGx@CP) from nanoemulsions composed of D4
H/D4

V with
hydrosilylation reactions. Reprinted from [48], Copyright 2020, with permission from Elsevier
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or nanoemulsion structures that serve as the precursors.
These self-assembled nanoparticle morphologies can be
determined by using packing parameter theory, which is
based on the geometric parameters of the surfactant [60].
According to this theory, the aggregation number of the
nanoparticles decreases as the volume of the surfactant
headgroup increases while keeping the structure of the
hydrophobic moiety the same. As the hydrophilic volume of
the head group of PxDU increases with the PEG molecular
weight, NPEG decreases in the PEGx@CPs, resulting in a
lower PEG chain density.

We monitored the in vivo PK of intravenously admi-
nistered PEGx@CPs, by incorporating a fluorescence dye
Cy5 via chemical bonding, in tumor-bearing BALB/c mice
(Fig. 4a). Since the number concentration of the nano-
particles impacted their blood retention [29], we fixed the
particle concentration at one quadrillion nanoparticles,
which is beyond the proposed dose threshold of 1 trillion, to
eliminate the effect of the particle concentration. As shown
in their PK profiles (Fig. 4a), no significant difference was
observed for those PEGx@CPs even though their PEG
conformations differed from each other. These results sug-
gested that the PEGylated nanoparticles exhibited high
blood retention as long as the PEG chains covered the
nanoparticles to the extent that the hydrophobic interface
was not exposed and induced aggregation.

We also examined the in vivo release kinetics of physi-
cally trapped model drugs, including sulfo-Cy5 (sCy5) and
native-Cy5 (nCy5), into PEGx@CP (Fig. 4c, d, respec-
tively). These drugs were encapsulated by the particle
during the core-crosslinking reaction, and then the free drug
was removed using spin dialysis. To maintain the particle

structure, we controlled the loading contents of those drugs
at <1.0 wt%. In fact, it was difficult to increase the loading
content of this system by >3.0 wt% owing to the absence of
strong interactions between those drugs and the particle
core, which did not affect the particle structure. This
depended significantly on the difference in their PEG con-
formations. Interestingly, the different polarities of the
hydrophilic sCy5 (Fig. 4c) and hydrophobic nCy5 (Fig. 4d)
model drugs might be important in determining the in vivo
release kinetics of the model drugs. PEG5kCP with a
mushroom PEG conformation released sCy5 relatively
faster than the other PEGx@CPs. However, the order for the
nCy5 release kinetics was the opposite, and PEG5k@CP
held the dye relatively longer than the others. This might be
related to diffusion of the dyes from the particle core to the
water-swollen PEG shell.

The hydrophobic character of nCy5 was similar to those of
the hydrophobic components in PEGx@CPs according to the
logarithmic values of the predicted octanol/water partition
coefficients (miLog P), which were positive and in the range
5−7 [59]. This indicated that nCy5 was homogeneously

Fig. 2 AF4 fractograms of P2kDU micelles (a) and 150 mM
PEG2k@CP (b) in aqueous NaCl at 25 °C measured with UV (red
lines), LS (gray points), and RI (blue lines) detectors. The particle
molar masses (red points) and the aggregation number for P2kDU in

the nanoparticles (Nagg, green points) were determined for each frac-
tion. Reprinted from [48], Copyright 2020, with permission from
Elsevier

Fig. 3 Schematic illustration of the PEG conformations on PEGx@CPs:
mushroom, brush, and dense brush. Reprinted (adapted) with permission
from [59]. Copyright 2022 American Chemical Society
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dispersed in the particle cores. However, the miLog P value
of sCy5 was negative, suggesting that it could not be uni-
formly distributed in the particle core and was probably
unevenly distributed at the core–shell interface. Furthermore,
water molecules were expected to easily penetrate the particle
shell due to it relatively low PEG density and mushroom
conformation, which might allow easy removal of the
hydrophilic drug from the particle core to the water-swollen
shell and the water interface. In other words, the brush and
dense brush conformations suppressed diffusion of the
hydrophilic dye from the particle core to the water phase
owing to chain crowding. In contrast, in hydrophobic drugs,
drug diffusion is most likely to be suppressed by the mush-
room conformation, which should be swollen with water
molecules, since drugs are averse to contact with water. From
these perspectives, we concluded that the PEG chain con-
formation did not significantly affect the PK of PEGylated
nanoparticles, which is important in controlling the in vivo
drug release kinetics.

