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The considerable development of carrier-free nanodrugs has been achieved due to their high drug-loading
capability, simple preparation method, and offering “all-in-one” functional platform features. However, the
native defects of carrier-free nanodrugs limit their delivery and release behavior throughout the in vivo journey,
which significantly compromise the therapeutic efficacy and hinder their further development in cancer treat-
ment. In this review, we summarized and discussed the recent strategies to enhance drug delivery and release of

carrier-free nanodrugs for improved cancer therapy, including optimizing the intrinsic physicochemical prop-
erties and external modification. Finally, the corresponding challenges that carrier-free nanodrugs faced are
discussed and the future perspectives for its application are presented. We hope this review will provide
constructive information for the rational design of more effective carrier-free nanodrugs to advance therapeutic

treatment.

1. Introduction

Carrier-assistant drug delivery systems (CDDS) have been widely
used to treat cancer due to their enhancement to biological stability and
bioavailability of therapeutic drugs. In particular, CDDS can signifi-
cantly reduce the toxicity to the body by achieving site-specific delivery
of chemotherapeutics through the enhanced permeability and retention
effect [1-6]. Despite the clinical success of some CDDS (e.g. Doxil® and
Genexol-PM®) for cancer treatments [7,8], their respective efficacy has
not significantly improved due to challenges such as undesirable drug
loading capacity [9,10] and potential systematic toxicity owing to the
carriers as vehicles, which limit their clinical translation.

Carrier-free nanodrugs that are used as a form of drug delivery are
mainly self-assembled by prodrugs, pure drugs (e.g. single drug, or multi
drugs), or amphiphilic drug-drug conjugates without the use of inert
materials. They generally possess low systemic toxicity, high drug
loading capability, stimulus sensitive features, and synergistic thera-
peutic efficacy. The advantages of carrier-free nanodrugs compared to
CDDS have aroused significant attention for cancer therapy, as sum-
marized in Table 1. For example, pure drugs without chemical
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modification, such as curcumin, 10-hydroxycamptothecin (HCPT), and
paclitaxel (PTX) [11-13], can directly self-assemble into carrier-free
nanodrugs through non-covalent forces such as hydrophobic interac-
tion, electrostatic interaction, or hydrogen bonding. The obtained
nanodrugs usually present high drug loading efficiency, reduced sys-
temic toxicity, and promising antitumor activity. Furthermore, the
incorporation of stimulus-sensitive bonds (such as acid-, redox-, or
enzyme-sensitive bonds) into drugs to fabricate prodrugs can achieve
on-demand drug release to corresponding tumor sites [14-16]. Addi-
tionally, the co-assembly of two or more chemotherapeutic drugs into
carrier-free nanodrugs can greatly enhance the therapeutic efficacy and
overcome multi-drug resistance (MDR) owing to the synergistic effects
of their distinct anti-tumor mechanisms [17,18]. Different therapeutic
agents, such as photosensitizers, photothermal agents, immunological
agents, or imaging agents can also self-assemble into carrier-free nano-
drugs through free combination, based on the different requirements of
antitumor therapy, such as therapeutic or diagnostic abilities [19-22].
Apart from the above-mentioned advantages of carrier-free nanodrugs,
they also show excellent flexibility and changeability with varying
design properties, such as size, morphology, and surface chemistry,
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Table 1
Summary of the main preparation methods, similarities, and differences be-
tween carrier-free nanodrugs and carrier-assistant drug delivery systems.

Carrier-free nanodrugs Carrier-assistant drug delivery

systems
Preparation -High-pressure -Dialysis method [24,25]
methods homogenization method [23]
-Medium milling method [26] -Emulsification method [27]
-Reverse solvent precipitation  -Solvent evaporation method
method [28] [29]
-Template-assisted method -Freeze drying method [32]
[30,31]
-In-vivo self-assembly method  -Film dispersion [34]
[33]

Similarities Improved drug stability and biocompatibility, prolonged the
blood circulation time and enhanced drug accumulation within
tumor tissue

Differences -Avoiding tedious steps for -Sophisticated preparation

preparing

-No carrier-induced toxicity
and immunogenicity

-High drug loading capacity
(could reach 100%)

procedures

-potential systematic toxicity
caused by inner carrier

-Low drug capacity (<10%, w/
w)

resulting in extended blood circulation and efficient internalization.
The aforementioned advantages of carrier-free nanodrugs have led to
several Phase II clinical trial, including Theralux®, Panzem®-NCD, etc.
[35]. Panzem®-NCD is the nanocrystal of 2-methoxyestradiol, a
naturally-occurring metabolite of estradiol that exhibits anti-angiogenic
and anti-tumor effects in preclinical models, and has improved tolerance
and bioavailability over the oral capsule formulation in clinical
epithelial ovarian cancer trials [36]. However, the clinical translation of
carrier-free nanodrugs from bench-to-bedside is far from desirable due
to their respective efficacy not offering an obvious improvement over
established formulations. Even so, there are many studies devoted to the
design of more reasonable and effective carrier-free nanodrugs to ach-
ieve efficient tumor treatment. For instance, the strategies of adding a
small number of additives and modifying carrier-free nanodrugs with
polymers, small molecules, or cell membranes have been developed to
improve the stability of carrier-free nanodrugs and subsequently pro-
long the blood circulation time during in vivo transportation. Intro-
ducing active targeting agents into drugs or the combination of some
therapeutic agents possessing targeting abilities (e.g. methotrexate,
MTX [37]) is conducive towards enhancing the effective concentration
of therapeutic agents at the tumor site and also beneficial towards
enhancing the internalization efficiency after guiding the carrier-free
nanodrugs to the tumor sites. Undoubtedly, the rapid intracellular
release of therapeutic agents plays a paramount role in determining the
therapeutic efficacy. Incorporation of responsive linkers, such as amide
bonds, ester bonds, or disulfide bonds between the different drugs to
achieve responsive disintegration of carrier-free nanodrugs or the uti-
lization of extracellular stimuli, such as heat, light, or ultrasound to
provide site-specific release of drugs both are both effective strategies to
accelerate the drug release at designated tumor sites. Apart from the
above-mentioned chemical modifications, the physicochemical proper-
ties of the carrier-free nanodrugs, such as size, charge, or surface
chemistry, can be modified for favorable blood circulation,
tumor-homing, and intratumoral penetration delivery. For example,
Truong et al. demonstrated that changing the morphology of carrier-free
nanodrugs from spherical to rod-shaped through alternating the
assembling force can improve their internalization efficiency [38].
Collectively, the development of approaches aimed at effectively
targeting specific intracellular release and delivering the payload in its
active status directly to its intracellular site of action is a fundamental
step in the development of more effective therapeutics. Therefore,
gaining an in-depth understanding of the entire drug delivery and
release process and improving each process efficiency are of paramount
importance for the design of carrier-free nanodrugs and the successful
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translation from fundamental and preclinical studies to clinics.

Based on the considerable progress of carrier-free nanodrugs in
cancer treatment, most of the excellent recent reviews have summarized
the preparation and application of carrier-free nanodrugs and empha-
sized the prominent antitumor efficiency of carrier-free nanodrugs
through combinations of therapeutic agents with different antitumor
mechanisms [35,39-41], while little attention was given to the
improvement of the delivery and release efficiency to maximize the
therapeutic efficacy. In this review, we aim to provide an in-depth un-
derstanding of the delivery and release behavior of carrier-free nano-
drugs by summarizing the corresponding feasible strategies to improve
the delivery and release efficiency, with an emphasis on the optimiza-
tion of their intrinsic physicochemical properties and their external
modifications (Fig. 1). Subsequently, the future perspectives on the
opportunities and challenges for the clinical translation of carrier-free
nanodrugs are provided. Collectively, it is hoped that this review will
provide a cohesive overview and clear directions for the rational design
of carrier-free nanodrugs to achieve maximum therapeutic efficacy
through efficient drug delivery and release.

2. Optimized physicochemical properties of carrier-free
nanodrugs

2.1. Preparation methods of carrier-free nanodrugs

Compared to the traditional CDDS, the preparation method of the
carrier-free nanodrugs is a simpler process, uses fewer or no organic
solvents, and is generally divided into in-vitro and in-vivo self-assembly
strategies. The in-vitro self-assembly strategies includes the top-down
method (e.g. the high-pressure homogenization method and the me-
dium milling method), reverse solvent precipitation method, and
template-assisted method. Through accurate and reasonable design, the
carrier-free nanodrugs produced through in-vitro self-assembly strate-
gies can have higher drug loading, longer blood circulation time, or
more efficient uptake. In-vivo self-assembly strategies utilize small
molecules that reach the target site triggered by tumor specific stimuli,
which is much more facile and does not need any high energy-
consuming machines or other assembly process compared to in-vitro
self-assembly strategies.

The top-down method, including the high-pressure homogenization
method and the media milling method, involves crushing the drug
powder with larger particle size into nano-sized particles by mechanical
force to prepare drug nanocrystals. The preparation process of the top-
down method is simple, thus it provides an effective technical method
for improving the solubility and bioavailability of insoluble drugs, and
has promising industrial applications and development potential.
Currently, some drug nanocrystals prepared by this method (Rapa-
mune®, Emend®, Triglide™) have already been industrialized [42].
The high-pressure homogenization method utilizes typical technologies
such as Microfluidizer technology (IDD-P™ technology) and Piston-gap
homogenization (Dissocubes® technology, Nanopure® technology)
[43] to prepare carrier-free nanodrugs, such as drug nanocrystals. The
main procedures of this method are as follow: large-particle drugs were
dispersed in an aqueous solution or other solvent to form a crude sus-
pension. Under high-pressure conditions, impact force, shear force, and
cavity action are used to reduce the particle size of drugs. Although this
method is beneficial for the scale of production and the prepared
nanocrystals have a narrow size distribution, the raw materials need to
be powdered and the drug suspension needs to be pretreated with
high-speed stirring and dispersion before high-pressure homogeniza-
tion. The media milling method aims to gradually reduce the particle
size of the solid particles to the nano level through strong collision and
shear forces generated between the drug particles, the grinding medium,
and the machine wall [44]. Water, drugs, and stabilizers are mixed
together in a specific ratio before being poured into a grinding chamber
equipped with grinding media (glass beads, ceramic beads, steel balls,
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Fig. 1. Schematic illustration of the intrinsic physicochemical property optimization strategies and external modification strategies for drug delivery and release of
carrier-free nanodrugs during the in vivo transportation from the blood to the targeted tumor sites.

etc.), followed by repeated grinding for narrowly distributed nano-
particles. However, the wear and erosion of the grinding media during
the preparation process may cause product contamination. Therefore, it
is encouraged to use a combination of different top-down method
technologies with the application of some pre-treatment processes to
reduce the particle size of the powders, overcome the shortcomings of
the individual technologies, and further improve the efficiency of pre-
paring drug nanocrystals.

