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Abstract
Bispecific antibodies (bsAbs), designed to recognize two distinct antigens or epitopes, enable innovative 
mechanisms of action for emerging generations of cancer immunotherapies. Despite their potential, bsAb 
therapeutics face several challenges related to their biodistribution and pharmacokinetics, which often result 
in a suboptimal efficacy/toxicity balance. Starting with a brief description of the relevance of bsAbs in cancer 
immunotherapy, this review aims to critically analyze the synergistic potential of nanotechnology and bsAb 
technology oriented to enhance therapeutic efficiency while reducing toxicity. This synergy can be achieved 
through several strategies: (i) bsAbs may function as targeting ligands to improve the biodistribution of drug-
loaded nanocarriers; (ii) therapeutic bsAbs incorporated into nanocarriers may easily overcome biological barriers 
and reach their target; and (iii) bsAbs can be generated in vivo using mRNA-loaded nanocarriers encoding them. 
This review addresses challenges in these emerging areas and provides insights into future directions for this 
promising field.
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Introduction
Bispecific antibody (bsAb)-based immunotherapeutics 
have gained significant attention in cancer immunother-
apy for their versatility and ability to achieve therapeutic 
effects that may surpass those of conventional antibod-
ies, considering their potential to overcome resistance 
and enhance target specificity. The strength of bsAbs 
lies in their capacity to simultaneously bind two distinct 
antigens or epitopes, enabling a multitargeting approach. 
This feature is especially valuable for addressing the com-
plexity of diseases involving multiple receptors, ligands 
or signaling pathways. The growing number of approved 
bsAbs (Table 1), along with a robust pipeline of over 200 

candidates in clinical development [1], underscores their 
great potential in cancer therapy and diagnosis.

BsAbs are available in a variety of formats [2] and can 
mediate anticancer effects through several molecular 
mechanisms of action (MoA). These MoA, reviewed 
below, include delivering therapeutic payloads to a spe-
cific target (“targeters”), bridging two cell types (“engag-
ers”), or engaging two molecules on the same cell 
membrane or in the tumor microenvironment (“enhanc-
ers”) (Fig. 1) [1, 3].

 	– “Targeters”

Table 1  BsAbs approved by EMA and/or FDA or currently in fast-track designation for cancer immunotherapy
Fist approval Trade Name BsAb name Targets Type Indication
2009
(withdrawn 2017)

Removab Catumaxomab EpCAM x CD3 TCE Ovarian ascites

2014 Blincyto Blinatumomab CD19 x CD3 TCE Philadelphia chromosome-negative re-
lapsed or refractory B cell precursor acute 
lymphoblastic leukaemia

2021 Rybrevant Amivantamab EGFR x cMet Signaling 
inhibitor

Locally advanced or metastatic non-small 
cell lung cancer

2022 Kimmtrak Tebentafusp gp100-HLA-
A*02 × CD3

TCE Unresectable or metastatic uveal 
melanoma

2022 Tecvayli Teclistamab BCMA x CD3 TCE Relapsed or refractory multiple myeloma
2022
(China)

Kaitanni Cadonilimab PD-L1 x CTLA-4 Checkpoint 
inhibitor

Hepatocellular carcinoma

2022 Lunsumio Mosunetuzumab CD20 x CD3 TCE Relapsed or refractory follicular lymphoma
2023 Epkinly Epcoritamab CD20 x CD3 TCE Relapsed or refractory diffuse large B-cell 

lymphoma
2023 Columvi Glofitamab CD20 x CD3 TCE Relapsed or refractory diffuse large B-cell 

lymphoma or large B-cell lymphoma
2023 Elrexfio Elranatamab BCMA x CD3 TCE Relapsed or refractory multiple myeloma
2023 Talvey Talquelamab GPRC5D x CD3 TCE Relapsed or refractory multiple myeloma
2024 Imdelltra Tarlatamab DLL3 x CD3 TCE Small cell lung cancer
2024 Ziihera Zanidatamab HER2 x HER2 Signaling 

inhibitor
HER2-positive biliary tract cancer

2024 Bizengri Zenocutuzumab HER2 x HER3 Signaling 
inhibitor

Non-small cell lung cancer and pancreatic 
adenocarcinoma

2024
(EU)

