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Specific interaction based drug loading strategies
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Drug carriers have been commonly used for drug control release, enhancing drug efficacy and/or minimizing

side-effects. However, it is still difficult to get a high loading efficiency when encapsulating super hydrophilic

drugs with a narrow therapeutic index, such as many neurotoxins. Increasing the carrier proportion can

improve drug loading to a certain degree, while the burst released drug when the formulation enters the

body may cause overdose side-effects. Moreover, high-dose carriers themselves may increase the metabolic

burden of the body. Hence, new drug carriers and/or loading strategies are urgently needed to promote the

applications of these drugs. This minireview will introduce drug loading strategies based on specific

interactions (between drugs and carriers) and will discuss the challenges and perspectives of these strategies.

This work is expected to provide alternative inspiration for the delivery of hydrophilic drugs.

1. Introduction

Nanoscale drug delivery systems (DDSs) have been applied in the
treatment of clinical diseases,1–6 especially in cancer therapy.3–6

Rationally designed drug carriers can improve the solubility of
drugs,7,8 enhance drug targeting,9–12 increase drug penetration
and/or realize drug-controlled release.13–17 Several types of mate-
rials have been investigated to construct DDSs, including organic
materials such as phospholipids,18,19 polymers,20–22 biological
membranes,23–25 viruses,26 and bacteria,27–29 and inorganic mate-
rials such as gold and silicon nanoparticles,30–33 as well as hybrid
materials.34,35

Drugs can be loaded in/on the nanocarriers through several
approaches. For example, most drugs can be physically encapsu-
lated by liposomes or polymer nanospheres;19,20,34 poorly water
soluble (hydrophobic) small-molecule drugs can be encapsulated
in the hydrophobic regions of micelles and liposomes through
hydrophobic forces;18,21 nucleic acid drugs can be complexed with
positively charged carriers through electrostatic interactions;36–38

some drugs can also be conjugated with carriers through chemical
bonds.39,40 However, for some super hydrophilic drugs with a
narrow therapeutic index, such as tetrodotoxin (TTX),41 efficient
loading is challenging due to their strong hydrophilicity, which
makes them prone to leakage from carriers. Increasing the portion
of carrier materials may improve the drug loading and slow down
the spontaneous drug release in vitro, but the burst release in the
initial stages when the formulation enters the body may cause
overdose side-effects. In addition, a large amount of carrier
materials may cause tissue inflammation and toxicity.20,42,43

In another case, peptide drugs with inherent targeting proper-
ties should not be encapsulated in the carriers, but conjugating
them to the surface of carriers may reduce their targeting activity
and efficacy.44–46 Besides, nucleic acid drugs may detach from the
carriers during transportation in the body since the electrostatic
adsorption is not stable in the complicated physiological
environment.47,48 Therefore, new carriers and/or loading strategies
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need to be developed to achieve effective loading of these
mentioned drugs.

In biological systems, most of the information exchanges
occur based on the specific interactions between molecules. For
example, enzymes recognize their corresponding substrate;49

DNA and RNA exchange information through complementary
base pairing;50,51 the COVID-19 virus infects the host through
the binding ACE2 receptor.52 Similarly, most drugs have
specific binding regions in the targeting molecules.53–55 For
example, doxorubicin (a chemotherapeutic drug), which inserts
into the double-strand of DNA molecules,54 and lidocaine (a
local anesthetic) binds the inner site of sodium ion channels.55

These specific interactions have inspired researchers to construct
DDSs using peptide and nucleic acid motifs selected from drug
targeting regions, which may achieve specific drug loading.56

This review will introduce two major specific interaction-based
drug loading strategies (Scheme 1): (1) a strategy inspired by the
interactions between drugs and their targets, and (2) a strategy
inspired by the interactions from life processes, and this work is
expected to provide insights for nanoscale DDS construction.

2. Construction of DDSs inspired by
the interactions between drugs and
their targets

Typically, the binding between drug molecules and their targets
occurs due to a matching structural region,53 generating multiple
supramolecular interactions such as hydrogen bonds, hydropho-
bic forces, and electrostatic interactions,54 which is crucial for
achieving drug efficacy. Extracting motifs of the regions (e.g.
peptides or nucleic acids) that interact with drugs to construct
drug carriers, holds great possibility to achieve specific loading

and sustained release of the drug. For instance, Ji et al. selected
peptide sequences from the binding site of tetrodotoxin (TTX)
(Fig. 1A and B) with a sodium ion channel protein to construct
the drug carrier that can improve the TTX loading efficiency.56