Commonly, the reverse solvent precipitation method involves dis-
solving hydrophobic drugs or amphiphilic compounds (e.g. prodrugs,
multi drugs, amphiphilic drug-drug conjugates [39]) in a small amount
of solvents (usually organic solvents), and then slowly dropped into
deionized water with stirring and/or ultrasound [45]. After using dial-
ysis, ultrafiltration, freeze-drying, centrifugation, or evaporation in
vacuum for purification, the carrier-free nanodrugs with high drug
loading content are obtained. The biggest advantage of this method is
the simple operation, which does not require any chemical modifica-
tions. More importantly, this method is suitable for most drugs and the
ratio of different drugs can be controlled to obtain satisfactory particle
size and morphology to achieve longer blood circulation time and more
effective cell uptake. Despite the simplicity of the reverse solvent pre-
cipitation method, the method faces some key challenges, including the
batch-to-batch variations, low productivity, and relatively large particle
sizes. To address these limitations, a template-assisted method has been
widely developed, which involves dropping drug solution into a tem-
plate and obtaining the aqueous dispersions or solid powder of
carrier-free nanodrugs after removing the template, namely an anodized
aluminum oxide (AAQO) [30] or the ice template-assisted method [31].
The prominent advantages for the method is that the particle size can be
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precisely controlled, varying from 100 nm to 20 nm. For example, Zhang
et al. uses the ice-template method to produce curcumin carrier-free
nanodrugs with a size ranging from 20 nm to 200 nm. Notably, this
method can also increase the yield of carrier-free nanodrugs and can be
easily applied to various hydrophobic anticancer drugs, thus demon-
strating its potential for conversion of laboratory products to industrial
commodities.

Apart from the in-vitro self-assembly strategies mentioned above,
many in-vivo self-assembly strategies have been proposed in recent
years. The primary in-vivo self-assembly strategy utilizes predesigned
molecules triggered by specific stimuli in the tumor microenvironment
to self-assemble in situ into nanostructures after intravenous injection
[46,47]. The in-vivo self-assembly strategy could greatly reduce the low
drug delivery efficiency and unfavorable side effects from off-target drug
delivery compared to other nanoscale-delivery systems by taking
advantage of the high penetrability of small molecular drugs and the
high retention of nanoassemblies. For example, Wang et al. conjugated
the cytotoxic peptide KLAK with a pH-sensitive group (CAA) and a
cell-penetrating peptide (TAT) to a poly (p-thioester) backbone to pro-
duce PT-K-CAA [33]. In the physiological environment, PT-K-CAA had
good hydrophilicity due to the exposed carboxyl groups of CAA and
existed in a small single chain form. Upon reaching the slightly acidic
tumor microenvironment, the CAA of PT-K-CAA hydrolyzed, thus
increasing the hydrophobicity and promoting the self-assembly of
polymer-peptide conjugates into nanoparticles though hydrophobic in-
teractions, resulting in high internalization efficiency and improved
therapeutic activity.
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2.2. Strategies to optimize particle size of carrier-free nanodrugs

As mentioned previously, nanoparticle size critically affects the in
vivo delivery fate of nanoparticles after intravenous injection, such as
blood circulation, accumulation, penetration, and retention in tumor.
Commonly, particle sizes larger than 100 nm will be phagocytized by the
liver, kidney, spleen, or other tissues with large blood flow and rich in
mononuclear macrophages, followed by removal from the body through
metabolism. Particle sizes lower than 7 nm are directly filtered out of the
kidney and excreted out of the body [48]. Based on this, the particle
sizes within the 10-100 nm range are the most optimal for prolonged
blood circulation time and subsequent accumulation at the tumor site.
Furthermore, the penetration of nanoparticles into the tumor is highly
dependent on the particle size, with larger nanoparticles staying near
the vasculature and smaller nanoparticles rapidly spreading throughout
the tumor stroma [49]. Although smaller particle sizes have the ability
to increase the permeability effect, it generally suffers from poor tumor
retention. In this section, we summarize the influence factors on particle
size of carrier-free nanodrugs, providing possible suggestions on the
rational design of carrier-free nanodrugs for improving the therapeutic
efficacy.

2.2.1. Influence of drug ratio on particle size

As previously mentioned, the carrier-free nanodrugs can be self-
assembled by the drug itself (one or more drugs together) through
noncovalent interactions such as electrostatic interactions, hydrophobic
interactions, and hydrogen bonds. Generally, the drug ratios have some
effects on their interactions during the self-assembly process, which can
result in the formation of carrier-free nanodrugs with different particle
sizes. Changing the drug ratio indicates modifications to the total
amount of hydrophobic or charged groups, which can influence the
intermolecular hydrophobic effects or electrostatic effects, leading to
the variation of particle sizes.

b35

Bioactive Materials 8 (2022) 220-240

Electrostatic interaction is one of the noncovalent interactions to
construct carrier-free nanodrugs. The self-assembly of carrier-free
nanodrugs relies on the interaction between drugs which contains
charged groups, such as -NH>* and -COO™. However, the electrostatic
interactions among the carrier-free nanodrugs are easily affected by
factors such as pH and the amount of charge. Its action energy is directly
proportional to the amount of charge between the interacting groups
and inversely proportional to the distance between the charge centers of
the groups [50]. As for drugs with charged groups, altering drug ratios
usually trigger the variation of activation energy for the electrostatic
interaction, thereby obtaining carrier-free nanodrugs with different
particle sizes. For example, Xiao et al. constructed carrier-free nano-
drugs due to electrostatic interactions from Doxorubicin (DOX) with
positively charged -NH; groups and the photosensitizer, pheophorbide
A (PhA), with negatively charged -COOH groups. The obtained nano-
drugs exhibited a homogeneous nanoscale particle size distribution
[51]. More interestingly, carrier-free nanodrugs with different particle
sizes were obtained after the variation of DOX and PhA ratios (1:9, 2:8,
3:7, 3.5:6.5, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1). The mechanism driving the
formation of different particle size was mainly attributed to the varying
amount of charged groups, which ultimately alternated the electrostatic
interactions (Fig. 2a). Similarly, Zhang et al. also demonstrated that the
increase of DOX to Chlorine e6 (Ce6) ratio can trigger the formation of
larger particle sizes. Surprisingly, when the ratio of Ce6 to DOX
increased from 1:3 to 1:4, the particle size suddenly increased from 100
nm to 1000 nm [52] (Fig. 2b). This was attributed to the rapid decrease
in zeta potential from —20 mV to 0 mV, which lead to the aggregation of
nanoparticles.

Besides electrostatic interactions, the hydrophobic interactions be-
tween drugs are also commonly used to drive the formation of carrier-
free nanodrugs due to most anticancer therapeutic agents (e.g. DOX,
paclitaxel (PTX), indocyanine Green (ICG)) containing hydrophobic
benzene rings or long-chain alkanes. Similarly, different particle sizes of
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Fig. 2. a) The size distribution of the different ratios of DOX to PhA. Reproduced with permission from Ref. [51]. Copyright 2018, Royal Society of Chemistry. b) The
size distribution of the different ratios of Ce6 to DOX. Reproduced with permission from Ref. [52]. Copyright 2016, American Chemical Society. c) Size distribution
and the Tyndall effect of different ratios of PTX to ICG. Reproduced with permission from Ref. [53]. Copyright 2019, Royal Society of Chemistry.
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carrier-free nanodrugs were obtained when the ratio of drugs varied,
owing to the changes in the strength of hydrophobic interactions. For
instance, Shao’s group fabricated carrier-free nanodrugs composed of
PTX and ICG through electrostatic interaction and n-n stacking for
chemo-photothermal therapy [22]. When the ratio of PTX and ICG
changed from 1:1 to 5:1, the particle sizes were still less than 200 nm,
which are beneficial for the EPR effect. However, when the drug ratio of
PTX to ICG reached 10:1, the particle sizes were over 1000 nm, and the
Tyndall effect even disappeared after the molar ratio of PTX to ICG
decreased to 1:5 (Fig. 2c¢). The above results indicated that when PTX
was excessive, PTX and ICG can be easily aggregated due to the large
combined tricycloalkane taxane skeleton of PTX. Conversely, when ICG
was excessive, it can increase the solubility of PTX and completely
dissolve PTX to form a solution. It is worth noting that carrier-free
nanodrugs self-assembled by dual-drug or multi-drugs via hydrophobic
interaction currently have no general rule to adjust the particle size via
the variation of drug ratio. Therefore, based on the previously discussed
results, it is urgent to develop related rules to fabricate carrier-free
nanodrugs with optimized particle sizes for effective in vivo delivery.

2.2.2. Influence of preparation method on particle size

As discussed before, several preparation methods are widely used to
construct the carrier-free nanodrugs. Studies have demonstrated that
preparation methods affect particle sizes. For example, the reverse sol-
vent precipitation method involves nanoemulsion droplets forming after
the drug dissolved in organic solvent was dropped into water. Subse-
quently, the nanoemulsion becomes supersaturated as the solvent con-
tinues to diffuse and dissolve, followed by the formation of crystal
nucleus, and then nanoparticles grow within the droplets [54]. The
formation process, type of solvent, and initial drug concentration all
play a key role in determining their diffuse rate and the size of the
droplet, thereby controlling the particle size of the carrier-free nano-
drugs. Currently, research efforts have been concentrated on adjusting
the solvent and the initial drug concentration to obtain a satisfactory
size. Generally, if the drug concentration is high, more drugs will be
aggregated in droplets, resulting in a larger particle size. Similarly, if the
viscosity of a good solvent is greater, it tends to form larger droplets and
form larger nanoparticles.

In addition to the reverse solvent precipitation method, the medium
milling method is another radical strategy to prepare carrier-free
nanodrugs. During the grinding process, particles breaking into
smaller particles and the secondary growth of particles occur simulta-
neously. In order to obtain nano-scale particles, the probability of
collision between particles, which is greatly impacted by drug concen-
tration and grinding time, should be minimized. Excessive drug con-
centration and long-term grinding will increase the chance of excessive
drug collision, resulting in secondary aggregation of broken particles. It
is necessary to rationally select a suitable grinding time and speed to
avoid aggregation. Moreover, smaller particle sizes of the grinding
medium lead to more contact points with the drug particles, which in-
creases the collision frequency between the drug and the grinding beads,
thereby resulting in more uniform and smaller particle sizes of drug
nanocrystals. Notably, studies have shown that low temperature
grinding can slow down the particle aggregation process and improve
grinding efficiency. Low temperature can also increase the fragility of
the particles, reduce the heat of the system, and obtain smaller and more
uniform particle sizes [55].