Ordspono Odronextamab CD20 x CD3 TCE Relapsed/refractory follicular lymphoma 
or diffuse large B-cell lymphoma

2024
FDA Fast-track designation

- Linvosentamab BCMA x CD3 TCE Relapsed or refractory multiple myeloma

2024
FDA Fast-track designation

- Ivonescimab PD-1 x VEGF Signaling/
Checkpoint
inhibitor

Non-small cell lung cancer

2024
FDA Fast-track designation

- PT217 DDL3 x CD47 Signaling 
inhibitor

Small cell lung cancer and neuroendo-
crine prostate cancer

2024
FDA Fast-track designation

- CTX-009 DLL4 x VEGFA Signaling 
inhibitor

Metastatic or locally advanced biliary tract 
cancer

2024
FDA Fast-track designation

- IBI363 PD-1 x IL2 Signaling/
Checkpoint
inhibitor

Unresectable locally advanced or meta-
static melanoma

BCMA B-cell maturation antigen, CD cluster of differentiation, cMET tyrosine kinase mesenchymal–epithelial transition, CTLA-4 cytotoxic T-lymphocyte–associated 
antigen 4, DLL  delta-like ligand, EGFR  epidermal growth factor receptor, epcam  epithelial cell adhesion molecule, gp100  glycoprotein 100, GPRC5D  G protein–
coupled receptor class C group 5 member D, HER human epidermal growth factor receptor, HLA-A human leukocyte antigen A, IL2 Interleukin 2, PD-1 programmed 
death 1, PD-L1 programmed death ligand 1, TCE T cell engager, VEGFA vascular endothelial growth factor A
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Targeted delivery of payloads, including chemothera-
peutics or radiotherapeutics, and nanoparticles (NPs) for 
cancer treatment or diagnosis can be facilitated by the 
bsAb technology [4]. Their multi-binding capability can 
be leveraged in both targeting or pre-targeting strategies, 
where one arm can bind the cargo while the other directs 
it to a tumor-associated antigen (TAA), or both arms 
can engage distinct TAAs to enhance tumor specificity. 
In addition, bsAbs can enhance payload internalization 
and intracellular trafficking by targeting transmembrane 
proteins, such as the prolactin receptor (PRLR), CD63, 
or cytokine receptors, thereby increasing uptake into 
tumor cells [5]. These approaches are being investigated 
to improve the efficacy of radiotheranostics, bsAb-drug 
conjugates, and nanomedicines, particularly in heteroge-
neous tumor populations.

 	– “Engagers”

Multiple bsAbs have been developed to bring two cell 
types together, primarily to transiently connect cancer 
cells with cytotoxic T cells. Bispecific T cell engagers 
(TCEs) accomplish this dual targeting by simultaneously 
binding to a selected TAA on the cancer cell surface and 
to the extracellular CD3 subunit on the T cell surface, 
thereby inducing specific T cell-mediated tumor cell kill-
ing. As shown in Table 1, most approved TCEs are indi-
cated for hematological malignancies and have shown 
their ability to target CD19 in B-cell precursor acute 
lymphoblastic leukemia (B-ALL), CD20 in non-Hodgkin 
lymphoma, B-cell maturation antigen (BCMA), and G 
protein–coupled receptor GPRC5D in multiple myeloma. 
A key factor in their success is that, although these tar-
gets are present on regular blood cells, their depletion 

can be tolerated without causing severe adverse effects. 
Progress with TCEs in the treatment of solid tumors has 
been slower, likely due to the heterogeneity of tumor 
antigens and the immunosuppressive nature of the tumor 
microenvironment (TME) [6]. In this context, the TCE 
Tebentafusp has shown a significant improvement in 
overall survival in patients with solid tumors. This effect 
is mediated by the recognition of a peptide fragment of 
gp100, an intracellular melanoma-associated antigen, 
presented by HLA-A2:01 molecules on the surface of 
cancer cells [7]. While T cells have dominated the field of 
cell-engagers, significant efforts are underway to develop 
next-generation bsAbs engaging other immune cells such 
as natural killer (NK) cells, dendritic cells, neutrophils, or 
macrophages/monocytes [8].