However, since the selected peptide sequences were hydrophilic,
directly mixing them with TTX in the solution resulted in low
probability to generate supramolecular interactions, making it
difficult to load and control release TTX. By modifying the
binding sequences with hydrophobic domains (fatty acids or
hydrophobic amino acids), the constructed amphiphilic peptides
could self-assemble into nanofibers. The hypothesis was that the
enrichment of the binding sequences to the nanoscale structure
might facilitate supramolecular interactions between the binding
(peptide) sequences and TTX (Fig. 1C). Nonetheless, the interac-
tions between binding sequences could affect TTX loading, and
only large volumes of hydrophobic modifications (modification
with hydrophobic amino acids) (Fig. 1D) can effectively avoid
excessive interactions of binding sequences themselves (as
shown in Fig. 1E, with less b-sheet conformation detected using
the circular dichroism spectrum), so that the TTX could bind to
the nanostructures and then got the controlled release effect
(Fig. 1F). Mutating key amino acids or scrambling the binding
sequence would also affect the nanofibers to bind TTX, indicating
that the nanofibers from the optimized group had specificity in
binding TTX. In addition, the nanofibers could compete with
TTX primary antigens in ELISA kits (in binding TTX) (Fig. 1G),
which further showed the TTX binding belonged to a specific
interaction. This designed nanocarrier could provide 16 h local
anesthesia, which is seven times longer than that of free TTX, and
the therapeutic index was significantly expanded as well.

For more examples, Li team developed nanoparticles by
assembling doxorubicin, siRNA and iron ions (Fig. 2A), enabling
the efficient co-delivery of doxorubicin and nucleic acid drug
(Fig. 2B and C).57 In this nanosystem, doxorubicin could stabilize
the nanoparticle, possibly because of the specific interactions of
nucleic acid molecules with doxorubicin. Similarly, Ding’s group
used a DNA origami nanosystem to effectively load doxorubicin
(Fig. 2D) for cancer treatment.58

3. Drug carrier design inspired by
specific molecular interactions from
life processes

Almost all life processes rely on the specific molecular interactions
among biomolecules in organisms, such as antibody–antigen
recognition, and the complementary base pairing of nucleic
acids.50,59,60 These interactions can be applied in the design of
DDSs. For instance, B7-33 is a peptide drug having anti-fibrotic
properties through targeting relaxin-receptors and block their
interaction with TGF-b.61 However, its hydrophilicity and short
half-life in the body limit the therapeutic efficacy. If B7-33 is
encapsulated in a carrier, its targeting capability will be shielded,
and hydrophobic modifications (such as conjugating with a fatty
acid) may compromise its function. To overcome these issues,
Zhang et al. added the cRGD sequence to the end of the B7-33

Scheme 1 Schematic illustration of the content of this mini-review. The
specific interactions for drug loading can be from (1) drugs and their
targets, such as tetrodotoxin with a sodium channel and doxorubicin with
DNA molecules, and (2) biomolecular recognition, such as complementary
base binding and ligand–receptor recognition.
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(forming RGD-B7-33), which did not affect the anti-fibrosis efficacy
of B7-33.44 With the cRGD sequence, the RGD-B7-33 could be
loaded onto the human umbilical vein endothelial cell (HUVEC)
cell membrane derived nano-carriers through the specific interac-
tions of cRGD with integrins (overexpressed on the HUVEC
membrane) (Fig. 3A). This approach effectively prolonged the
circulation time of B7-33 in the body, and improved its inhibition
of fibrotic microenvironment caused by the activated liver stellate
cells (Fig. 3B and C), and thereby effectively inhibiting pancreatic
cancer liver metastasis.

Ding’s group extended the 30 end of siRNA with a specific
base sequence that can interact specifically with the corres-
ponding DNA sequence (pair with the siRNA) modified cyclo-
dextrin, resulting in a multifunctional assembly (Fig. 3D).63

These nanoparticles could target tumors and achieve lysosomal
escape. Subsequently, the DNA sequences of siRNA and mRNA
antisense chains can work synergistically to silence the tumor-
specific gene (PLK1), achieving the enhanced anti-tumor effect.

4. Discussion and perspectives

Previous reports have shown that nanomaterials containing
toxin/protein receptors can be used to remove toxins/virus.64–69

For instance, Zhang’s group coated neuronal cell membranes
to PLGA nanoparticles to construct a nanosponge that specifi-
cally neutralized neurotoxins, because the neuronal cell
membrane contained large amount of neurotoxin receptors
(ion channel proteins).68 They also used nanosponges rich in
ACE2 to neutralize the SARS-CoV-2 virus, significantly reducing
the risk of host cells being invaded by the virus.69 Actually,
these strategies hold the same theory of this mini-review.