The results described above also indicated that in vivo
drug release would depend on the particle core composition
and the drug polarity. For example, when encapsulating a
hydrophilic drug into a hydrophilic particle core, the drug is
expected to be uniformly dispersed in the core. In that

system, the drug release behavior depends only on drug
diffusion from the core to the water interface, which would
rely strongly on the polymer chain morphology of the
particle surface, as in the experiments described above.
However, this drug release behavior may also depend on the
polymer on the particle shell and the drug. If the encapsu-
lated drug in the particle core has the potential to interact
with the polymer chain, the drug would remain in the par-
ticle shell and exhibit drug release behavior that differed
from those of the systems described above. In other words,
to precisely control drug release behavior in vivo, the
molecular design must consider not only the morphology of
the polymer chain in the particle shell but also drug–particle
core and drug–polymer interactions.

We also need to address the issue of physically trapped
drugs in the particle core and their PD. As shown in Fig. 4b,
PEGx@CPs were found in all organs, including the liver, at
reasonably low levels, whereas the model drugs nCy5 and
sCy5 accumulated in all organs at relatively high levels
(Fig. 5a, b). If these model drugs were anticancer drugs, the
high-level accumulations in healthy organs would cause
serious side effects; this indicates that drug encapsulation
through physical interactions is not sufficient to retain the
drug during blood circulation until it reaches the target sites.

Fig. 4 a In vivo pharmacokinetics of PEGx@CPCy5s (red:
PEG1k@CPCy5, blue: PEG2k@CPCy5, green: PEG5k@CPCy5) and the
P2kDU

NBD micelle (black) after intravenous (IV) administration into
mice with a 1.0 quadrillion nanoparticle dosage. b Biodistribution of
PEGx@CPCy5s (red: PEG1k@CPCy5, blue: PEG2k@CPCy5, green:
PEG5k@CPCy5) after 24 h of IV administration into mice. In vivo
drug release kinetics of (c) sCy5 and (d) nCy5 included in PEGx@CPs
(red: PEG1k@CP, blue: PEG2k@CP, green: PEG5k@CP) after
intravenous administration into mice with a 1.0 quadrillion

nanoparticle dosage. The chemical structures of sCy5 and nCy5
are displayed, where the R group is an alkyl chain with an azide, and
the details are displayed in Fig. S15. All data are represented as the
mean ± standard deviation (n= 5). n.s.: not significant. *P < 0.05 and
**P < 0.01 (one-way ANOVA with Tukey’s multiple comparison
test). The right images are schematic illustrations describing the rela-
tive release kinetics for each dye from PEGx@CPs with various PEG
conformations. Reprinted (adapted) with permission from [59].
Copyright 2022 American Chemical Society

Polymeric core-crosslinked particles prepared via a nanoemulsion-mediated process: from particle design. . . 925



One solution to these undesired PD is to chemically bind
the drug into the particle, which also requires a strategy for
detaching the drug at the target site. Some strategies uti-
lizing the unique physiological environments of cancer cells
have been proposed to address this demand. One of those
strategies is to use disulfide bonds to crosslink the cores of
the CPs. Disulfide bonds are readily cleaved by glutathione
(GSH), which is a tripeptide comprising cysteine, glutamic
acid, and glycine and exists in the cytosol. Since the con-
centration of GSH in cancer cells is higher than that in
normal cells, CPs with disulfide-based crosslinked struc-
tures internalized into a target cancer cell can be destabi-
lized with GSH, which facilitates diffusion of the physically
encapsulated drug in the CPs into the cell. In this strategy,
the particle core should have a composition that swells in
water; otherwise, the hydrophilic GSH will not reach the
particle core and cleave the disulfide-based network. In
previous studies, anticancer drugs were physically trapped
in disulfide-based network structures using this strategy
[61–63], which might have caused undesired drug PD, as
discussed above. If the drug is also chemically bonded with
the disulfide in the particle core, the drug will be stably
delivered to the target cancer cell and then released as the
particle collapses, which might be an ideal DDS using
polymeric CPs.

