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Nanoparticles (NPs) have emerged as valuable tools for various biomedical applications; however, their applications are often
limited due to a lack of specificity which leads to adverse side effects. The functionalization of NPs with ligands offers many
benefits: improved biocompatibility, extended circulation times, facilitated active targeting, improved receptor-mediated uptake,
and induced cellular responses. These benefits are useful in overcoming the drawbacks of bare NPs. This paper reviews ligands
commonly employed for NP decoration, discussing their general functionalities and the impact on NP performance. It further
reviews how ligand valency and diversity affects the ligands and NP’s properties. Ligand valency enhances receptor engagement,
cellular uptake, and overall therapeutic efficacy; too many ligands on the NP surface may lead to molecular crowding, resulting
in limited functionalities. Ligand diversity is a valuable tool to create multifunctional nanoparticles. Functionalized with diverse
ligands, nanoparticles can have simultaneous targeting, stabilization, imaging, and controlled drug release. These benefits
are valuable for the development of the next generation nanoparticle systems for biomedical applications. The paper further
highlights the significant translational barriers faced by ligand-modified nanoparticles.
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Introduction

Significant breakthroughs have been made in the develop-
ment of drugs, however, drug delivery challenges such as poor
biodistribution, non-selectivity, undesirable side effects and
low efficiency, still arise1. To overcome these limitations, re-
search is focused on developing nanoparticle (NP) delivery
systems that can carry high loads of therapeutic molecules,
control when and where these molecules are released, while
providing further functionalities (i.e. specificity, diagnostics).
According to the National Library of Medicine, NPs are struc-
tures of sizes ranging from 1 to 100 nm2. Currently, there
are over fifty Food and Drug Administration (FDA) approved
nanotechnology-based products in clinics2. Of these, Doxil
is the first clinically approved NP system3. It is a PEGy-
lated liposomal formulation of the anticancer drug doxoru-
bicin. It leverages the NP to reduce systemic toxicity while
using a biocompatible polyethylene glycol (PEG) coating to
improve bioavailability and passive drug delivery via the en-
hanced permeability and retention (EPR) effect commonly as-
sociated with cancer3. Beyond targeted drug delivery, NPs
have gained attention for hyperthermia treatment, photoabla-
tion therapy, bioimaging, and biosensors, among others4.

NPs have emerged as valuable tools in biomedicine because
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their small size results in an increased surface-to-volume ratio,
granting them unique properties in comparison to the bulk ma-
terial: enhanced reactivity and multivalent interactions5. For
instance, with their relatively large functional surface, NPs
have unique catalytic properties and can bind, absorb, or carry
other compounds such as capping agents, functional ligands,
drugs or proteins6. Moreover, the small size of NPs can permit
them to cross biological barriers such as the blood-brain bar-
rier7, enter the pulmonary system8, and facilitate their uptake
through the endothelial cells of the skin9. By adjusting their
size, shape, and composition NPs can be easily tailored for
specific functions10. For example, drugs of different physical
properties are preferentially encapsulated in NPs of different
material compositions11. By tailoring their material and sur-
face chemistry, NPs can be engineered not only to encapsulate
diverse drugs but also to transport and release them effectively
at specific sites in the body12.

The classification of NPs can be based on their material
composition into three main categories: organic, inorganic,
and hybrid NPs. They can be further classified into the spe-
cific molecules used for their assembly, such as lipid-based,
polymeric, protein-based, and carbon-based among others13.
This vast array of materials leads to unique surface properties
that can be tuned for particular applications. However, that
also means that the NPs may react very differently to certain
environmental conditions and require material specific chem-
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istry to achieve particular surface modifications.
Despite having many possible applications and benefits,

bare NPs have their drawbacks. This includes immunogenic-
ity14 and a lack of specificity15. Immunogenicity is caused
when the immune system recognises the NPs as foreign and
generates antibodies or other immune responses against them.
This can result in rapid clearance of NPs, reducing their ther-
apeutic effectiveness16. The immunogenicity response gener-
ated by NPs may also be detrimental to the host, thus limiting
their clinical translatability. If the therapeutic product elicits
neutralizing antibodies that exhibit cross-reactivity with the
homologous endogenous protein, these antibodies may also
neutralize the physiological activity of the native protein14.
For instance, the antibodies formed in response to recom-
binant erythropoietin (Eprex©) resulted in the neutralization
of endogenous erythropoietin, resulting in pure red-cell apla-
sia14. Furthermore, NPs that are bare or unmodified lack
specificity, causing them to bind to the wrong locations, re-
sulting in off-target effects17. These limitations can be over-
come by the incorporation of surface modifications with lig-
ands such as stealth layers and targeting moieties. PEGyla-
tion is an example of a stealth layer that is widely used to
improve NP hydrophilicity, extend circulation time, and pre-
vent them from the uptake of phagocytic cells18. Moreover,
NPs can be designed to target specific cell surface receptors
by carrying ligands such as binding peptides19, and antibod-
ies20. The type, number and diversity of these ligands, how-
ever, are key factors that ultimately determine how successful
the nanoparticle-based treatment will be.