 	– “Enhancers”

Another application of bsAbs in cancer therapy is related 
to the restoration and enhancement of antitumor immu-
nity. Among these approaches, bsAbs can block two 
interrelated signaling pathways by targeting two epit-
opes on tumor cells or in the TME. The antigen pairs 
may include angiogenic factors, tyrosine kinase recep-
tors, cytokines, or cytokine receptors [9]. An example 
of the success of this approach is illustrated by Amivan-
tamab (Rybrevant), which targets epidermal growth fac-
tor (EGFR) and tyrosine kinase receptors (c-MET) (EGFR 
x c-MET) and was approved in May 2021 for non-small 
cell lung cancer treatment [10]. Another common design 
principle is the simultaneous targeting of two immune 
checkpoints, thereby reducing the probability of resis-
tance, and potentially achieving better efficacy com-
pared to monotherapy in solid tumor treatment [11]. 

Fig. 1  Mechanisms of action of bsAbs. Functional classification of bispecific antibodies (bsAbs) in cancer therapy. “Targeters”: direct therapeutic agents 
(e.g., drugs, nanoparticles, radiotherapeutics) to tumor-associated antigens (TAA). “Engagers”: recruit immune effector cells to malignant cells. “Enhancers”: 
modulate the tumor microenvironment by targeting cytokines, angiogenic factors, receptors, or immune checkpoints. Created in https://BioRender.com
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Cadonilimab, a programmed cell death ligand 1 (PD-
L1) and cytotoxic T lymphocyte associated protein 4 
(CTLA-4) (PD-L1 x CTLA-4) blocker, became the first 
dual immune checkpoint inhibitor bsAb. It was approved 
in China in 2022 for the treatment of relapsed or meta-
static cervical cancer [12]. Most of the recent fast-track 
designations are for this class of bsAbs, illustrating their 
active investigation and progress toward clinical appli-
cation. Novel combinations are also arising, including 
the anti-PD-1/interleukin-2 (IL-2) bsAb fusion protein, 
IBI363, that achieves simultaneous PD-1 blockade and 
IL-2 delivery for melanoma treatment.

This review explores how advances in nanotechnology 
and bsAb technology can synergistically benefit cancer 
therapy (Fig. 2). First, we examine the potential of bsAbs 
as active targeting agents in nanomedicine to improve 
tumor specificity. We then discuss how nanotechnology 
can overcome key limitations of bsAb therapies, includ-
ing limited half-life and instability, ultimately advancing 
their clinical translation.

BsAbs as targeting agents for drug-loaded 
nanocarriers
A major limitation to the antitumor efficacy of drug-
loaded NPs is their off-target accumulation in organs 
such as the liver and spleen [13, 14]. While monoclonal 
antibodies (mAbs) have been widely employed as target-
ing ligands, antibody-conjugated NPs have yet to reach 
clinical translation [15]. In this context, the multi-speci-
ficity of bsAbs may offer additional advantages. By simul-
taneously binding two distinct TAAs, bsAbs can increase 

tumor specificity and NP retention. Moreover, incorpo-
rating a bsAb domain that recognizes a NP moiety can 
streamline NP functionalization [16].

Various types of NPs functionalized with bsAbs have 
been investigated, including liposomes, lipid nanopar-
ticles (LNPs), and polymeric NPs. These formulations 
are primarily designed for the targeted delivery and pro-
tection of therapeutic nucleic acids, or cytotoxic agents 
like doxorubicin and docetaxel, linked to significant side 
effects. An overview of these strategies is presented in 
Table 2. Approaches for active targeting using bsAbs are 
discussed in two main categories: bsAb conjugation to 
the NP surface and pre-targeting delivery.

Functionalization of NPs with BsAbs
Among the different approaches for bsAb functionaliza-
tion of NPs (Fig. 3) covalent functionalization has been 
scarcely explored. This is likely due to the need of anti-
body modification, as well as specific pH and media 
conditions, which may compromise both antibody and 
nanocarrier stability [39].