Zwitterionic amino acid polymer-grafted CPs

Synthesis of glutamine polymer-grafted CPs

As shown above, physical stability in nanoparticles is
important for tumor-targeting polymer-grafted nanoparticles
because it improves blood circulation and tumor accumu-
lation while covering the particle surfaces with biocompa-
tible polymers such as PEG. Although PEGylated CPs work
well until the stage of ambulation into tumor tissues, the

therapeutic efficacy might be affected by their limited
ability to enter the target cancer cells due to the inertness of
PEG [64]. To address this issue, pilot molecules, such as
sugars [65], peptides [66], and aptamers [67], have been
introduced at the ends of the PEG chains on the nano-
particles, and these can be recognized by specific proteins
on the target cancer cells. Unlike these approaches, we
utilized zwitterionic amino acid-based polymers (ZAPs),
which are as biocompatible as other conventional bio-
compatible polymers, such as PEG, and exist as zwitterions
at neutral pH [68, 69]. In addition to biocompatibility, we
took advantage of their cancer-targeting ability. Cancer cells
generally require more external nutrients than normal cells
to maintain rapid cell proliferation and enhanced intracel-
lular metabolism, so they overexpress amino acid trans-
porters (AATs) [70, 71]. Several studies have found that
phenylalanine-, lysine-, and glutamine-based ZAPs are
recognized by the AATs on cancer cells and enter the cells
via the AAT-mediated endocytosis pathway [72–74]. This
cancer-targeting function and the zwitterionic natures of the
ZAPs allows them to serve as “pilot polymers” in CP-based
DDSs to improve tumor delivery.

Herein, we synthesized a poly(glutamine methacrylate)
(pGlnMA)-grafted CP (pGlnMA@CP) as shown in Fig. 6
[75]. The hydrophilic pGlnMA in the amphiphilic polymer
was prepared via deprotection of the butyloxycarbonyl
(Boc) and tertbutyl groups (tBu) in poly(BocGlu(MA)
OtBu) (pBGOMA). The poor compatibility between
hydrophilic and hydrophobic polymers often makes it
challenging to synthesize amphiphilic diblock copolymers.
However, owing to the protecting groups, the precursor
polymer pBGOMA is miscible in many organic solvents
(tetrahydrofuran, chloroform, toluene, etc.), which makes it
possible to synthesize pGlnMA-based amphiphilic diblock
copolymers easily. The synthesis of pGlnMA@CP was
almost identical to that of PEGx@CPs except that tetra-thiol
(TT) and decadiene (DD) were used as crosslinkers. In

Fig. 5 Biodistribution of (a) nCy5 and (b) sCy5 contained in PEGx@CP
(red: PEG1k@CP, blue: PEG2k@CP, green: PEG5k@CP) after 24 h of
IV administration in mice. All data are represented as the mean ± SD

(n= 5). n.s.: not significant. *P < 0.05 (one-way ANOVA with Tukey’s
multiple comparison test). Reprinted (adapted) with permission from
[59]. Copyright 2022 American Chemical Society

926 S. Fujii



brief, a micellar solution of pGlnMA-b-p(butylmethacry-
late-co-allylmethacrylate (BMA)0.9n-co-(AMA)0.1n)n was
mixed with a TT/DD solution to form a nanoemulsion. The
thiol–ene reaction between TT and DD produced a cross-
linked structure, in which the allyl group in the hydrophobic
block formed pGlnMA@CP.