This paper reviews ligands commonly attached to NP sur-
faces and their role in enhancing therapeutic efficacies. It
specifically provides a comprehensive review for the effects
of ligand diversity and valency on NPs performance. Herein,
a ligand is defined as any molecule that is linked to the sur-
face of a NP to add further functionalities. Example ligand
decoration confirmations that are covered in the paper are il-
lustrated in Figure 1. Abbreviations used throughout this re-
view are listed in Table 1. The paper is of high relevance for
researchers that work across disciplines to develop NP treat-
ments that overcome limitations associated with toxicity, in-
sufficient specificity, limited functionality, and reproducibility
that still limit clinical translation of NPs. Lastly, the design
and limitations of current NP decoration approaches are criti-
cally reflected and the future directions necessary to overcome
these hurdles are discussed.

Methods

Relevant literature was identified through systematic searches
of PubMed, Google Scholar, Scopus, Nature, and Ameri-
can Chemistry Society databases using keywords related to
nanoparticles, drug delivery, ligand valency/diversity, multiva-

Figure. 1 Schematic representation of nanoparticle (NP) surface dec-
orations distinguishing between ligand valency and diversity. Ligand
valency describes the number of provided ligands on the NP’s sur-
face which can be for instance: a) NP surface functionalised with a
single ligand, b) NP functionalized with multiple ligands of the same
type directly to the NP surface, or c) Multivalent ligand, where lig-
ands attach to a scaffold molecule, functionalized on the NP surface.
Additionally, d) NPs can also be functionalized with multiple differ-
ent types of ligands to achieve multifunctionality. This Figure was
created using BioRender and Canva.

lency, receptor density, and targeting specificity. Studies were
included if they were peer-reviewed, in English, published
after 2000, and were research or review articles. Excluded
were editorials, conference abstracts, non–peer-reviewed or
non-English papers, and studies lacking sufficient experimen-
tal controls. Titles and abstracts were screened for relevance,
followed by full-text assessment of eligible studies (see Figure
2).

Discussion

Role of Ligands in Enhancing Therapeutic Effi-
cacy of Nanoparticles

Ligands have emerged as valuable tools in nanomedicine to
enhance therapeutic efficacy of NPs. They are often explored
as a surface modification of NPs to stabilize them, enhance
biocompatibility, to protect them from biological fluids en-
countered in the body, or to enhance their general function-
ality. NPs are typically functionalized with ligands through
one of two general approaches: post-synthesis modification,
where ligands are chemically or physically absorbed on the
NP after formation, or pre-synthesis incorporation where lig-
and moieties are integrated with NP components before for-
mation21. Ligands used for NP decoration can be classi-
fied by their functions and composition. Based on function-
ality, ligands can be classified into capping agents, target-
ing, therapeutic, and diagnostic categories. By composition,
ligands can be classified into biomolecules22 (such as small
molecules23, peptides24, proteins25, nucleic acids26, saccha-
rides27) or synthetic molecules28 (such as organic compounds
and polymers). These materials are chosen for their unique
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Figure. 2 PRISMA flow diagram showing study selection. A to-
tal of 22,700 records were identified from PubMed, Google Scholar,
and Web of Science. After title and abstract screening, 424 records
remained for full assessment, and 22,276 were excluded. Full texts
were sought for 138 studies, while 286 could not be retrieved. Of
those assessed for eligibility, 22 were excluded (8 not peer-reviewed,
10 published before 2000, 4 with insufficient controls). Ultimately,
94 studies met the inclusion criteria and were included in the review.
The diagram was adapted from the PRISMA 2020 framework (Page
et al., 2021).