Extracting the binding sequences to construct drug carriers
seems a simplified strategy compared to preparing cell membrane
derived nanomaterials. However, it poses several major challenges.
Firstly, the conformation of the binding (peptide) sequences may
be difficult to maintain after they are detached from the proteins,
making it hard to establish a relatively strong supramolecular
interaction with the drug. Secondly, even if the constructed

Fig. 1 Ion channel derived nanocarrier design and its specific loading for tetrodotoxin (TTX). (A) Molecular structure of TTX. (B) Sodium ion channel and
the binding site, key binding sequences (P1 and P2) with TTX. (C) Schematic illustration of the hydrophobic modified peptides (MP1 and MP2) self-
assembly and TTX binding. (D) Molecular structures of the optimized amphiphilic peptide pair (fFFF-P1 and fFFF-P2). (E) Conformation of each peptide
group detected using the circular dichroism spectrum. (F) TTX release profile of each formulation. (G) Competitive binding (peptide assembly with a TTX
primary antibody) experiment carried out though ELISA kit. This figure has been adapted from ref. 56 with permission from Springer Nature, copyright
2021.
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nanocarrier can generate strong supramolecular interactions with
the drug, the actual binding manners are extremely challenging to
be directly characterized. Thirdly, the binding of the drug with its
target may be contributed by multiple of peptide sequences, so
that the constructed carrier (if only one or two binding sequences
is included) cannot provide sufficient interactions to effectively
load the drug. Fourthly, it is challenging to avoid interactions
between peptide sequences themselves in the nanoscale space
when constructing the drug carrier, and if the inner supramole-
cular interaction of the carrier is too strong, it would be hard for
drugs to load on the carriers.

Despite these challenges, the existing work (highlighted in
this review) has demonstrated the feasibility of constructing
carriers based on specific interactions. We believe that well-
designed experimental control groups (providing enough mole-
cular candidates for screening), coupled with computer simula-
tion (or artificial intelligence)-assisted optimization, can promote
the applications of this drug loading strategy. By taking experi-
ments, we can screen out the carrier with the best drug-controlled
release effect by adjusting or mutating the peptide sequences; by
using computer simulation, we can screen out the drug–carrier
pair with the lowest binding energy by docking the drug molecule
with the carrier molecule.

Of course, all the applications of DDSs must always follow
the principles of safety and effectiveness. In fact, the binding of
drugs with their targets, as well as the binding with carriers, are
in a dynamic process after the DDSs are administered into the
body. If the interactions of the drug with the carrier are too
strong, the released drug may not reach the effective dose.

In contrast, if the drug is released too rapidly (the interactions
between the drug and the carrier are too weak), it may generate
side effects. Therefore, the in vivo safety and effectiveness are
the most important criteria for DDS evaluation.

Compared to carrier design based on drug–target inter-
actions, using receptor–ligand inspiration for carrier design
presents fewer challenges. The main challenge might be the
scale-up production of the carrier, which is the common
challenge faced by most nanoscale drug formulations. Besides,
relatively strong supramolecular interactions would occur
between two different types of drug molecules, and these two
drugs could form nanostructures through self-assembly.70 This
phenomenon probably is induced by some specific interactions
between two drugs. However, most of these interactions are
driven by hydrophobic forces. Thus, we did not include this
field in this work.

In summary, this mini-review introduced a drug loading
strategy that relies on specific interactions, which may offer
feasible references for constructing the DDSs for some special
drugs, such as the super hydrophilic drugs with narrow
therapeutic index.
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Fig. 2 Nucleic acid materials for doxorubicin (DOX) loading. (A) Schematic
illustration of the co-assembly construction. (B) Drug loading content
(DLC) of DOX (red line) and G3139 (black line). (C) Drug loading efficiency
(DLE) of DOX and G3139 in the NPs with different added ratios of DOX:
G3139 during the assembly. (D) The construction of DOX loaded DNA
origami structure. (A) and (B) have been adapted from ref. 57 with permis-
sion from Wiley-VCH, Copyright 2019, (D) has been adapted from ref. 58
with permission from Wiley-VCH Copyright 2020.

Fig. 3 Construction of drug carriers inspired by specific molecular inter-
actions from life processes. (A) Illustration of the construction of the
ligand–receptor interaction-based therapeutic peptide (B7-33) delivery
system (B7-33-HNPs). (B) The anti-fibrotic mechanism of B7-33-HNPs.
(C) The in vitro anti-fibrotic efficacy evaluation of different formulations.
The red dashed box showed that the function of B7-33 was not reduced
after cRGD sequence modification. (D) Construction of the co-assembly
from the specific interaction of branched antisense and siRNA. FA: folate
for targeting; HA: influenza hemagglutinin peptide for endosomal escape.
(A)–(C) have been adapted from ref. 44 with permission from Wiley-VCH,
Copyright 2022, (D) has been adapted from ref. 62 with permission from
Wiley-VCH, Copyright 2020.
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