As for the high-pressure homogenization method, the particle size is
greatly influenced by homogenization pressure and the number of ho-
mogeneous cycles. Evidently, the greater the homogenization pressure
is, the smaller and more uniform the particle sizes are. Although the high
pressure is beneficial to reduce the particle size, more heat is generated
with the increased homogenization pressure, which may not be suitable
for temperature-sensitive drugs. In addition, the number of homoge-
neous cycles also affects the particle size distribution. The prospect of
crushing all large drug particles into uniform nanocrystals in a single
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cycle is unfulfillable. Obtaining uniform size requires increasing the
number of homogeneous cycles and providing more energy to fully
crush the drug to obtain nanoscale particles. Furthermore, the flow ve-
locity in different areas is different due to the gradually decreasing flow
velocity from the center of the pipe to the pipe wall, resulting in uneven
energy distribution in the homogenous cracks, which ultimately leads to
uneven particle size distribution. Increasing the number of cycles will
increase the chance of large particles passing through the high-energy
region, further breaking the large particles into smaller particles.

The template-assisted method also has the potential to precisely
control the particle size. The basic process of this method to prepare
carrier-free nanodrugs is as follows: when the drug dissolved in organic
solvent fills the holes or gaps in the template, the organic solvent is first
removed to enable the drug to self-assemble, and then the template is
removed to get the pure nanodrug. Therefore, the size of the nano-
particles is limited by drug concentration and the template pore size. As
the concentration of drug increases, the local concentration in the pore
increases, leading to a larger particle size. However, when the concen-
tration is too high, the particle size will be limited by the size of the pore
instead of the drug concentration. Notably, the size of the nanoparticles
prepared by the ice template-assisted method is also affected by the
preparation temperature. In the ice template method, the drug solution
on ice may melt the surface of ice and widen the grain boundary,
resulting in larger particle sizes [31]. Therefore, preparation of small
size nanoparticles by the ice template-assisted method requires low drug
concentration, small template holes, and low temperature. Compared to
the reverse solvent precipitation method, the template-assisted method
has higher production rates and relatively smaller particle size, which
are conducive to clinical transformation.

2.3. Strategies to optimize particle morphology of carrier-free nanodrugs

In general, CDDS or carrier-free nanodrugs are prone to self-assemble
into spherical nanoparticles with low-energy. Studies have demon-
strated that nanoparticles with spherical shapes displayed prolonged
blood circulation time [56]. However, whether sphericity or
non-sphericity is more favorable for the delivery of nanoparticles in vivo
has been controversial [57]. Some studies demonstrated that nano-
particles with different length-width ratios are better at accumulation,
retention at the tumor site, and cellular uptake by cancer cells compared
to spherical nanoparticles [37,58]. Compared to spherical nanoparticles,
elongated particles are more likely to pass through some curved and
narrow tissues, thus having a longer blood circulation time. More
importantly, the flat end of non-spherical nanoparticles with larger
surface area can increase the probability of binding to receptors on the
cell membrane, thus improving the targeting efficiency. In addition, the
shapes of the nanoparticle contact with the membrane have a very
important influence on the uptake of nanoparticles. For instance,
Champion et al. found that phagocytosis occurs in a relatively short time
if the cell first touches the tip of the elliptical particle, as compared to a
sphere [59]. Considering the morphology influence on the in vivo de-
livery behavior, this section discusses the influence of intermolecular
interaction of drugs and drug modification on the morphology of
carrier-free nanodrugs. This section aims to provide references for the
design of carrier-free nanodrugs with high delivery capacity and
improved anti-tumor effect.

2.3.1. Influence of intermolecular interaction on morphology

Currently, most drugs can be self-assembled into carrier-free nano-
drugs with a spherical shape, however, some drugs, such as PTX [60,61]
and camptothecin (CPT) [62], tend to self-assemble into needle-shaped
nanocrystals due to their own special planar ring structure. Unfortu-
nately, these needle-like nanocrystals tend to aggregate and are unstable
in aqueous solutions. Although some strategies like surface modification
have been reported to prevent the undesired aggregation [13,37,63,64],
there is also widespread interest in improving the stability by changing
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the morphology into a spherical shape. One of the effective strategies is
through the addition of other drugs to break the original trend of planar
assembly, resulting in the formation of spherical nanoparticles rather
than needle-like or rod-like nanoparticles. For instance, Zhao and co-
workers found that the HCPT nanorods undergoes a morphological
transformation from rod-like to spherical after adding DOX into the
self-assembly system [65]. The morphology change can be attributed to
DOX molecules interacting with the HCPT nanorods, resulting in the
gradual co-assembly of DOX and the original HCPT nanorods into
spherical HCPT/DOX particles. Another interesting study showed that
the n-n interaction in redox responsive camptothecin-gemcitabine
amphiphilic prodrug (CPT-ss-GEM) can induce the formation of
carrier-free nanodrugs with a nanowire structure. However, the nano-
structure transformed from nanowires to uniform spherical nano-
particles when the hydrophobic NPAPF (a near-infrared (NIR) emission
AlEgens) was added [66] (Fig. 3a). The primary reason for this con-
version is that the hydrophobic interaction becomes the main force for
the self-assembly instead of the n-n interaction. Compared to carrier-free
nanodrugs with the nanowire structure, the spherical nanoparticles
showed improved cellular uptake and tumor tissue penetration abilities.
A possible explanation is that the 1 pm long nanowires make them easily
capturable by FBS protein molecules to hinder their interaction with
cancer cells, thus resulting in the poor cellular uptake performance.
Adjusting the hydrophilic-to-hydrophobic ratio of therapeutic agents
to change the intermolecular interactions is another radical strategy to
change the morphology of carrier-free nanodrugs. One example is that
the morphologies of nanodrugs gradually change from wire-like to net-
like, honeycomb-like, sphere-like, or capsule-like when the ratio of
Indomethacin (IDM), a hydrophilic nonsteroidal anti-inflammatory
drug, to PTX changed from 4:1 to 1:4 (Fig. 3b) [67]. In this case, the
morphological change is due to the modification of the
hydrophilic-to-hydrophobic ratio. PTX formed a crystal nucleus in
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aqueous solution and then IDM, acting like cements, tended to gather
around the PTX nanocrystal through strong interactions, such as n-n
stacking, H-bonding, and hydrophobic interactions rather than forming
IDM crystals.

2.3.2. Influence of drug modification on morphology

Despite the widely used strategies to change the morphology of
nanoparticles through adding other therapeutic agents or varying the
hydrophilic to hydrophobic ratio, they are not suitable for most thera-
peutic agents because they are greatly reliant on the structures of drugs.
Therefore, the modification of therapeutic agents is another attractive
strategy to influence their own interactions. Generally, the solubility and
polarity of therapeutic agents can be modified, which can influence their
self-assembly process and form carrier-free nanodrugs with different
morphologies. For example, the solubility and polarity of PTX was
greatly improved after being modified with linoleic acid (CLA) through
chemical conjugation due to a longer carbon chain in the CLA molecules
[68]. More importantly, the carbon chains in the CLA prevent the
growth of PTX along the edge, thus resulting in the formation of
spherical rather than needle-like structures (Fig. 3c). However, it is
interesting that PTX modified by Vitamin E (VE) contains a longer car-
bon chain, but they have not been able to successfully self-assemble into
particles [69]. One possible explanation is that the hydrophobicity of
PTX-VE increases sharply leading to aggregation in the self-assembly
process. Moreover, the introduction of some special linkers, such as di-
sulfide bonds, can also have an effect on their self-assembly behavior
due to its unique properties such as bond angles. Wang and coworkers
demonstrated that the insertion of disulfide-bonds between PTX and VE
can easily trigger the formation of regular spheres and no crystals were
detected [69]. Conversely, PTX-VE (without disulfide bond) only pro-
duces crystal aggregates. It is well known that the dihedral angles of the
disulfide bond tend to 90°, which is favorable to generate stable

a

IDM/PTX 1/4

IDM/PTX 1/2

Schematic

TEM

SEM

IDM/PTX 1/1

_PTX emacLAPTX S8
IDM/PTX 2/1 IDM/PTX 41

Fig. 3. a) The TEM images of CPT-ss-GEM nanowires and CPT-ss-GEM nanoparticles. Reproduced with permission from Ref. [66]. Copyright 2019, Elsevier. b)
Schematic, TEM, and SEM images of IDM/PTX assemblies with different drug ratio. Reproduced with permission from Ref. [67]. Copyright 2019, American Chemical
Society. ¢) The TEM images of CLA, PTX and CLA-PTX nanoparticles. Reproduced with permission from Ref. [68]. Copyright 2016, Springer Nature.
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nanoparticles in an irregular and non-periodic manner rather than
forming crystals, thus the crystallization is blocked and the stability of
nanoparticles is significantly improved with the existence of disulfide
bonds.

2.4. Other properties of carrier-free nanodrugs

Apart from the effect of particle size and morphology on the delivery
and release of carrier-free nanodrugs, other factors such as the length
and type of linker connecting the therapeutic agents also have some
impact on their delivery and release fate in vivo. As mentioned above, the
introduction of disulfide bonds to connect different therapeutic agents is
beneficial to enhance the stability of carrier-free nanodrugs due to its
dihedral angles approaching 90°, which is essential for balancing
intermolecular forces and establishing a stable conformation [69].
Compared with alkane bonds (C-C) and single thioether bonds, disulfide
bonds are more flexible and favorable for self-assembly. Furthermore,
shorter length linkers in the existence of therapeutic agents will hinder
their self-assembly ability owing to their poor flexibility [70]. Therefore,
the chain length of disulfide bonds should be taken into account when
introducing them as a linker to enhance the stability of carrier-free
nanodrugs. Alternatively, ester bonds and amide bonds, as tumor
microenvironment sensitive linkers, are commonly utilized as linkers
between drugs for improved release rate. In general, therapeutic agents
connected with ester linkers are more beneficial for drug release owing
to its easily hydrolyzed nature compared to that of amide linkers [71].
The further combination of hydrophilic disulfide bonds allows for easier
absorption of water molecules to hydrolyze the ester or amide bonds,
resulting in accelerated drug release.

Aside from the influence of the linker, some special components will
also have a great impact on the delivery and release of carrier-free
nanodrugs. For example, tannic acid (TA) contains a large number of
hydroxyl groups to reduce the nonspecific binding of carrier-free
nanodrugs with conditioning components in the plasma and avoid
being cleaned by the Reticuloendothelial System (RES). In addition, TA
can significantly improve the drug loading content though n—x in-
teractions from the benzene ring in their structure. More importantly,
the pKa of TA is 6.33, so it primarily exists in the form of ions when pH
> 6, coexists in the form of molecules and ions when pH = 6, and exists
in the form of molecules when pH < 6 [72]. Based on this, Xiong and
coworkers used this property to design a carrier-free nanodrugs con-
sisting of DOX, ICG and TA (DTIG) [73]. Under the normal physiological
condition, the particle size is 74 nm. However, the particle size rapidly
increases to 737 nm upon accumulating at the tumor site due to the
gradual weakening of the electrostatic effect and the gradual enhance-
ment of n—7 interactions in nanoparticles conducted by the pH changes.
Subsequently, the particle size of DTIG consciously increased to 1.5 pm
after being internalized by cells, indicating that the nanoparticles have
the capability of escaping lysosomes. After reaching the neutrophil
cytoplasm, the nanoparticles reassemble themselves into small particles
(~152 nm). Therefore, TA is able to guide the whole delivery process,
including long circulation time in blood, effective cellular uptake,
favorable retention, and fast drug release. In the future, it is necessary to
develop similar intelligent responsive compounds that can respond to
the environment in the delivery process to achieve intelligent changes,
such as the transformation of particle size, zeta potential, and
morphology to improve their delivery efficiency and enhance
anti-tumor effects.