ability to interact with or ignore biological systems.
For NP stability and protection, ligands are currently widely

applied as capping agents to prevent aggregation, degrada-
tion, and enhance biocompatibility29. Capping ligands di-
rectly link to the crystalline lattice of the nanoparticle sur-
face. For biological applications they are most commonly
water-soluble non-ionic polymeric molecules, such as the well
known molecule PEG, that are used to reduce NP interac-
tions with biological systems, thus evading clearance by the
immune system and increasing circulation times29. Addi-
tionally, polymer-based ligands were previously explored to
make NPs more stable, biocompatible, and target-specific30.
Modifications with capping agents such as PEG have already
achieved clinical approval as shown with the previously dis-
cussed NP-based drug delivery platform Doxi13. Similarly,
Poly(2-oxazoline) (POx) decoration is also explored for in

vivo applications to protect NPs from the immune system31.
Furthermore, ligands are explored to add further function-

alities to NPs such as active targeting32. Through active tar-
geting, off-target effects can be minimized, thereby increasing
the therapeutic index of nanoparticle-based treatments. Tar-
geting ligands are biological molecules designed to recog-
nize and bind to specific receptors or biomarkers on cells,
allowing NPs to be directed precisely to their target sites33.
One type of targeting ligands are aptamers, single stranded
oligonucleotide sequences that fold into a 3D structure giving
them properties to bind with high affinity and specificity to-
wards a specific target among a wide range of target molecules
including drugs, proteins, and other molecules34. They are
experimentally selected in the lab for a specific target and
they are used for applications based on molecular recogni-
tion as analytical, diagnostic, and therapeutic tools because
they are small, highly sensitive, biodegradable and generally
non-immunogenic34. For example, arrow-shaped RNA NPs
were decorated with different types of DNA based ligands, so
called aptamers, to assess targeting specificity35. The RNA
NPs conjugated with aptamers binding to epidermal growth
factor receptor (EGFR) specifically target breast cancer cells
that overexpress EGFR35. Similarly, when the NPs were
conjugated with aptamers binding to prostate-specific mem-
brane antigen (PSMA), they targeted prostate cancer cells
overexpressing PSMA. This illustrates how ligands on NP sur-
faces can be utilized to selectively target diseased cell types.
Furthermore, it has been demonstrated that Wy5a aptamer-
functionalized PLGA-PEG NPs selectively target castration-
resistant prostate cancer cells, enhancing uptake and inhibit-
ing tumor growth36. In addition, small-molecule ligands, low
molecular weight compounds, are often used as targeting lig-
ands. Examples include folic acid37 to target lung cancer cells
and mannose38 to target the bone marrow microenvironment.
Folic acids bind to folate receptors, often overexpressed on
cancer cells. NPs functionalized with folic acid have demon-
strated enhanced receptor-specific uptake in different tumor
models39,40. Sugars are often used on the NP surface to bind to
sugar-recognizing receptors, such as lectins41. They enhance
cellular uptake, improve biocompatibility, and can influence
intracellular delivery of drugs or other payloads. This makes
sugar-functionalized nanoparticles more effective and safer
for targeted therapy and biomedical applications. Proteins are
also used as targeting ligands. Antibodies are prime exam-
ples as they are naturally produced by the immune system to
recognize and bind specifically to their targets. For example,
the ligand anti-HER2 monoclonal antibody trastuzumab can
be immobilized on iron oxide NPs to target human epidermal
growth factor receptor 2 (HER2)-positive breast cancer42.

Therapeutic ligands go a step further by modulating biologi-
cal functions to exert therapeutic effects. Ligands are useful in
triggering signaling cascades43. For instance, gold NPs func-
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tioned with epidermal growth factor (EGF) as a ligand were
found to trigger second-messenger production and reactive
oxygen species (ROS) as well as enhance receptor phosphory-
lation in cells overexpressing EGFR, initiating signalling cas-
cades43. Ligands can also induce receptor-mediated endocy-
tosis44. Receptor-mediated endocytosis is when a nanoparti-
cle binds to cell receptors and is engulfed by the membrane
for targeted cellular uptake, making it useful for drug deliv-
ery. Oftentimes, peptides, short strings of amino acids linked
together by peptide bonds that act in the human body as mes-
sengers45, building blocks46, and regulators47, are used as
therapeutic ligands. Since many natural cellular processes
such as receptor recognition and signal transduction rely on
peptides, they can be immobilized on the NP surface to en-
dow additional biological functionalities or to enhance exist-
ing ones by mimicking or modulating natural biological in-
teractions. Peptide-based ligands help NPs bind to recep-
tors or penetrate cells48 and are commonly used to target
cancer cells and tumor vasculature due to their low produc-
tion cost, stability, and ease of conjugation to NP surfaces49.
Typical peptide-based ligands include the cell adhesion mo-
tif Arginylglycylaspartic acid (RGD), which targets integrin
αvβ3 to induce receptor-mediated endocytosis via clathrin-
or caveolae-dependent pathways50, and the Trans-Activator of
Transcription (TAT) peptide, a cell-penetrating peptide (CPP)
that enhances direct cytoplasmic delivery through endocyto-
sis followed by endosomal escape, without causing cytotox-
icity51. Similarly, antibodies can also initiate downstream
signaling42,43. This is caused by signal transduction, a pro-
cess in which initial receptor activation is relayed from the
cell surface to the nucleus through molecular interactions and
biochemical reactions of the signal transduction cascades42.
Therapeutic effects triggered by ligand-receptor interactions
have been demonstrated by the binding of trastuzumab half-
chains fixed on a magnetic iron oxide particle to HER2 re-
ceptors42. This resulted in site-specific phosphorylation in the
catalytic domain of the receptor and cellular uptake by endo-
cytosis, leading to induced p27kip1 expression and cell cycle
arrest in G1 phase.