Figure 7a shows the SAXS profile of pGlnMA@CP in a
150 mM aqueous NaCl solution. An apparent amplitude at
q= 0.3 nm−1 suggested a relatively narrow particle size
distribution. These experimental data were reproduced with
a spherical model of Gaussian chains, as shown with a solid
red line. This analysis confirmed the core–shell structure of
pGlnMA@CP with a 24 nm diameter. The particle structure
was confirmed with dry- and cryo-TEM observations, as
shown in Fig. 7b.

Cellular uptake and tumor permeability of
pGlnMA@CP

Glutamine-based ZAPs are known to recognize alanine
serine cysteine transporter 2 (ASCT2) in cancer cells and
induce cellular uptake of those polymers into the cells [72].
Using flow cytometry, we investigated the cellular uptake
level of Cy5-labeled pGlnMA@CP in the mouse colon
cancer cell line (CT26), which expresses ASCT2 [75, 76].
As shown in Fig. 8a–b, pGlnMA@CP was actively inter-
nalized into the CT26 cells, while the cellular uptake levels
were lower in the presence of BCH (LAT1 inhibitor) or

BzlSer (ASCT2 inhibitor). The BzlSer suppressed cellular
uptake more than BCH, suggesting that ASCT2 could be
responsible for the cellular uptake of glutamine-based
ZAPs, as previously reported [74]. However, it would still
be premature to conclude that pGlnMA@CP was inter-
nalized into the cells via recognition using ASCT2 since
BzlSer is not a specific inhibitor for ASCT2 and can bind to
other AATs [74]. Thus, we need a more detailed study of
this cellular uptake mechanism in the future.

As shown in Fig. 8c, the cellular uptake level was sig-
nificantly reduced at 4 °C, indicating that the nanoparticles
were internalized through an energy-dependent endocytosis
pathway. Furthermore, the endocytic inhibitors genistein (GS;
a caveolae-medicated endocytosis inhibitor) and chlorpro-
mazine (a clathrin-medicated endocytosis inhibitor) inhibited
cellular uptake more than the other inhibitors amiloride (Am;
a micropinocytosis inhibitor) and CCP (CCP; a phagocytosis
inhibitor). This suggested that both the caveolae- and clathrin-
mediated endocytosis pathways could be involved in cellular
uptake. Figure 8d displays the structured illumination
microscopy (SIM) images of CT26 cells treated with
pGlnMA@CP in PBS at 37 °C for 3 h. The Cy5 label (red)
indicates the subcellular distribution of pGlnMA@CP, while
the nuclei and late endosome–lysosomes were stained blue
(4′,6-diamidino-2-phenylindole (DAPI)) and green (lyso-
tracker), respectively. The partial colocalization observed in
Fig. 8d for pGlnMA@CP and endosome–lysosomes indicates
that internalization of pGlnMA@CP into the cell involved

Fig. 6 Preparation of pGlnMA-grafted core-crosslinked particles
(pGlnMA@CP) using thiol–ene click chemistry and nanoemulsions
comprising a tetra-thiol compound (TT) and decadiene (DD) stabilized

with pGlnMA-b-p(BMA-co-AMA). Reprinted (adapted) with per-
mission from [75]. Copyright 2022 American Chemical Society
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an AAT-mediated endocytosis pathway. We also observed
scattered red fluorescence signals in the cytosol, implying that
pGlnMA@CP escaped from the endosomes. The escape
mechanism is still unclear, but the primary amines and car-
boxylic acid functional groups in the particle shell might
interact with the endosome membranes to enable collapse and
escape of the particle into the cytosol.

In a tumor-targeted DDS, the polymer-based nano-
particles that accumulate in the tumor tissue via the EPR
effect must penetrate deep into the tumor to deliver the
encapsulated drugs to the entire tumor. According to a study
of tumor penetration using spheroids as the tumor model,
neutral polymers, such as PEG [77] and pHPMA [78], did
not penetrate deeply into the spheroids, while zwitterionic
polymers based on phosphobetaines, sulfobetaines, and
carboxybetaines showed relatively deep penetration [79].
The penetration of pGlnMA@CP into spheroids with CT26
was compared with that of a pPEGMA@CP control sample.
As displayed in Fig. 8e–f, pPEGMA@CP was stacked on
the spheroid surface, whereas relatively high permeability
was observed for pGlnMA@CP, which demonstrated
a permeability similar to those of other zwitterionic parti-
cles. Furthermore, in the presence of BzlSer (Fig. 8g),
pGlnMA@CP still deeply penetrated the spheroid, while
the cellular uptake at the outer surface was reduced.
The penetration behavior did not change in the presence of

the exocytosis inhibitor EXO1 (Fig. 8h), indicating that
penetration depends on paracellular pathways between
cell–cell tight junctions in the spheroid.