3. Modification strategies on improving the carrier-free
nanodrugs delivery and release behavior

The optimization of physicochemical properties of carrier-free
nanodrugs through various strategies described above has made signif-
icant progress towards improving the delivery and release behavior of
carrier-free nanodrugs. However, the current poor clinical
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transformation of those carrier-free nanodrugs reminds us that prior to
delivering the drug to the site of action, the complex in vivo microen-
vironment and multiple biological barriers are key factors to deter-
mining their therapeutic efficacy. Therefore, a detailed discussion of the
delivery process has emerged to guide the development of correspond-
ing strategies for improving their delivery and release behaviors. The
primary obstacles for carrier-free nanodrug’s in vivo delivery journey
can be briefly summarized as follows. Carrier-free nanodrugs have no
carrier and they rely on noncovalent interactions to drive their self-
assembly. These weak interactions result in poor stability of the
carrier-free nanodrugs, thus making it difficult to guarantee sufficient
blood circulation time. In addition, carrier-free nanodrugs made up by
therapeutic agents commonly accumulate at the tumor site through EPR
effects due to their lack of tumor-specific targeting ability, resulting in
subpar cellular uptake. Finally, the lack of timely intracellular drug
release hinders the therapeutic efficacy of the drugs after being inter-
nalized by the cells. To address these problems, it is advisable to modify
the carrier-free nanodrugs to possess different capabilities for tumor
management, including excellent stability for prolonged the blood cir-
culation, active-targeting for efficient cellular internalization, and rapid
intracellular drug release. Possible strategies to circumvent these ob-
stacles are reviewed in detail below to provide insight towards rational
design of carrier-free nanodrugs for prominent therapeutic efficiency.

3.1. Strategies to prolong blood circulation

Carrier-free nanodrugs are mostly self-assembled through weak
noncovalent interactions, which are usually unstable and may be rapidly
recognized and sequestered by the mononuclear phagocyte system
(MPS). The large amounts of proteins in the blood can easily absorb on
their surface to form a protein corona. Moreover, the carrier-free
nanodrugs with a protein corona are easily aggregated and have a
lower stability. This major biological limitation for carrier-free nano-
drugs can result in short systemic circulation time, ultimately causing
limited therapeutic levels of drugs at the tumor sites. Despite numerous
innovations and modifications to alternate the physicochemical prop-
erties to improve the circulation time of carrier-free nanodrugs, there is
still a major shortfall when it comes to rapid clearance by the RES. Many
studies have focused on the surface modification of carrier-free nano-
drugs, which has been accepted as a primary strategy to prolong the
blood circulation time and avoid the undesirable aggregation, because it
provides a higher probability of circulating carrier-free nanodrugs to
encounter targets of interest. Strategies to prolong blood circulation
time and avoid undesirable aggregation can be achieved through
inserting polymers, small molecules, biomolecules, or some adjuvants
into the carrier-free nanodrugs, as summarized in Table 2.

3.1.1. Inserting polymers to prolong blood circulation

To date, the imparting of a hydrophilic polymer coating on the sur-
face of carrier-free nanodrugs is the most widely used strategy to
improve the stability and reduce the non-specific adsorption of proteins.
A large number of studies have been carried out to modify the carrier-
free nanodrugs with biocompatible synthetic or natural polymers to
prolong their blood circulation time, like polyethylene glycol (PEG) [81,
89,99], polydopamine (PDA) [92], and polyvinyl alcohol (PVA) [93].
For example, PEG, as a typical hydrophilic macromolecule, on the sur-
face of carrier-free nanodrugs can tightly bind water molecules to create
a hydrated coating that can sterically block carrier-free nanodrugs from
interacting with proteins to avoid clearance by the MPS [100].
Furthermore, the flexibility of PEG chains is not conducive to the mutual
penetration of blood components, thereby beneficial for prolonging the
circulation time in the body. Aside from PEG, PEG derivatives modified
with different functional groups can also immobilize on the surface of
carrier-free nanodrugs through different forces like electrostatic in-
teractions and hydrophobic interactions. For instance, Zhou et al. uti-
lized PEG-block-poly(i-lysine), a pH-sensitive negative-to-positive
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Table 2
Summary of stability improvement strategies for prolonged blood circulation of carrier-free nanodrugs.
Molecules type Stabilizer Therapeutic agent Functions Refs
Polymers C1sPMH-PEG TPP Photodynamic therapy [63]
C1sPMH-PEG MTX, PTX, HCPT Synergistic chemotherapy [74]
C1sPMH-SS-PEG HCPT, Fe304 Chemo-photothermal therapy, [75]
MR imaging
C1gPMH-PEG-FA Bis(4-(N-(2-naphthyl)phenylamino) phenyl)-fumaronitrile (NPAPF) Bioimaging [76]
DPSE-PEG3000 MTX, PPa Chemo-photodynamic therapy [771
DPSE-PEG2000 CPT, fluoropyrimidine derivative floxuridine Synergistic chemotherapy [78]
DPSE-PEG2000 PTX Chemotherapy [79]
DPSE-PEG2000 PTX, PPa Chemo-photodynamic therapy [80]
DPSE-PEG2000 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide Photothermal therapy, Imaging [81]
(DiR)

DPSE-PEG2000 DOX, a-TOS Chemotherapy [82]
DPSE-MPEG EPL ICG Chemo-photothermal therapy, [83]

Imaging
DPSE-MPEG, PTX, 4-chloro-7-nitro-1, 2, 3-benzoxadiazole (NBD-CI) Chemotherapy, Imaging [84]
DSPE-PEG-MTX CPT Synergistic chemotherapy [37]
MeO-PEG3000-NH2 PTX, lapatinib (LAPA) Synergistic chemotherapy [85]
PEG-LA HCPT, Au Chemo-photothermal therapy [12]
PEG methyl ether methacrylate CPT Chemotherapy [86]
PEG-b-PPOH epigallocatechin-3-gallate (EGCG), phenolic platinum(IV) prodrug Chemodynamic therapy [871
PEG-EGCG oligomerized EGCG, Herceptin Chemotherapy [88]
RGDyc-PEG3500-NH3 PTX Chemotherapy [89]
FA-PEG-PMHC18 PTX Chemotherapy [13,

90]

FA-PEG-PMHC18 2-tert-butyl-9,10-di(naphthalen-2yl)anthracene (TBADN) Imaging [64]
MTX-chitosan MTX, HCPT Synergistic chemotherapy, diagnosis [91]
PDA DOX, Gn Synergistic chemotherapy [92]
PVA DOX, Gn Synergistic chemotherapy [93]
Small Tannic acid (TA) and Fe' PTX Chemotherapy [94]
molecules Evans blue (EB) CPT Chemotherapy [95]
Cell membranes  Red blood cell (RBC) membrane ICG, HSA, PFC Phototherapy [96]
Red blood cell (RBC) membrane ICG, HCPT Chemo-photothermal therapy, [97]1

Imaging
RGD modification RBC Docetaxel (DTX) Chemotherapy [98]

membrane

charge reversal PEG derivative, to decorate the surface of carrier-free
nanodrugs self-assembled by camptothecin (CPT) through electrostatic
adsorption [86]. The study showed that the charge of the carrier-free
nanodrugs changed from positive to negative, resulting in longer
blood circulation because negatively charged surfaces tend to avoid
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example is concentrated on fabricating PEG-grafted poly (maleic
anhydride-alt-1-octadecene) (C;gPMH-PEG) macromolecules, which
can decorate on the surface of meso-tetraphenylporphyrin (TPP) nano-
crystals via hydrophobic interactions. The PEG-coated TPP nanocrystals
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to form a coating that prevents Ostwald’s maturation.
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showed no obvious aggregation in saline after 48h incubation, while
uncoated TPP nanocrystals had visible precipitation [63]. Although
pioneering studies indicated that the improved systemic circulation
through PEGylation lead to the rapid development of carrier-free
nanodrugs, frequently using these PEG-modified carrier-free nano-
drugs triggered the emergence of accelerated blood clearance after
significantly inducing the humoral immune response. Moreover, the
PEG-modified carrier-free nanodrugs will be more easily recognized and
cleared by phagocytes after the neutralizing antibody secreted by B cells
binds to PEG, resulting in a significantly shortened blood half-life time.
Additionally, carrier-free nanodrugs with PEG coatings can reduce their
cancer cell internalization due to steric hindrance and decrease intra-
cellular drug delivery owing to hindered endosomal escape, known as
the “PEG dilemma’” [101-104].

Although the stability of carrier-free nanodrugs can be improved
through physical modifications, it is difficult to withstand long term
stability when encountering the complex delivery environment. The
most effective strategy to further improve the blood circulation time is
focused on chemical modifications. For instance, Wang and coworkers
designed PTX-Lapatinib nanocrystals with polydopamine, and took
advantage of the active catechol hydroxyl groups on polydopamine to
react with the amine groups of MeO-PEG3(po-NH2 on the surface of
nanocrystals. Results showed that the modified nanocrystals with a PEG
coating were stable in PBS and 10% FBS for a long duration, while the
bare PTX-Lapatinib nanocrystals aggregated quickly within 2h [85]. The
improved stability can be attributed to the PDA on the surface of
nanocrystals providing a reaction site for chemical modification. Based
on these results, it is suggested that the utilization of covalent bonds
rather than non-covalent bonds for carrier-free nanodrugs show great
advantages in improving their stability and prolonging the blood cir-
culation time.