Certain surface-conjugated ligands are classified as diag-
nostic ligands because they facilitate nanoparticle tracking or
imaging, which can support diagnostic outcomes52. Imaging
ligands enable the visualization of specific cells by binding
to target receptors. For instance, iron oxide NPs conjugated
with EDB-specific aptides can be used in magnetic resonance
imaging for cancer.

Importance of Ligand Multivalency on Nanoparticle Per-
formance

NPs are generally designed to carry multiple ligands to protect
the entire surface or to enhance the chance of interactions with

targets. Ligand multivalency in nanomedicine refers to the
presence of multiple ligands on a single NP (Figure 1b), allow-
ing simultaneous interactions with multiple receptors or bind-
ing partners on a single cell. Multivalent interactions are dis-
tinguished from monovalent interactions by their high affinity
and relatively slow dissociation kinetics53. Specifically, favor-
able enthalpic conditions from multiple interactions overcome
the entropic penalties associated with constraining ligands and
multivalent binding54. Multivalency plays an important role in
enhancing the NP affinity for their target, increasing the gen-
eral chance of interactions, enhancing binding avidity, and ele-
vating cellular responses54. Ligand affinity is the strength of a
single interaction with its receptor while avidity describes the
total strength of multiple interactions, which increases with
the ligand count that can interact with a target, such as the cell
surface. To achieve multivalency effects, NPs can be deco-
rated either with multiple individual ligand molecules or with
ligands conjugated to a scaffold molecule55 (Figure 1c). Typ-
ically, the number of ligands is controlled by adjusting the
composition mixture containing ligand-modified and unmod-
ified molecules that either self-assemble into a nanocarrier or
absorb at the surface of NPs56.

An example of a multivalent interaction in nature is the in-
teraction between a virus and its target cell. This is seen in
the Murid Herpesvirus 4 (MuHV-4) which uses many gly-
cosaminoglycans to bind to a cell’s surface to provide a strong
initial attachment57. Once the first ligand of a multivalent NP
binds, it is tethered near the surface, allowing remaining lig-
ands to have a higher local concentration of receptors to bind
to57. In research this phenomenon is exploited to improve NP
performance by decorating them with multiple ligands. Mul-
tivalency amplifies functional binding by increasing apparent
affinity and enabling super-selectivity58. Super-selectivity is
the rapid growth in the binding probability as a function of the
number of ligands and receptors on the two multivalent ob-
jects the NP and its target cell, respectively58. Even if the
affinity of a single bond is low, the overall avidity can be
much stronger. This is observed, for example, when multi-
valent folic acid–dendrimer conjugates bind to folate recep-
tors59. The resulting enhanced binding also improves target-
ing specificity. For instance, iron oxide NPs conjugated with
multiple half-chains of trastuzumab have been shown to en-
hance selective binding to HER2-expressing cancer cells42.
Ligand multivalency can also enhance cellular responses, as
binding of a multivalent particle can cluster multiple receptors,
thereby initiating downstream signaling43. Receptor cluster-
ing often activates cellular responses such as the endocyto-
sis pathway to signal a cell to engulf the particle43. On top
of that, multivalent ligands can also modulate receptor traf-
ficking. This was demonstrated in a study that used LRP1-
targeted polymersomes, Angiopep-2, to target LRP1 recep-
tors on blood–brain barrier (BBB) endothelial cells60. LRP1
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receptors are the main receptors for exporting Aβ from the
brain. The multivalency of the polymersomes modulate LRP1
receptor trafficking, forcing it into the transcytosis pathway
and upregulating its cellular expression. Thus, the efflux of
Aβ from the brain into the bloodstream was significantly en-
hanced.