Despite these technical hurdles, liposomes functional-
ized with bivalent single-domain (sd) bispecific anti-HER 
antibodies have shown ~ 10-fold higher binding affinity 
to human epidermal growth factor receptor 2 (HER2) 
and up to 3-fold increased cellular uptake in HER-posi-
tive cancer cell lines compared to monospecific formats 
[17]. Covalent bsAb functionalization has also been 
applied in molecular imaging. For instance, iron oxide 
NPs functionalized with HER x EGFR bsAbs using car-
bodiimide chemistry enabled MRI-based tumor imaging 

Fig. 2  Synergies between bsAbs and nanotechnology in cancer therapy. Nanomedicine strategies leveraging bsAbs include: bsAbs as active targeting 
ligands to direct nanocarriers to TAAs (left), therapeutic bsAbs incorporated into or assembled with nanocarriers aimed to increase bsAb therapeutic ef-
ficacy (middle), mRNA-loaded nanocarriers encoding bsAbs enabling gene or cell therapy approaches (right). Created in https://BioRender.com
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in mouse models [18]. Although still limited, innovative 
approaches such as chemo-enzymatic methods are being 
explored for bispecific sdAb attachment to NPs [40].

Non-covalent strategies based on bsAbs with a domain 
specific towards NP surface moieties may facilitate NP 
functionalization. Typically, the anti-NP domain targets 
polyethylene glycol (PEG) on NP surfaces. Meanwhile, 
the second (or third, in case of trispecific Abs) binding 
domain is used to target cancer cells. This approach has 
been applied to several PEGylated nanocarriers, includ-
ing liposomes, micelles, nanoemulsions, polymeric 
NPs, quantum dots and AuNPs [24–30, 41] and, also, to 

approved PEGylated nanomedicines such as liposomal 
doxorubicin (Doxil, Caelyx) [21, 22, 42, 43]. Preclinical 
studies showed that mixing anti-PEG x TAA bsAbs with 
Doxil enhanced tumor accumulation and therapeutic 
efficacy across various models, including ovarian, breast, 
colorectal cancers, and leukemia [19, 21, 22]. For exam-
ple, intravenous injection of anti-PEG x HER2 bsAbs-tar-
geted Doxil into mice bearing ovarian adenocarcinoma 
tumors, significantly increased the tumor fluorescence 
uptake signal by up to 240% at 72 h post treatment 
compared with isotype control bsAbs-Doxil. More-
over, HER2⁺ tumor growth was significantly inhibited 

Table 2  BsAb-based active targeting strategies in nanomedicine
Nanocarrier Payload Ab format Targets NP functionalization Tumor model Ref
Liposome - bispecific 

sdAb
HER2 (bivalent) Covalent

(maleimide-thiol)
HER-positive cancer 
cell lines

[17]

Manganese-doped iron 
oxide NP

Fluorescent dye 
(CyTE777)

bsAb HER2 x EGFR Covalent (EDC/NHS) Breast and colorectal 
cancer

[18]

PEGylated liposome Doxorubicin bsAb HER2 x PEG
EGFR x PEG

Non-covalent Colorectal cancer [19]

PEGylated liposome Doxorubicin bsAb HER2 x PEG Non-covalent Ovarian cancer [20]
PEGylated liposome Doxorubicin bsAb HER2 x PEG Non-covalent Breast cancer [21]
PEGylated liposome Doxorubicin bsAb CD20 x PEG

CD22 x PEG
CD38 x PEG

Non-covalent Leukemia [22]

PEG NP - bsAb EGFR x PEG Non-covalent Breast cancer [23, 
24]

Polymeric NP Doxorubicin bsAb HER2 x PEG Non-covalent Breast cancer brain 
metastasis

[25]

Polymeric NP Doxorubicin bsAb Ephrin A2 x PEG Non-covalent Brain cancer [26]
mPEGylated lecithin 
micelle

Docetaxel bsAb DNS x PEG
HER2 x PEG

Non-covalent Breast cancer [27]

Micelle Docetaxel bsAb
and TrAb

EGF3 x PEG
FAP x PEG
EGF3 x FAP x PEG

Non-covalent Pancreatic cancer [28]

PEGylated nano-emulsion Docetaxel and 
Pictilisib

bsAb HER x PEG
HER-IV x PEG

Non-covalent Breast cancer [29]

Polymeric NP Doxorubicin, 
camptothecin and 
imaging tracer 
(Cy5)

bsAb EGFR x PEG Non-covalent Breast cancer [30]

LNP mRNA encoding 
PE38

bsAb GRP78 x PEG Non-covalent Hepatocellular 
carcinoma

[31]

LNP siRNA encoding 
PLK1

bsAb EGFR x PEG Non-covalent High-risk 
neuroblastoma

[32]