In addition to hydrophilic macromolecule coatings, another strategy
focuses on adding a small amount of adjuvant to increase their blood
circulation time. Compared to the traditional method of wrapping the
outer layer of carrier-free nanodrugs with a shell, adding adjuvants can
fill in the gaps in the carrier-free nanodrugs, which can not only prolong
their blood circulation time, but also maintain their original penetration
and internalization capabilities due to no significant particle size in-
crease. Nanoparticles functionalized with polymers possessed larger
hydrodynamic sizes compared to unfunctionalized particles, which
hindered the nanoparticles from penetrating deep targets [105]. For
example, Wu’s group prepared lollipop-like dual-drug-loaded
carrier-free nanodrugs (DOX-PDA-gossypol NPs) [92] (Fig. 4b). Due to
the difference of hydrophobicity and structure of gossypol (hydropho-
bic) and DOX (hydrophilic), it is not favorable for them to form stable
nanoparticles by n—r stacking, thus the system composed with only dual
drugs had loose structure and exhibited poor stability. After the addition
of polydopamine that exhibit benzene rings, to fill the gap between
gossypol (Gn) and DOX like “cement”, the strong n—x stacking between
Gn and DOX made the nanoparticle structure more compact, thus
improving their bio-environmental stability without obvious size in-
crease and prolonging its circulation time in the body (8 days), whose
elimination half-life times were 458-fold and 258-fold longer than that
of free DOX and free gossypol, respectively. Moreover, Liu and
co-workers reported that PVA could also be used to fill the gaps in DOX
and Gn [93]. PVA contains a large number of hydroxyl groups that can
form hydrogen bonds with the hydroxyl groups of Gn and DOX to in-
crease the nanoparticle’s tightness. This strategy to enhance the stability
through the utilization of macromolecules filling in the “gaps” between
different drugs by strong noncovalent interactions, like ©—r stacking and
hydrogen bonds, is quite different from the traditional outer coating
modification strategy, which opens up a new direction to achieve the
prolonged blood circulation time of carrier-free nanodrugs. Most
importantly, the macromolecules that fill the gaps from the inside make
the nanoparticles more compact and smaller, which is more favorable
for deep penetration of the nanoparticles.
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3.1.2. Small molecules-enabled prolonged blood circulation

Aside from the hydrophilic polymer coatings, small molecules co-
ordinated with metal ions, like Fe'', on the surface of carrier-free
nanodrugs is another radical strategy to improve their stability [87,
106]. For example, TA is rich in catechol and pyrogallol parts, so it has a
high binding affinity for Fe" and other metal ions. Shen et al. stabilized
PTX nanocrystals with a TA and Fell complex coating [94] (Fig. 4c).
Based on this characteristic of TA, it can form a dense layer around the
drug core, which can effectively inhibit and prevent Ostwald’s matu-
ration, resulting in small and uniform particle sizes and long-term
colloidal stability. In addition to the incorporation of small molecules
on the surface of carrier-free nanodrugs to form a shell, it is a good
strategy to construct prodrugs through chemical modification of drugs,
which can be self-assembled into nanoparticles with good stability. As
we know, CPT has limited clinical use due to its hydrophobicity and
strong side effects, as well as its lactone rings were rapidly hydrolyzed in
PBS with a half-life of 24 min. Chen’s group conjugated CPT with Evans
blue (EB) through a disulfide bond to form stable carrier-free nanodrugs
[95]. The conjugated nanodrugs can be stable in PBS for over 6 days and
exhibit remarkably long blood circulation time in mice (130-fold greater
than CPT). The remarkable in vivo stability can be attributed to the
albumin/CPT-SS-EB nanocomplex. EB has been documented to bind
with albumin through hydrogen bonds, so the nanoparticle quickly
transformed into albumin/CPT-SS-EB nanocomplexes after injection.
The serum albumin has a long blood half-life (~20 days), thus its
incorporation is beneficial for enhancing their blood circulation time.
Although small molecules present several advantages to improve the
stability of carrier-free nanodrugs, limited attention is concentrated on
their functions. In the future, we hope that more efforts will be
concentrated on developing new and suitable small molecules that can
not only prolong the blood circulation time, but also impart some other
functions, such as deep penetration and active targeting.

3.1.3. Biomimicry camouflage-benefited prolonged blood circulation
Biomimicry camouflage is another attractive strategy to increase
nanoparticle circulation time by utilizing endogenous components. A
major endogenous mimicry target utilized by researchers is red blood
cells (RBCs) [107-110], which has been reported that the addition of
RBC membrane coatings can help nanoparticles escape from macro-
phage uptake and systemic clearance [111,112]. Ye et al. have devel-
oped carrier-free nanodrugs self-assembled by HCPT-ICG coated with
RBC membranes. Results showed that the modified carrier-free nano-
drugs could be stable in PBS and FBS enrichment medium for 120 h [97].
Ren and co-workers have also developed a novel oxygen self-enriched
carrier-free nanodrug by coating albumin nanoparticles that contain
ICG and perfluorocarbon (PFC) with RBC membranes to significantly
reduce immune clearance in macrophage cells (RAW264.7) and notably
achieve both prolonged blood circulation time and high accumulation at
the tumor [81]. Meanwhile, cancer cell membranes (CCMs) as another
kind of biomimicry camouflage, also have the potential to prolong the
blood circulation due to its biogenetic derivation and biodegradability,
as well as actively target tumors due to homotypic targeting [113]. It
seems that coating carrier-free nanodrugs with cell membranes is a
promising strategy to improve their blood circulation time. Recently,
platelet membranes [114], dendritic cell (DC) membranes [115] and
macrophage membranes [116,117] have been applied to drug delivery
systems to escape the clearance of the immune system, prolong blood
circulation time, and target the tumor site. For the future, it is suggested
that more efforts will concentrate on the development of multiple nat-
ural cellular membranes to form a hybrid biomimetic coating for
carrier-free nanodrugs to prolong the blood circulation time. Besides
natural cellular membranes, it is anticipated that studies develop new
endogenous mimicry targets, such as albumin and RBC components (e.g.
CDA47), to improve the blood circulation time. For example, bovine
serum albumin was widely used to modify CDSS to improve the circu-
lation time through the binding of the Fc receptors during recycling as a
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form of protection for albumin from degradation in the endosomes and
lysosomes. It also has the ability to prompt binding of previously
mentioned hydrophilic polymers for a synergistic effect to prolong the
blood circulation due to the presence of functional carboxyl and amine
groups on the CDSS surface.

3.2. Strategies to improve tumor targeting ability

As discussed previously, carrier-free nanodrugs with good stability
can prolong the circulation time in blood and accumulate at the tumor
site through the EPR effect. However, most of the carrier-free nanodrugs
are trapped on the tumor vasculature periphery and could not be
retained at the tumor site, resulting in insufficient internalization by
cancer cells [35]. Moreover, this passive targeting type has its limitation
such as depending on the degree of tumor angiogenesis/vascularization,
the low cellular uptake capacity of drugs, and heterogeneous drug dis-
tribution within the tumor microenvironment. In addition, the tumor’s
lymphatic drainage is poorly developed, which increases intratumor
pressure making it difficult for nanodrugs to penetrate deeply into the
tumor site [118,119]. Targeted drug delivery has been widely recog-
nized as having the potential to overcome the bottleneck associated with
systemic administration of drugs due to its ability to reduce off target
toxicity and lower the required dosage for therapeutic efficacy.
Although the optimization of their physicochemical properties,
including particle size, charge, and morphology can improve their
internalization efficiency, the lack of selective targeting towards cancer
cells can compromise their cellular uptake capability. Currently, re-
searchers are investigating active-targeting strategy, including
tumor-targeting peptides, small molecule non-peptide ligands, vitamins,
aptamers, monoclonal antibodies, and protein scaffolds, to improve
their internalization efficiency. It is widely accepted that active target-
ing can assist with selective amassing of nanoparticles at a target site due
to overexpressed receptors or surface membrane proteins expressed on
target cells, ideally to exclusively interact with only the target cells and
avoid off-target toxicity. Additionally, the active targeting strategy can
be considered in rational combination with physicochemical property
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modifications for further enhancing cellular uptake. Some active tar-
geting molecules, including polymers, small molecules, and biomimetic
cell membranes, used to improve the internalization efficiency are
summarized in Table 3.

3.2.1. Polymer-prompted tumor targeting

Cancer cells express a large number of cell surface receptors, such as
CD44, folate receptors, or integrin receptors, to meet the needs of tumor
growth, migration, invasion, and metastasis. Therefore, these receptors
can be used as suitable candidates for ligand-targeted cancer therapy.
For the highly expressed receptors of tumor cells, introducing targeting
ligands into carrier-free drugs can improve the ability of specific uptake
and enhance cellular internalization. For example, hyaluronic acid (HA)
has good biocompatibility and possesses four specific binding sites with
various cancer cells (e.g. CD44, RHAMM, IVd4, LEC), such as human
breast adenocarcinoma cells and human lung cancer cells. Among them,
CD44 is the most widely used receptor on the cell surface to bind with
HA [137,138]. More importantly, after internalization by cancer cells
via the CD44-mediated pathway, the enrichment of hyaluronidase
(HAase) in the endosome/lysosome can promote the degradation of
hyaluronic acid (HA) shell-based nanoparticles, thereby allowing
de-shielding of the coating and consequently exposing the core to
accelerate tumor penetration and lysosomal escape [24,139]. Shen and
coworkers fabricated positively charged nanoparticles composed of
amphiphilic proapoptotic peptide and DOX, and then the negatively
charged HA was coated on their surface through electrostatic in-
teractions [33]. According to the in vitro uptake experiments, their
internalization efficiency was enhanced with an HA coating. More
importantly, the tendency of cellular internalization was selective be-
tween tumor cells and normal cells, leading to excellent tumor inhibition
efficiency with insignificant side effects. Although the expression level
of cancer cell surface receptors has been reported to show heterogeneity,
most of the targeted receptors expressed on both cancer cells and normal
cells is the primary contributor for undesired drug uptake. Therefore, it
is a very attractive strategy to achieve multiple targeting functions
through the combination of HA and other targeting molecules. Zhu’s

Table 3
Summary of tumor targeting strategies for improved tumor cellular uptake.
Targeting agent Targeting Therapeutic agent Functions Refs
receptor

Polymers HA CD44 DOX, PTX Synergistic chemotherapy [120]

DOX, Gn Synergistic chemotherapy [93]

DOX, proapoptotic peptide KLA Chemotherapy [33]
MTX, DOX ICG Chemo-phototherapy, dual tumor [121]

targeting

Curcumin Chemotherapy [122]
MTX Chemotherapy, dual tumor targeting [123]

Small molecule FA Folate receptor PTX Chemotherapy [13,

90]

2-tert-butyl-9,10-di(naphthalen-2yl)anthracene Imaging [64]

(TBADN)

NPAPF Bioimaging [76]
Biotin Biotin receptor IR780, quercetin Chemo-phototherapy [124]

MTX Folate receptor MTX, HCPT Synergistic chemotherapy, diagnosis [37]

MTX, PTX, HCPT Synergistic chemotherapy [74]
MTX, CPT, DiR Synergistic chemotherapy, imaging [125]
MTX, UA Synergistic chemotherapy [126]
LA ASGPR DOX Chemotherapy [127]
UA, ICG Chemo-phototherapy, Imaging [128]
Biomolecules HER2 aptamer HER2 receptor UA, DOX Synergistic chemotherapy [129]
RGD Integrin receptor CPT Chemotherapy [130]

tetrapeptide PTX Chemotherapy [89]
CPT, ICy5 Chemo-photodynamic therapy [131]
metallized Au(III) tetra-(4-pyridyl) porphine Chemo-photothermal therapy [132]
RGD-FA Integrin receptor PTX Chemotherapy, dual tumor targeting [133]

Folate receptor

AS1411 aptamer  Nucleolin 3',5'- dioleoyl clofarabine (DOC) Chemotherapy [134]
Cancer cell CCCM DOX, ICG Chemo-photothermal therapy [135]
membranes HCPT, ICG Chemo-photothermal therapy [136]
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group coupled MTX and DOX to the HA backbone, resulting in
self-targetable prodrug conjugates [121]. According to the cellular up-
take experiment results, the intracellular DOX intensity decreases
significantly in HeLa cells (overexpressed with folate/CD44 receptors)
in the presence of folic acid (FA) or HA, whereas significant fluorescence
of DOX and ICG could be observed in the HeLa cells in the absence of FA
or HA. Significantly less DOX fluorescence could also be observed in
A549 cells, which express low levels of folate receptors (Fig. 5a). The
above results revealed that the imparting of multiple targeting functions
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to carrier-free nanodrugs showed prominent advantages to enhance
their internalization efficacy.