The number of ligands, distribution and their orientation on
the NP affect the performance. Research has revealed that cell
surface receptors recognize the different spatial characteristics
of ligands as well as the types of ligands61. An increase in lig-
and density can improve the NP targeting specificity; although
this is not always the case55. There is, however, an optimal lig-
and density to facilitate NP targeting and uptake that depends
on the NP system, the ligand being studied, and the applica-
tion62. For instance, in a study using superparamagnetic iron
oxide NPs functionalized with HER2/neu ligands, the optimal
ligand density range to amplify cell binding was found to be
around 23 ligands per NP62. In contrast, liposomes conju-
gated with folate ligands were found to have an optimal lig-
and density of 0.5 - 2.0 ligands per 100 nm2 of the liposome
surface for cell targeting capabilities63. In that same study
transferrin and HER2-antibody ligands were found to have an
optimal ligand density of 0.7 and 0.2 ligands per 100 nm2, re-
spectively. In general, if the density is too low, the NP will
weakly interact with the target. Likewise, low receptor den-
sity on the cell also negatively impacts targeting efficacies62.
If the ligand density is too high, the NP surface will be over-
crowded and steric hindrance will occur preventing sufficient
interactions with the target55.

Increased ligand density can also initiate receptor cluster-
ing by binding multiple receptors simultaneously and bring-
ing receptors into closer proximity64. The spatial concentra-
tion of receptors within clusters enhances cooperative signal-
ing by increasing the local density of signaling intermediates
and prolonging receptor activation times. This creates “hot
spots”, localized regions of high receptor activity which for in-
stance can promote receptor-mediated endocytosis by increas-
ing the likelihood of internalization through signal amplifica-
tion64. Thus, ligand density can impact receptor-mediated en-
docytosis through its effect on receptor clustering. Following
clustering, receptors often undergo conformational changes,
phosphorylation, or other activation events that recruit adapter
proteins and downstream signalling molecules to the intra-
cellular domain of the receptor. This process activates sig-
nalling cascades, resulting in amplified intracellular signaling
responses. Ligand density can also improve apparent avidity,
the overall effective binding strength that emerges from mul-
tiple ligand-receptor interactions together65. Apparent avidity
increases non-linearly with ligand number. Importantly, there
is a threshold number for where the avidity will increase. Be-
low this threshold, there is weak binding. Above this thresh-
old, avidity will sharply increase. The threshold level, how-

ever, is not generalisable across systems.
Beyond ligand density, orientation of the ligands play a

role in the uptake of the NP. In a study using benzoboroxole-
modified core–shell magnetic NPs fabricated with the ligand
transferrin (Tf), it was seen that the ligand orientation af-
fected the cellular uptake of the NP66. In this study, they con-
cluded that if Tf were attached using the orientation conjuga-
tion method (ensuring that the binding site is facing a specific
direction), the cellular uptake greatly increased. This demon-
strates that if the ligand’s binding site is poorly oriented (ie.
buried), the uptake of the NP will be inhibited. Furthermore,
researchers discovered that NPs with homogenous ligand dis-
tribution are most efficiently wrapped by cell membrane, as in-
homogeneous distribution of ligands may increase activation
energy and reduce uptake efficiency67. However, the selec-
tivity of a NP can also be manipulated to enhance selectivity
by grafting an inert flexible polymer to the surface of a NP68.
Since the polymers take up space, they physically block other
molecules. This leads to excluded volume interactions. As
a result, the particle is less likely to bind to areas with low
receptor density, making it more selective69.

Despite their many benefits, multivalent ligand decorations
also have their drawbacks. This includes overcrowding, re-
duced mobility of ligands, and non-specific binding54. If too
many ligands are placed on the NP surface, they can begin
to interfere (hinder) with each other, reducing binding effi-
ciency. On top of that, ligands may adopt unfavorable orien-
tations or be partially shielded, preventing effective receptor
engagement. Furthermore, multivalency can lead to reduced
mobility of ligands. If ligands are packed too close together,
they cannot move freely, impeding their binding efficiency54.
Therefore, it is required to design NP decorations that provide
a sufficient number of ligands while preventing crowding that
impedes the ligand functionalities. The optimal density, local
distribution, and orientation of ligands on the NP surface will
vary with ligand type, NP system, and the target and therefore
cannot be generalised among applications. A summary of key
studies investigating ligand multivalency and their effects on
nanoparticle targeting and uptake is provided in Table 2.