PK and PD of pGlnMA@CP

Finally, the in vivo PK and PD of pGlnMA@CP and
pPEGMA@CP were compared after intravenous adminis-
tration into tumor-bearing BALB/c mice. As shown in
Fig. 9a, the PK profiles of both samples were almost
identical. Both nanoparticles showed relatively longer blood
circulation than conventional polymer micelles [35, 46].
However, approximately half of the nanoparticles were
eliminated from the blood within 1 h after administration,
whereas only >30% of the PEGx@CPs were eliminated
within 1 h after administration. This difference might be
related to the difference in their core-crosslink structures.
The core-crosslinked network structure of D4

H/DD in
PEG@CPs was synthesized via a hydrosilylation reaction,
while the TT/DD network in pGlnMA@CP and pPEG-
MA@CP was formed via a thiol–ene reaction. Both che-
mistries are known as “click chemistry,” but different
mechanisms are involved, which may have resulted in a
difference in the final network structure. The impact of the
core-crosslinked structures in polymeric CPs on their PK
profiles is an important issue in CP-based DDSs, which will
constitute our future research project.

The biocompatibility of pPEGMA is known to be similar
to or even better than that of PEG [80]. The biocompat-
ibilities of ZAPs were studied by observing the antifouling
behaviors of ZAP-grafted surfaces against proteins [69],
which were similar to or better than those of other zwit-
terionic polymer surfaces and PEG surfaces. The compar-
able blood circulation behaviors of pGlnMA@CP to
pPEGMA@CP might be related to the stealth properties of
pGlnMA against serum proteins, even in vivo.

In contrast to the PK profiles, a difference was observed in
the biodistribution levels of pGlnMA@CP and pPEG-
MA@CP. First, the level of pGlnMA@CP accumulation in
most healthy organs was significantly lower than that of
pPEGMA@CP. Although PEG has been used to avoid
accumulation of many DDS nanoparticles in the liver,
pGlnMA demonstrated a more remarkable ability to inhibit
accumulation in the liver than PEG. However, pGlnMA@CP
showed higher accumulation in the spleen compared to
pPEGMA@CP. The reasons for this are still unclear, but this
indicates that a delivery system targeting the spleen might be
feasible with pGlnMA-based nanoparticles. Furthermore, the
level of pGlnMA@CP accumulation in tumor tissues was
approximately twice as high as that of pPEGMA@CP. This
difference in their accumulation levels within tumor tissues
was due to differences in the subsequent penetration and
internalization behaviors of the nanoparticles; the abilities of

Fig. 7 a SAXS profile of pGlnMA@CP in 150 mM aqueous NaCl.
The black circles are experimental data, and the red curve was cal-
culated with a Gaussian chain-attached spherical model with aggre-
gates described using the Guinier function. b Dry- and (c) cryo-TEM
images of pGlnMA@CP (5.0 mg mL−1) in 150 mM aqueous NaCl.
Reprinted (adapted) with permission from [75]. Copyright 2022
American Chemical Society
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Fig. 8 a Flow cytometry (FCM) histogram of CT26 cells incubated
with or without pGlnMA@CPCy5 (25 μg mL−1) in the absence (con-
trol) or presence of inhibitors, BCH (blue) or BzlSer (green), for 1 h at
37 °C, and (b) relative fluorescence intensity determined using FCM.
c Relative fluorescence intensity of CT26 cells incubated with
pGlnMA@CPCy5 in the absence (control) or presence of endocytic
inhibitors (GS, CP, Ami, or CCD) for 1 h at 37 °C measured using FCM.
The effect of low incubation temperature (4 °C) on the cellular uptake of
pGlnMA@CPCy5 was evaluated. Data are represented as the mean ±
standard deviation (n= 3). n.s.: not significant. *P < 0.05 and
*P < 0.005 (one-way ANOVA with Tukey’s multiple comparison test).