Although there are relatively few polymers that can be directly used
as targeting ligands, other natural or synthetic polymers such as PEG
modified with corresponding targeting ligands also have the potential to
enhance the tumor-targeting ability of carrier-free drugs (e.g. folic acid
conjugated C;sPMH-PEG (FA-C;sPMH-PEG)). For example, Li and co-
workers attempted to conjugate folic acid with PEG as a shell to improve
the targeting ability of PTX nanorods [13]. Similar studies were also
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Fig. 5. a) Schematic illustration of MHD—DI NPs for dual-targeting drug delivery and imaging-guided combinational chemo-PTT therapy. Reproduced with
permission from Ref. [121]. Copyright 2019, American Chemical Society. b) CLSM images of cells co-incubated with DOX, UD NPs, and Ap/UD NPs for 2 h.
Reproduced with permission from Ref. [129]. Copyright 2017, Royal Society of Chemistry. c) In vivo fluorescence imaging of PTN at different times after intravenous
injection. Reproduced with permission from Ref. [131]. Copyright 2018, John Wiley and Sons. d) Schematic illustration of the preparation of carrier-free nano-
systems based on packing the DOX and ICG coassembly nanoparticles with CCCMs. Reproduced with permission from Ref. [135]. Copyright 2018, Elsevier.
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applied to bis(4-(N-(2-naphthyl) phenylamino) phenyl)-fumaronitrile
(NPAPF) nanoparticles [76] and (2-tert-butyl-9,10-di(naphthalen-2-yl)
anthracene (TBADN) nanoparticles [64]. Although the uptake efficiency
can be improved through targeting polymers, very few polymers with
targeting abilities have been found. In the future, nanodrug systems
combining more diverse targeting polymers and targeting ligands
should be developed to achieve active targeting and high cellular uptake
efficiency.

3.2.2. Small molecules-enabled tumor targeting

Small molecules, such as FA, biotin, and lactobionic acid (LA), are
the most widely used targeting ligands to improve specific targeting
ability through receptor mediated endocytosis due to their small size,
high affinity, low immunogenicity, and ease of modification. This
strategy shows high avidity and specificity properties, as well as ideally
a high rate of endocytosis. Among them, the most widely studied marker
overexpressed on tumor cells is folate receptors, which are glycoproteins
that are essential for the biosynthesis of nucleotide bases [140]. The
most direct targeting folate receptor interaction involves the conjuga-
tion of folic acid or other folate conjugates on nanoparticles [141,142].
DOX intensity decreases significantly in HeLa cells (overexpressed with
folate/CD44 receptors) in the presence of folic acid (FA) or HA, for folate
receptors showed rapid internalization, nonimmunogenicity, and high
stability. Moreover, the method of conjugation of folic acid on nano-
particles is very simple. For example, Yang et al. developed pure Bis
(4-(N-(2-naphthyl) phenylamino) phenyl)-fumaronitrile (NPAPF) with
near-infrared (NIR) dye nanoparticles coated with C;gPMH-PEG-FA
through stirring. According to the cellular uptake results, more
C18PMH-PEG-FA-modified nanoparticles were internalized by the
folate-receptor-expressed KB cells compared to C;gPMH-PEG-modified
nanoparticles. Moreover, weaker fluorescence was observed after the KB
cells were preincubated with free FA.

Besides FA, biotin, also known as vitamin B7 or vitamin H, is another
promising small targeting molecule candidate. Biotin receptors such as
avidin and streptavidin are overexpressed in many malignant cancer
cells, such as L1210FR, Ov2008, Colo-26, M109, and 4T1 cells lines
[143,144]. Due to the water solubility and terminal carboxyl of biotin, it
can combine with hydrophobic therapeutic agents to obtain amphiphilic
prodrugs. Luan’s group linked biotin and a hydrophobic photosensitizer,
IR780, to form amphiphilic IR780 derivatives (B780) [124]. Quercetin
(Qu), an anticancer drug and a typical HSP-70 inhibitor, and B780 could
form stable nanoparticles (B780/Qu NPs) through n-n stacking and hy-
drophobic interactions. Due to the excellent targeting ability of biotin,
more B780/Qu NPs were internalized by 4T1 cells expressing high levels
of biotin receptors compared with that of L.929, normal cells expressing
low levels of biotin receptors. Interestingly, MTX as an anticancer drug
possesses prominent therapeutic efficacy through inhibiting intracel-
lular dihydrofolate reductase activity [145]. Besides the antitumor
function, MTX as an FA analog, also has a specific ability to bind with
overexpressed folate receptors in various cancer cells [146]. Nanodrugs
that integrate MTX can introduce a tumor dual-self-recognition ability
into carrier-free nanodrugs, as well as provide a synergistic therapeutic
function. For instance, Hou et al. self-assembled MTX with DOX or CPT
and in vitro cellular uptake results showed that stronger fluorescence was
observed in KB cells (FR positive) than A549 cells (FR negative), which
can be attributed to the active targeting ability of MTX [147].

LA with high selectivity for tumor cells such as human hepatocellular
carcinoma (HepG2) cells, MCF-7 cells, and A549 cells overexpressed
with asialoglycoprotein receptors (ASGPR) was also chosen as a poten-
tial targeting ligand [148,149]. Mou et al. created an active targeting
nanodrug delivery system by connecting LA, rich in hydroxyl groups,
with hydrophobic DOX via a pH-responsive hydrazone group [127].
Self-assembled LA-DOX nanoparticles make use of both passive target-
ing through the EPR effect and active targeting to greatly improve
treatment efficiency. In addition to chemical bonding, LA can also
self-assemble with hydrophobic ursolic acid (UA) and ICG into
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nanoparticles via non-covalent interactions for chemo-phototherapy
[128].

Although the small molecule targeting ligand can improve the up-
take efficiency, there are only a few types of designed targeting mole-
cules and no specific properties were found in those small molecules. In
the future, it is suggested that small molecule targeting ligands can be
developed from two ways: finding more tumor related targets on the cell
membrane or seeking more specific ligands to achieve precise targeting
and tumor cell uptake.

3.2.3. Bioactive substance-prompted tumor targeting

A structurally alternative targeting ligand involves the utilization of
proteins [150], peptides [151-153], nucleic acids [154], and antibodies
[155]. Current studies for prompting tumor targeting ability through
bioactive substances mostly focus on aptamers, peptides, and nucleic
acids. The HER2 aptamer, oligonucleotides or short polypeptides, are
favorable candidates for biological targeting molecules due to their
small molecular size, reproducible synthesis, and low immunity [156].
For example, Jiang et al. developed a HER2 aptamer modified
carrier-free nanodrug (Ap/UD) self-assembled by UA and DOX through
electrostatic interactions [129]. The confocal laser scanning microscope
(CLSM) results showed that the presence of HER2 aptamer could
significantly increase the uptake of Ap/UD nanoparticles (Fig. 5b) owing
to the active targeting ability [89]. RGD has also been widely used to
conjugate with anticancer drugs. Yin’s group synthesized an amphi-
philic pentamethine indocyanine (ICy5)-CPT-RGD conjugate which can
self-assemble into nanodrugs (PTN) with RGD-rich hydrophilic surface
and hydrophobic core [131]. Owing to the RGD moiety in
ICy5-CPT-RGD, the nanodrugs exhibited remarkable in vitro cellular
uptake efficiency and the strong fluorescence observed at the tumor site
demonstrated potential for imaging-guided cancer therapy (Fig. 5c).
When using RGD-modified RBC coated carrier-free nanodrugs, the
modified carrier-free nanodrugs not only show excellent stability, but
can also actively target cancer cells and enhance drug accumulation
within the cell. Chai et al. fabricated nanocrystals with RBC membrane
modified with ¢c(RGDyK) [98]. The biodistribution results showed that
the RGD-RBC-NC (RGD-modified RBC membrane-coated nanocrystals)
had even higher accumulation in tumors than RBC-NC and NC due to its
excellent active-targeting capability. More interestingly, RGD-modified
RBC vesicles had higher binding affinity than the c(RGDyK) peptide
alone. The high binding affinity of RGD-modified RBC vesicles might be
attributed to the membrane fluidity and the high surface density of the
peptide on the RBC membrane. In addition to the single targeting ability,
when RGD is covalently bounded to other targeting ligands such as folic
acid [133], dual targeting can be achieved and the internalization effi-
ciency can be further improved.

Some nucleic acids can also serve as targeting ligands. AS1411
aptamer, containing 26 bases, can specifically target nucleolin [157,
158]. Nucleolin plays an important role in cell proliferation activities,
and when the cell is in the proliferation state, it will migrate to the
cytoplasm and membrane. Due to the intense proliferation of tumor
cells, the overexpressed nucleolin on the tumor surface has become an
important target for targeted therapy [159,160]. Wang and coworkers
designed an amphiphilic prodrug 3’,5'-dioleoyl clofarabine (DOC) and
modified it with AS1411 via the molecular recognition between an
adenosine (A) analog and thymidine (T) [134]. The results showed that
nanoparticles equipped with aptamers can achieve more effective
cellular uptake and significantly improved therapeutic efficacy.

3.2.4. Cancer cell membrane-prompted tumor targeting

As previously mentioned, a cancer cell membrane (CCCM) coating
on the surface of carrier-free nanodrugs can prolong their blood circu-
lation time. In addition, it can also be used to improve the targeting of
nanoparticles. They can actively aggregate to the homologous tumors
with the same recognition mechanism. Currently, there have been some
studies that have introduced cancer cell membranes into nanodrug
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delivery systems [161-163], but there are fewer studies on carrier-free
nanodrugs. Zhang’s group co-assembled DOX and ICG into nano-
particles in water, and then used a simple extrusion method to coat the
cracked cancer cell membrane derived from HeLa cells on the surface of
the nanoparticles [135] (Fig. 5d). The outcome of in vitro targeting ex-
periments showed that the fluorescence intensity of DOX and ICG from
nanodrugs was 3.3-5 fold higher in the HeLa cells than that in other cell
lines, like COS7 cells, L929 cells, and HepG2 cells. The nanoparticles
exhibited excellent stability and achieved a highly tumor-selective
accumulation of nanodrugs due to their unique homologous targeting
ability. In addition to cancer cell membranes, there are other biological
membranes that have the potential to modify nanodrugs, such as bac-
terial membranes, platelet membranes, and endoplasmic reticulum
membranes. These biomimetic strategies can effectively modify and
deliver nanodrugs, avoid immune clearance, improve the targeting
ability of nanodrugs, and achieve the suppression of tumors.