Effect of Ligand Diversity on Nanoparticle Performance

The previous section examined the effects of ligand valency
on the performance of NPs in biomedicine. This section fo-
cuses on the decoration of NPs with multiple ligands of dis-
tinct functions (Figure 1d and Figure 3), referred to here as
ligand diversity, along with a discussion of current research
in this area and its impact on NP performance. Ligand diver-
sity enables NPs to be multifunctional. An ideal NP should
remain stable, resist undesirable degradation, avoid triggering
unwanted immune responses, and selectively target the dis-
ease site while minimizing side effects. In addition, it should
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be capable of delivering multiple therapeutic effects and, ide-
ally, incorporate diagnostic functionalities to facilitate disease
monitoring. These goals could be partially realized by incor-
porating multiple distinct ligands on the NP surface, each en-
gineered to fulfill a specific function. It has been seen that
ligand diversity allows NPs to be multifunctional with the de-
velopment of theranostic NPs69. A theranostic NP combines
diagnostic and therapeutic capabilities in a single NP, and has
the potential to be valuable for cancer treatment. In a ther-
anostic NP, each ligand (capping, therapeutic, and targeting)
carries out a specific function. Capping ligands form the first
layer directly interfacing with the crystalline lattice of the NP
core; it influences the NP’s surface chemistry and physical
properties. Then, therapeutic drugs are loaded onto the NPs.
Finally, targeting ligands are added to seek and bind to re-
ceptors. This demonstrates that the use of multiple ligands
enables NPs to have multiple functions. Furthermore, ligand
diversity can enhance NP targeting. This is illustrated in multi-
ligand NPs that target metastasis70. Metastasis displays a het-
erogeneous cellular population; thus, single-ligand NPs can-
not account for the constantly changing biomarkers of metas-
tasis. To overcome this, NPs can be conjugated with mul-
tiple types of ligands (ex. αvβ3 integrin, P-selectin, EGFR
and fibronectin) that target biomarkers on the endothelium
associated with metastatic disease. The use of ligand diver-
sity is also valuable in the design of nanoparticle-based vac-
cines, particularly for viruses that rapidly mutate and produce
multiple antigenic variants71. For example, A quadrivalent
mosaic nanoparticle vaccine displaying receptor-binding do-
mains from four SARS-CoV-2 variants elicited a broad neu-
tralizing response72. Moreover, ligand diversity can improve
controlled drug release. The incorporation of different types of
ligands can decrease premature release of loaded drugs as dif-
ferent types of ligands, such as capping ligands, can be used
to increase the surface stability of the NP28. Ligand diver-
sity also allows for sequential release. For instance, a NP can
be conjugated with two ligands, only releasing the drug when
both of the ligands are aggregated73. Therefore, improving
the controlled drug release of the NP. Ligand diversity, how-
ever, also has its drawbacks. This includes steric hindrance,
where ligands interfere with each other when packed onto a
NP’s surface54. This can be overcome by the use of ligand-
switchable NPs, which expose or hide different ligands de-
pending on environmental factors such as pH74. For exam-
ple, NPs modified with a pH-responsive stretchable CPP and
a liver-targeting moiety, galactose (Gal), have been demon-
strated to have effective intestinal absorption and hepatic de-
position of insulin74. The acidic environment of the stomach
triggers the extension of pH-responsive stretchable CPP, en-
abling the NP to traverse barriers. In the bloodstream and
liver, the CPP folds back up and the Gal ligand can extend
and bind to target receptors. This illustrates how environmen-

tally responsive ligand-switchable NPs can overcome mutual
interference. On top of that, challenges may arise when try-
ing to conjugate multiple types of ligands onto the NP sur-
face. Different ligands may require different chemical linkers
or coupling methods and multiple attachment chemistries may
cause cross reactivity or heterogenous coverage. Moreover, if
too many ligands are added to the surface, the design of the
NP may become too complicated, negatively affecting parti-
cle production and reproducibility. Key studies demonstrating
the impact of ligand diversity on nanoparticle multifunction-
ality and therapeutic performance are summarized in Table 3.

Figure. 3 Schematic representation of multifunctional lipid-based
NP enabled by ligand diversity. The exemplary nanoparticle (NP)
system is surface functionalised with three example ligands: target-
ing through attached antibodies, theranostic ligands for detection and
therapeutic purposes, and capping ligands for NP stability and pro-
tection. This Figure was created using BioRender and Canva.

Future Directions and Clinical Relevance

Three decades ago the first NP-based drug delivery platform
Doxil was approved for clinical use3. It encapsulates the
chemotherapy drug doxorubicin in a lipid bilayer (liposome).
The lipid bilayer is coated with PEG to improve the liposomes
stability, extend the drugs circulation time and reduce car-
diotoxicity while maintaining antitumor efficacy3. The sec-
ond major NP formulation approved for cancer treatment was
Abraxane in 200575. Abraxane, a protein-bound paclitaxel
formulation, improves drug solubility and safety while main-
taining therapeutic efficacy. More recently, NPs have again
gained attention with the widely used mRNA COVID-19 vac-
cines, where lipid shells protect fragile mRNA molecules, fa-
cilitating cellular uptake, and enabling efficient antigen ex-
pression76. Currently, there are over fifty FDA approved
nanotechnology-based products in clinics77. Of these, around
23% are lipid-based NPs and around 16% NPs are surface
modified with the ligand PEG (calculated from Patra et al.
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2018). Together, these clinically validated NP systems high-
light how NP formulations can significantly enhance the ther-
apeutic index of drugs. Although these clinically approved
NP systems have demonstrated their benefits, they still have
limitations as they rely mainly on passive targeting, which de-
pends on nonspecific physiological factors such as the EPR
which mainly plays a role in cancer treatment. Many NPs in
clinical use incorporate surface modifications using capping or
“stealth” layers designed primarily to enhance particle stabil-
ity and biocompatibility. The predominance of stealth layers
in clinically approved NPs and absence of active ligands that
mediate biological functions reflects the challenges of trans-
lating other ligand-mediated functionalities into clinics.