d Structured illumination microscopy (SIM) images of CT26 cells after
treatment with pGlnMA@CPCy5 for 3 h at 37 °C. Bright-field (top
panels) and CLSM images (middle panels) of CT26 spheroids incubated
with (e) pGlnMA@CPCy5, (f) pPEGMA@CPCy5, (g) pGlnMA@CPCy5

with BzlSer, and (h) pGlnMA@CPCy5 with EXO1 in PBS for 3 h at
37 °C. Scale bar= 200 μm. The location of pGlnMA@CPCy5 is indi-
cated in red. The bottom panels are the fluorescence intensity profiles for
the areas indicated by the white dotted lines in the fluorescence images.
Reprinted (adapted) with permission from [75]. Copyright 2022
American Chemical Society
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both pGlnMA@CP and pPEGMA@CP to enter the tumor
tissue based the EPR effect were comparable since both show
quite identical PK. Another way to explain the tumor accu-
mulation level is that the permeability of pGlnMA into the
blood vessels around the tumor was superior to that of
pPEGMA, which enhanced the EPR effect of pGlnMA.
Thus, pGlnMA has various advantages over pPEGMA and
will be used in designing DDS nanoparticles in the future.

Conclusion

This review has summarized recent research trends for
polymeric CPs and was focused on their structural proper-
ties and functions. The CPs formed from nanoemulsions
composed of amphiphilic block copolymers and cross-
linkers in the oil phase are useful for preparing physically
stable polymeric CPs for application as DDS carriers. The
particle structures, including the polymer chain conforma-
tions in the particle shell, were readily defined with various
characterization methods, such as light scattering (LS),
SAXS, and cryo-TEM measurements. For PEGylated

nanoparticles, which have been frequently used as DDS
carriers, the relationship between the PEG conformation and
their in vivo fate has often been discussed. However, in
PEGyalted CPs, the PEG conformation does not determine
the in vivo PK or PD of the particles, but it is important in
determining the in vivo release kinetics of the encapsulated
drugs. Instead of PEG-based polymers, we employed
pGlnMA as a biocompatible pilot polymer in a polymeric
CP with cancer-targeting ability, and we improved the
tumor permeability and the specific interactions with the
targeted cancer cells, which resulted in relatively high
accumulation levels in tumor tissues. Thus far, we have
summarized the potential of using polymeric CPs as drug
carriers; however, there are still issues that need to be
addressed. One major issue arises from the extremely high
stabilities of CPs. First, the combination of high structural
stability and biologically inert polymers, such as in
PEGx@CP, might cause them to remain in the bloodstream
for a long time (days, weeks, or even months). In addition,
even if strategies are incorporated to promote cellular
uptake by the target cancer cells, such as with
pGlnMA@CP, the nanoparticles may not be degraded by
the biological enzymes in the cell owing to their high
structural stability. As discussed above, one potential
solution is to employ disulfide-based network structures in
the particle cores. Since GSH is relatively overexpressed in
cancer cells compared to normal cells, CPs with disulfide-
based crosslinked cores could be destabilized in cancer
cells. There are many other options for utilizing the specific
features of cancer cells to address this issue, such as the
relatively low pHs around tumor tissues and overexpression
of some specific proteins and enzymes in cancer cells. To
summarize this discussion of the design of polymeric CP-
based DDSs, the ideal CP should contain biocompatible and
actively targetable pilot polymers in the shell and cross-
linked structures that can be decomposed in response to
biological stimuli at the target sites or in the target cells.
Rather than physical encapsulation, the anticancer drugs
should chemically bonded to the crosslinked structure with
bonds that are cleavable with biological stimuli.
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