3.3. Strategies to accelerate drug release behavior

Upon the optimization of the physicochemical properties and func-
tional modifications of carrier-free nanodrugs for prolonged blood cir-
culation and enhanced cellular uptake, the timely intracellular drug
release is paramount for drugs to exert their functions. The drug release
mechanism can be broadly categorized into endogenous stimuli or
exogenous stimuli. Endogenous stimuli that trigger the drug release
includes pH, oxidation, and enzyme degradation. The incorporation of
responsive linkers into carrier-free nanodrugs by taking advantage of the
characteristics of the tumor microenvironment is a widely used strategy
to accelerate drug release. The nanostructure could be broken through
the cleavage of bonds or the reduction of assembly forces upon exposure
to the tumor microenvironment. Exogenous stimuli that trigger drug
release include heat, light, ultrasound, or magnetic fields. They are
usually used to weaken drug intermolecular forces or to destroy the
nanodrugs’ structure for release purposes [131,135]. In this section, we
summarize current approaches to the utilization of intracellular or
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3.3.1. Drug release-stimulated by intracellular signals

Rapid release of drugs in tumor tissues or cells is one of the key
conditions to ensure an effective treatment. As we know, the tumor
microenvironment (TME) has a unique tissue structure and metabolic
characteristics, such as high reactive oxygen levels, high GSH concen-
tration, low pH, and high expression of specific enzymes. Therefore,
using the specific characteristics of the tumor microenvironment to
design stimulus-responsive carrier-free nanodrugs is a widely accepted
strategy to accelerate drug release, as shown in Table 4. Compared to
normal tissues, the TME is weakly acidic (pH = 5.5), which is beneficial
for breaking ester bonds, amide bonds, and hydrazone bonds. For
instance, Zhang and coworkers linked a hydrophilic anticancer drug,
floxuridine (FdU), and the hydrophobic anticancer drug, bendamustine
(BdM), through ester bonds to form an amphiphilic drug conjugate to
overcome MDR [164]. In vitro studies showed that FAU and BdM drugs
can rapidly be released from carrier-free nanodrugs because the ester
bond is being cleaved by hydrolysis in the acidic environment.

Aside from the lower pH in the endosome/lysosome, a significantly
high intracellular concentration of glutathione (GSH) as a reducing
agent is often utilized to cleave various reductive-sensitive linkers, such
as diselenide bonds [165,166], disulfide bonds [167,168], and
succinimide-sulfide bonds [169] to accelerate drug release. Li’s group
has fabricated GSH-sensitive carrier-free nanodrugs self-assembled by
amphiphilic prodrugs composed of MTX and podophyllotoxin (PPT)
with a disulfide linker (MTX-SS-PPT). Upon internalization into the
tumor cells from FA active targeting, the high intracellular GSH con-
centration can induce the breakage of disulfide bonds in carrier-free
nanodrugs and subsequently accelerate drug release, resulting in
improved antitumor efficacy [170].

The TME also contains a plethora of enzymes in the cytoplasm, such
as esterase. Zhu et al. used ester bonds to link a hydrophobic anticancer
drug, bendamustine (Bd), and hydrophilic irinotecan (Ir) [171]
(Fig. 6a). Although the ester bond can be hydrolyzed under acidic

Table 4
Summary of carrier-free nanodrugs containing responsive linkers.
Trigger Linker Antitumor drugs Functions Refs
pH Carbamate bond Taxol, Tyroservatide (YSV) Synergistic chemotherapy and overcome MDR [174]
Carbamate bond Irinotecan (Ir), DOX Synergistic chemotherapy and real-time self-tracking ~ [17]
Ester bond, multivalent CPT, Floxuridine (FUDR) Synergistic chemotherapy [78]
pentaerythritol
Ester bond, 4-(dimethylamino) CPT, FUDR Synergistic chemotherapy [175]
pyridine (DMAP)
Ester bond Floxuridine (FdU), Bendamustine (BdM) Synergistic chemotherapy and overcome MDR [164]
Ester bond Ir, Chlorambucil (Cb) Synergistic chemotherapy [176]
Ester bond 5,6-dimethylxanthenone-4-acetic acid(DMXAA), Chemo-phototherapy [177]1
Diethylaminophenyl (DEAP)
Ester bond Floxuridine (FdU), Bendamustine (BdM) Synergistic chemotherapy and overcome MDR [164]
P-O bonds DOX Chemotherapy [178]
GSH Disulfide bond CPT, Gemcitabine Synergistic chemotherapy [66,
179]
Disulfide bond DOX, PTX Synergistic chemotherapy [180]
Disulfide bond MTX, Podophyllotoxin (PPT) Synergistic chemotherapy and targeting [170]
Disulfide bond MTX Chemotherapy, dual tumor targeting [123]
Disulfide bond CPT, Gemcitabine triazole derivatives Synergistic chemotherapy [181]
Disulfide bond CPT, Cytarabine (Ara-C) Synergistic chemotherapy [182]
Disulfide bond CPT, Boron dipyrromethene (BODIPY) Chemotherapy, Imaging [183]
Di-selenium bond Vitamin E succinate, MTX Chemotherapy [99]
Enzyme Ester bond CPT, DTPA Chemotherapy, MRI [184]
Ester bond Ir, Bendamustine (Bd) Synergistic chemotherapy and overcome MDR [171]
ROS single thioether bond Cabazitaxel (CTX), PPa Chemo-photodynamic therapy [172]
pH and Ester bond Ir, Vitamin E succinate (VES) Synergistic chemotherapy [15]
enzyme Ester bond MTX, CPT, DiR Synergistic chemotherapy, Imaging [125]
Ester bond CPT, FdU Synergistic chemotherapy [175]
pH and GSH Hydrazone bond, disulfide bond MTX, CPT, DOX Synergistic chemotherapy and targeting; MTX-SS- [147]
CPT, MTX-hydrazone-DOX
Carbamate bond, a-ethylenic bond, Cisaconitic anhydride-modified DOX, PTX Synergistic chemotherapy and targeting [120]

P-O bonds CUR, Ce6

Chemo-photodynamic therapy, FL and MDR imaging [173]
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Fig. 6. a) The formation of Ir-Bd and its mechanism in vivo. b) Drug release curve of Ir-Bd. Reproduced with permission from Ref. [171]. Copyright 2015, Royal
Society of Chemistry. ¢) The preparation process and “bomb-like” drug release of DNPs/N@PDA and enhanced chemo-/photothermal therapy triggered by NIR
irradiation. Reproduced with permission from Ref. [187]. Copyright 2018, John Wiley and Sons.

conditions, the experimental results showed that only about 30% of the
Ir was released after 48 h incubation at pH 5.0. Interestingly, the drug
release increased up to 56% after 30 UI mL™lof esterase was added,
indicating that the esterase can accelerate drug release (Fig. 6b).
Apart from lower pH, enzymes, and GSH, using intracellular signals
such as ROS, to break the structure of carrier-free nanodrugs could also
be beneficial for the rapid release of drugs. Sun and coworkers used PPa
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to self-assemble oxidation-responsive cabazitaxel homodimer (CTX-S-
CTX) into nanoparticles (pCTX-S-CTX/PPa NPs) [172]. After
pCTX-S-CTX/PPa NPs enter the tumor cells, the endogenous ROS in
tumor cells, like HyO,, break the single thioether bond in CTX-S-CTX,
resulting in the activation of most dimer prodrugs and disassembly of
the pCTX-S-CTX/PPa NPs.

As discussed above, it has been speculated that the combination of
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two or more stimuli response cues have promising potential to trigger
timely drug release. For example, Jing et al. designed multiple-sensitive
carrier-free nanodrugs composed of superparamagnetic Fe3O4 nano-
clusters coated with polyphosphazene containing disulfide cross-linkers,
curcumin, and Ce6 [173]. These carrier-free nanodrugs can achieve pH
and GSH dual-sensitive response in TME. In vitro drug release results
showed that almost 90% of curcumin and Ce6 were released after in-
cubation at pH 5.5 in the presence of GSH (10 mM), which is much
higher than that in the presence of GSH at higher pH or in the absence of
GSH. Moreover, Li and coworkers have constructed pH/esterase dual
responsive carrier-free nanodrugs that self-assembled by CPT connected
with MTX through an ester bond [125]. In vitro drug release results
showed that both CPT and MTX drugs can be released in an acidic
condition, and the release rate of two drugs is remarkably promoted
after adding esterase into the release medium.

Notably, another attractive strategy is focused on weakening the
non-covalent interactions of carrier-free nanodrugs when encountering
the TME, thereby destroying the nanostructures and fabricating drug
release. The most common TME trigger for drug release from carrier-free
nanodrugs is the low pH because some hydrophobic drugs, such as DOX,
MTX and Epirubicin (EPI) have amino groups that are prone to pro-
tonate under low pH and increase their solubility, which can signifi-
cantly weaken their noncovalent interactions, such as hydrophobic and
n—n stacking interactions. For example, Sun’s group recently developed
carrier-free nanodrugs composed of MTX and pyropheophorbide a (PPa)
via hydrophobic interactions, n—r stacking, intermolecular hydrogen
bonding, and electrostatic interactions (PPa@MTX) [77]. Under neutral
conditions (pH = 7.4), only 4% of the loaded MTX released within 24 h,
but about 15% and 23% of the loaded MTX was released from PPa@MTX
at pH 6.5 and pH 5.0, respectively. The increased drug release in acidic
conditions can be attributed to protonation of the amino groups of MTX
molecules leading to weakened interactions between MTX and PPa in
the nanodrugs.

3.3.2. Drug release stimulated by extracellular signals

Although promising results have been achieved using endogenous
triggers for drug release and the therapeutic efficiency was greatly
enhanced, the in vivo release is far less than that of in vitro experiments.
The human physiological environment is complex and changeable. Even
if drug release based on physiological environment stimulus responses
can be regulated according to the distinction of stimulus signal in
different environments, it is difficult to have precise spatiotemporal
control of the drug release behavior. External stimuli can achieve precise
control over the release of the drug at the tumor site due to the ability to
artificially control the location and duration of the applied stimuli. The
extracellular stimuli can be classified into physical stimuli and chemical
stimuli. Compared to physical stimuli that directly destroys the structure
of nanoparticles to release drugs, chemical stimuli generate new sub-
stances, such as gases, to disintegrate nanoparticles to achieve respon-
sive drug release.