By switching to active functionalities such as targeting cells
with disease markers such as overexpressed receptors, drug
delivery can become more precise, improving accumulation
at the disease site and reducing systemic toxicity22. Beyond
targeting ligands, a variety of ligands can be used to design
multifunctional NPs with enhanced control over targeting, cir-
culation, and biological interactions. Moreover, by tailoring
NPs to individual patient needs, it would become possible for
the synthesis of patient-specific nanomedicines that address
inner-patient variability in receptor expression, metabolism,
and immune response. Customized surface decorations can
exploit disease specific microenvironments, such as receptor
overexpression or pH changes, to enable selective accumula-
tion and controlled release. However, many factors make the
use of “active” ligand decoration challenging to implement re-
liably. For example, NPs often face the issue of opsonization,
leading to protein corona formation when exposed to a bio-
logical environment. Opsonization occurs when biomolecules
such as plasma proteins are absorbed onto the NP surface,
leading to a protein corona78. As a result, the efficiency of
ligands on the NP’s surface may be inhibited because they
are physically masked by the biological corona. Opsoniza-
tion of NPs also leads to immune clearance because the coat-
ing with immune-recognition molecules allows the immune
system to recognize the NP as foreign, facilitating rapid up-
take by the mononuclear phagocyte system79. Even with PE-
Gylation, NPs are still often cleared by the immune system
due to anti-PEG antibodies in vivo80. Another biological is-
sue faced by NPs is multidrug resistance (MDR) from drug
efflux pumps. MDR involves the efflux of drugs from cells,
resulting in a lower intracellular concentration and a lower
therapeutic impact. Thus, models that are used to study the
efficacy of NPs should include biological barriers to prevent
side effects arising in vivo. In addition to immune clearance,
NPs may also undergo nonspecific uptake by the reticuloen-
dothelial system. Oftentimes, NPs are recognized by tissue
macrophages and accumulate in the reticuloendothelial sys-
tem81. In some cases the uptake by the reticuloendothelial
system is favored, however, in most cases it limits the ex-

posure of the NP treatment to the target system. Moreover,
ligand degradation is also prone to occur during manufac-
turing and when exposed to biological environments. High-
temperature synthetic conditions can induce chemical decom-
position of surface ligands, while in reactive environments lig-
and desorption and surface oxidation may reduce surface cov-
erage and compromise nanoparticle stability82. If the ligands
break down or are altered, the drug delivery, stealth, and tar-
geting of NPs are affected. This is because ligands can impact
each of these factors. On top of that, there may be high inter-
patient variability, making the design of an effective ligand-
functionalized NP much more difficult83. For instance, target
expression levels can vary between patients, affecting ligand
binding efficiency, cellular uptake, and downstream therapeu-
tic efficacy84. As a result, ligand-decorated nanoparticles op-
timized for a specific receptor density may perform well in
some patients or cell populations but poorly in others, leading
to inconsistent targeting. One cause why the NPs performance
limitations are not earlier detected may be from a lack of in
vivo models that accurately describes the diverse behavior of
NPs in humans. Existing in vivo models, particularly murine
systems, fail to recapitulate the human immune response or the
dynamic nanoparticle–protein interactions that occur in circu-
lation85. For instance, in vitro models, such as the traditional
two-dimensional cell culture, fail to replicate the complexity
of the human tumor microenvironment86. As a result, dis-
crepancies between preclinical and clinical trials often arise.
Spheroids, 3D cell assemblies, present a more realistic tumour
model that resembles the tumor microenvironment better than
cells grown in a monolayer, as previously demonstrated with
Ewing tumour models87. However, 3D cell cultures are labo-
rious and expensive in comparison to conventional 2D models.
Based on the models used, discrepancies in therapeutic out-
comes may arise, demonstrating that in vitro model selection
can significantly influence predicted therapeutic outcomes and
contribute to poor translation of preclinical findings to clinical
settings.

Further issues arise from a lack of a standardized evalua-
tion framework for ligand-modified NPs, resulting in regula-
tory hurdles for these NP systems88. Another issue that arises
from a lack of a standardized evaluation framework is man-
ufacturing barriers. NPs need to be well defined in order to
manufacture them. For instance, size distribution, encapsula-
tion, drug state and stability must all be controlled precisely
in order for NPs to be manufactured at a large scale89. There
should be little to no variability to make sure that batch repro-
ducibility is possible. In order to do this, a method for con-
sistent NP formulation is needed. Thus, while ligand diversity
theoretically offers many benefits, it is important to optimize
NP design carefully. A chemistry that precisely controls lig-
and orientation is needed. Emerging strategies are being de-
veloped to achieve precise control over ligand valency, den-
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sity, and spatial distribution. Post-synthesis surface modifica-
tion techniques, including bio-orthogonal click chemistry and
modular “plug-and-play” approaches, enable the introduction
of new functionalities without disrupting the NP core90. For
this reason, scaffold NP selection plays a critical role: self-
assembling systems such as polymeric micelles, lipid NPs,
and DNA-based nanostructures allow for programmable sur-
face design. In particular, DNA origami NPs offer a promising
route toward highly controlled, site-specific functionalization
through single-stranded DNA overhangs, allowing orthogonal
modification and high ligand diversity91. These DNA-based
systems combine nanoscale precision with reproducibility and
modularity, providing a platform for the rational design of
surface-addressable, multifunctional NPs.

While NP designs are advancing, several clinical exam-
ples highlight the still existing translational barriers. For in-
stance, MM-302 from Merrimack, a HER2-targeted antibody-
liposomal doxorubicin failed in Phase II88,92. It did not
demonstrate an improvement in progression-free survival
compared to standard chemotherapy plus trastuzumab and was
therefore terminated early for futility. This outcome under-
scores that even rationally designed, ligand-directed NPs can
fail to achieve meaningful therapeutic benefits in humans,
largely due to biological heterogeneity, limited receptor acces-
sibility, and competition with endogenous or co-administered
antibodies. On top of that, a paper that analyzed over a decade
of nanoparticle delivery studies determined that active target-
ing NPs have yet to become more reliable than passive target-
ing NPs in clinical settings due to biological barriers15. De-
spite these challenges, much of academic nanomedicine re-
search still focuses on designing new formulations to achieve
additional functionalities such as disease targeting, rather than
addressing the translational barriers that limit clinical success.

Currently, many problems in clinical translation arise from
the complex design of NP systems. Therefore, simpler designs
that do not rely on complex ligand decoration such as tuning
NP shape, charge, or responsiveness to disease-specific mi-
croenvironments may circumvent many of the instability and
translational challenges associated with surface ligands.

Conclusion

Ligands play a crucial role in enhancing the performance of
NPs for biomedical applications. They are central to NP
performance because they improve stability, biocompatibility,
targeting, and therapeutic efficacy in biomedical applications.
The properties that ligands introduce have advanced the poten-
tial of NP systems for biomedical applications and specifically
for safe drug delivery.

Ligand valency and diversity, however, influence the per-
formance of NPs. By introducing ligand multivalency, bind-
ing avidity, clustering, and cellular uptake are amplified; thus,

Table 1. List of Abbreviations.

therapeutic effects are generally enhanced. Despite these ben-
efits, many ligands have their drawbacks: steric hindrance,
loss of ligand mobility, and non-specific binding. The per-
formance and optimal valency vary depending on the ligands
used and the disease being targeted; therefore, generalizations
about the optimum ligand valency cannot be drawn. To over-
come these barriers, multivalency must be optimized so that
the benefits are experienced without the drawbacks. Ligand
diversity on a single NP enables simultaneous functionalities
such as targeting, stabilization, and therapeutic delivery. It
also opens the possibility for the development of theranostic
NPs. Multi-ligand systems pose the challenge of steric in-
terference and cross-reactivity between chemistries. Having
multiple different functional groups on a single nanoparticle
system is challenging because all NPs in a batch must have
uniform properties. Uniformity is essential to ensure consis-
tency, safety, and efficacy in patients, and inconsistencies in-
crease the risk of failure during clinical translation. The op-
timal density, local distribution and orientation of ligands on
the NP surface will vary with ligand type, NP system and the
target and therefore cannot be generalised among applications.

Looking forward, the successful integration of ligand mul-
tivalency and diversity on NPs still faces many barriers such
as low efficiency, degradation of ligands on the surface and
shielding through other biomolecules in circulation, among
many others that have to be overcome before futuristic ideas
such as personalized medicine could be pursued. When
addressing the current limitations and leveraging emerging
strategies, NPs have the potential to realize their transforma-
tive promise in medicine, delivering safer, more effective, and
precisely targeted therapies.
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