3.3.2.1. Physical stimuli. The most commonly used physical stimuli
include light and heat, where the effect of temperature on drug release is
most evident in PTT. Under NIR irradiation, the temperature of the
carrier-free nanodrugs containing photothermal agents rises rapidly and
the thermal vibration increases, which weaken the interactions of
carrier-free nanodrugs and destroy the nanostructure to facilitate their
drug release [185]. For example, Hou and coworkers developed a
self-assembled carrier-free nanodrug through noncovalent interactions
containing EPI, as a broad-spectrum chemotherapy drug, and ICG, as a
photothermal agent [83]. After NIR irradiation, the drug release rate
was almost 1.5 times higher than that of no irradiation, demonstrating
that the production of heat from ICG under NIR irradiation disrupted the
noncovalent interactions to accelerate EPI release.

In addition to prompting drug release through breaking down the
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internal forces of carrier-free nanodrugs, the degradation or detachment
of the shell is another strategy to facilitate drug release. As discussed
above, some carrier-free nanodrugs are not very stable and usually
modified with a polymer or cell membrane coating to improve their
stability, which might also hinder the smooth release of the drug. For
example, Zhang’s group designed CCCM-coated nanoparticles self-
assembled by DOX and ICG [135]. The temperature could reach
73.3 °C under NIR laser irradiation of 808 nm at a power density of 3
W/cm? for 6 min. The generated heat leads to the disruption of the
membrane [162,186] allowing the DOX release to dramatically
accelerate.

3.3.2.2. Chemical stimuli. The utilization of gas generated by chemical
stimuli to trigger drug release is another interesting strategy. Recently,
NIR light, X-rays, magnetic force, ultrasound, and microwaves are
increasingly being explored as exogenous stimuli to stimulate stimuli-
responsive gas releasing molecules to release gaseous moieties at the
targeted site, due to recent studies on gas therapy or synergistic cancer
therapy [165-167]. Generating gas under the exogenous stimulus can
not only enhance the therapeutic efficiency (such as generate O5 to
enhance the effect of PDT), but can also accelerate the drug release. Li
et al. introduced NH4HCO3 into their nanodrugs, which can be thermally
triggered to generate carbon dioxide (CO3) and ammonia (NH3) gases
[187] (Fig. 6¢). The nanodrugs covered with a PDA layer could produce
heat under the irradiation of NIR and NH4HCO3 decomposes into CO»
and NHj3 gases when the temperature reaches a specific threshold,
causing DOX to “bomb-like” release. Currently, there are few studies on
this type of method to promote drug release. In the future, ultrasound or
microwaves could be suggested to trigger released gas to promote drug
release. It is also possible to develop nanodrug systems that generate gas
to promote both drug release and therapeutic function.

4. Challenges of carrier-free nanodrugs
4.1. Drug early leakage

Currently, most of the carrier-free nanodrugs are formed through
weak interaction forces. However, the nanostructure of carrier-free
nanodrugs can be significantly affected by the complex in vivo envi-
ronment, resulting drug leakage before it reaches the target site. This
phenomenon reduces the content of the drug reaching the target site and
could cause systemic toxicity to the body. Various strategies are
currently being adopted to handle these problems, such as modifying the
outer layer of the nanoparticles with polymers, small molecules, or
biomolecules to increase its stability under the condition of not hin-
dering the drug loading capacity. Current strategies can limit early
release to an extent, but some obstacles still exist. Strategies that utilize
stabilizers as a coating are mediated by weak forces, which can still
cause instability of the nanoparticles and drug leakage. Strategies that
use chemical bonding for stabilization might affect the activity of the
drug through these chemical modifications. Therefore, it is extremely
urgent to find a suitable strategy to prevent the premature leakage of
drugs. Hydrogen bonding is a strong force in non-covalent interactions,
and the binding energy of hydrogen bonds is about 20-40 kJ/mol, which
is slightly weaker than electrostatic interaction, but stronger than other
intermolecular forces. Hydrogen bonds can form between carboxy-
pyridine, carboxy-amino, and carboxy-imidazole, which are very com-
mon in tumor therapeutics [188]. Double or triple hydrogen bonds can
also be formed under certain conditions, as evidenced in DNA, which is
an ideal driving force for the construction of stable self-assembly sys-
tems. Thus, it is desirable to screen and develop drugs or stabilizers with
the potential to form hydrogen bonds in the future.
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4.2. Precise control of drug ratio

As previously discussed, the optimization of drug ratio in carrier-free
nanodrugs can precisely control their morphology, particle size, and
surface charge of nanoparticles, which play a key role in determining the
in vivo fate, such as blood circulation time, internalization efficiency,
and drug release. Based on the current research, although we feed the
materials according to a certain ratio during the preparation process,
different drugs with different structures would affect their interaction
force during self-assembly, resulting in the actual obtained nanoparticle
being quite different from the original feed ratio. To ensure the precise
proportion of drugs, the usage of the drug structure itself to enhance
intermolecular force through base pairing or host-guest pairing could
become the future direction. Since two or more drugs are assembled
through strong and specific interaction forces, the drug ratio is difficult
to change. The precise drug ratio can also be adjusted according to the
number of drug functional groups and the material ratio. This strategy
makes it possible to achieve 100% drug loading due to no additional
adjuvants added.

4.3. Difficulties in industrialization

Despite the research of carrier-free nanodrugs still being in its in-
fancy, there have been a large number of related studies in recent years.
It is unfortunate that very few carrier-free nanodrugs have truly ach-
ieved clinical transformation and industrialization. The industrialization
of carrier-free nanodrug mainly faces the following problems: Firstly, in
industrial large-scale production, it is difficult to ensure that physico-
chemical properties of nanoparticles are consistent with laboratory
preparation due to the high drug concentration. Secondly, since there is
no carrier as a stabilizer, most carrier-free nanodrugs are prone to
coagulation during long-term storage and sometimes lose their thera-
peutic effect. Finally, if the carrier-free nanodrug is powered by lyoph-
ilization for long-term storage, its redispersibility and efficacy need to be
carefully evaluated. With these limitations for industrialization, the
template preparation method introduced above has the potential for
large-scale industrial production, but this method is currently only used
for the preparation of single drugs, and further research is required for
the preparation of dual and multi drugs.

5. Conclusion and future perspectives

In this review, we illustrated advances to carrier-free nanodrugs by
discussing strategies related to drug proportion, preparation method,
and intermolecular interactions to optimize their physicochemical
properties for improving their delivery efficiency. Although great
progress has been achieved, the native obstacles that carrier-free
nanodrugs face during in vivo delivery after administration result in
unsatisfactory delivery efficiency. Subsequently, several key drawbacks
facing carrier-free nanodrugs have been discussed and the related stra-
tegies to overcome those problems are presented, including prolonged
blood circulation time, enhanced internalization efficiency, and
augmented intracellular drug release. Carrier-free nanodrugs have made
substantial improvements in cancer treatment and shown the potential
for further development and rational design. In the future, more effort
should be concentrated on the following aspects to significantly improve
their antitumor efficacy.

Firstly, most of the carrier-free nanodrugs have difficulty achieving
size or surface charge changeability, which would not satisfy both
excellent retention and penetration capabilities. Generally, within a
certain particle size range, the smaller the particle size of the carrier-free
nanodrugs, the more favorable they are for deep penetration into the
tumor. However, the retention capacity of carrier-free nanodrugs at the
tumor site is positively correlated with the particle size, indicating that
carrier-free nanodrugs with large particle sizes can more effectively stay
at the tumor site. Therefore, it should be an important research focus to
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design carrier-free nanodrugs whose particle size changes along with the
environment.

Secondly, although carrier-free nanodrugs provide a good platform
for multimodal therapy, the current studies are mainly focused on the
combination of chemotherapy and PDT/PTT, however, these treatments
have difficulty overcoming tumor metastasis and recurrence. Immuno-
therapy is one of the most promising therapies in cancer treatment,
which not only inhibits the growth of tumors, but also stimulates the
body’s immune system to inhibit tumor metastasis and recurrence.
Unfortunately, the current research efforts on carrier-free nanodrugs for
immunotherapy mainly focuses on combining immunosuppressive
drugs to achieve the effect of combined therapy, but the low therapeutic
response (~20%) of using anti-PD-L1 or anti-PD-1 limits its clinical
applications. Directly assembling the immunosuppressive agents with
therapeutic agents such as chemotherapy drugs into carrier-free nano-
drugs to be simultaneously delivered to the tumor site is a promising
strategy. Currently, many hydrophobic small molecule immunosup-
pressants, such as Indoximod, have been combined with other therapies
to achieve a synergistic effect [189,190]. Indoximod, a methylated
tryptophan, acts as an IDO (indolamine- (2,3) -dioxygenase) pathway
inhibitor and can reverse IDO-mediated immunosuppression. Indox-
imod contains rigid plane structures such as benzene rings and aromatic
heterocycles and has the potential to self-assemble with chemotherapy
drugs through non-covalent forces, such as hydrophobic interactions
and n-n stacks. It also has amino and carboxyl groups on its side chains,
which have the potential to form pH-sensitive bonds with other thera-
peutic agents to form amphiphilic molecules. These ideas provide a
promising foundation to construct carrier-free nanodrugs for combined
immunotherapy, which not only improves the therapeutic effect, but
also inhibits tumor metastasis and recurrence.

Additionally, tumor metabolic dysregulation is an emerging sign of
cancer. It can also become a new method of cancer treatment by
adjusting the metabolism of tumor cells by interfering with the meta-
bolic pathways of tumor cells, including energy expenditure, reduced
antioxidant capacity, and dysfunctional regulation. Before chemo-
therapy or phototherapy, weakening the protective mechanism of tumor
cell adaptation and survival makes the tumor cells more likely to be
destroyed. Intervention tumor cell metabolism can use specific drugs,
such as arginine imine enzyme, to transform arginine to citrulline and
run out of ornithine to arginine in the serum, cutting the tumor needs a
source of arginine) [191], 5 - (furan - 2 - formamide) - 3 - methyl - 4 -
thiophene thiocyanate - 2 - carboxylic acid ethyl ester (CBR - 5884,
regulate metabolism by inhibiting serine from to inhibit tumor growth)
and so on [192]. Additionally, special structures such as sulfide linkers
oxidizing GSH to break the redox balance of tumor cells can be designed
to adjust the metabolism of tumor cells. It can be a new direction of
future development to design carrier-free nanodrugs composed of
metabolism-interfering drugs and other therapeutic drugs or modifying
the drug structure for metabolism interference without affecting the
activity of the drugs.

Collectively, carrier-free nanodrug development is still in its infancy
and provide a broader view of drug delivery system, which holds great
potential for superior clinical outcomes. Although there is still a long
way to go before clinical conversion, we still firmly believe that the
carrier-free nanodrugs will develop rapidly in the future and become a
new and widely used method for cancer treatment.
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