LNP Model mRNA bsAb PD-L1 x HA
CD4 x HA
CD5 x HA

Non-covalent - [33]

PEGylated liposome Doxorubicin bsAb EGFR x PEG Pre-targeting Breast cancer [34]
PEGylated liposome Doxorubicin bsAb HER2 x PEG Pre-targeting Breast cancer [35]
Polystyrene NP Doxorubicin bsAb HER2 x PEG Pre-targeting Breast cancer [36]
PEGylated liposome Doxorubicin bsAb CD20 x PEG Pre-targeting Leukemia [37]
LNP Model mRNA bsAb EGFR x PEG Non-covalent and 

pre-targeting
Breast cancer [38]

bsab  bispecific antibody, bsabs  bispecific antibodies, CD  cluster of differentiation, DNS  Dansyl (negative control), EDC  1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide, EGF epidermal growth factor, FAP fibroblast activation protein, GRP78 glucose-regulated protein 78, HER human epidermal growth factor receptor, 
LNP lipid nanoparticle, mRNA messenger RNA, NHS N-Hydroxy succinimide, PEG polyethylene glycol, PLK1 polo-like kinase 1, NP nanoparticle, sirna small interfering 
RNA, sdab single domain antibody, trab trispecific antibody



Page 6 of 19Battistini et al. Molecular Cancer          (2025) 24:292 

compared with both isotype control bsAbs-Doxil and 
unmodified Doxil. Based on this conceptual evidence, 
there is increasing interest in implementing this strategy 
to improve the targeted delivery of therapeutic nucleic 
acids through non-covalently functionalized LNPs [31–
33, 38].

Several studies have addressed key technical aspects 
of bsAb-functionalized NPs, providing insights into how 
bsAb surface density, PEG architecture, and multi-bsAb 
conjugation influence NP behaviour and offer strategies 
to maximize therapeutic outcomes.

The impact of anti-PEG bsAb density on the in vivo 
NP behavior was studied, for example, using PEGylated 
mesoporous silica NPs. BsAbs anti-mPEG x EGFR were 
attached via incubation and indirectly quantified by fluo-
rescence, yielding 45 to 173 bsAbs per particle. Notably, 
radiolabelled particles with lower bsAb surface density 
showed a non-significant trend toward improved tumor 
accumulation, together with a significant reduction in 
spleen accumulation upon intravenous administration in 
mice bearing breast cancer tumors [24]. This may reflect 
that a high functionalization degree compromises stealth 
properties. Hence, accurate quantification of bsAbs per 
particle is crucial for elucidating correlations between 
bsAb density and tumor accumulation. However, the 
existing literature lacks rigorous characterization, as 
most quantification methods are indirect and parameters 

such as ligand density, orientation, and stability in physi-
ological media are often not reported, leading to a poor 
correlation between bsAb number and tumor targeting 
or therapeutic outcome.

Several studies have highlighted the critical role of PEG 
density and architecture on NP functionalization via 
PEG recognition. Lecithin micelles prepared with DSPE-
PEG2K or DSPE-PEG5K were compared for cellular 
uptake following bsAb (anti HER or DNS x PEG) bind-
ing. Here, longer PEG chains (5 K) improved uptake by 
~ 25% compared to shorter chains (2 K), as measured by 
mean fluorescence intensity in flow cytometry using NPs 
loaded with a fluorescent dye, likely due to better dis-
play of the targeting agent [27]. Another study that made 
use of hyperbranched mPEG in PEG-based polymeric 
NPs, concluded that this structure facilitated the bind-
ing of anti-PEG bsAbs and, ultimately, in vivo efficacy 
in a breast cancer model. However, because no direct 
comparison between hyperbranched and linear mPEG 
was performed, no conclusions regarding their relative 
performance can be drawn [23]. The effect of different 
PEG-lipid anchors for bsAbs anti-PEG x anti-EGFR to 
Polo-Like Kinase 1 (PLK1) siRNA-LNPs was also inves-
tigated [32]. While all LNPs accumulated predominantly 
in the liver, tumor accumulation at 48 h post-adminis-
tration showed a 4.3-fold increase for DSPE-PEG LNPs 
and a 1.9-fold increase for DMG-PEG LNPs, relative to 

Fig. 3  BsAbs as active targeting agents in nanomedicine. BsAbs used as targeting agents to functionalize drug-loaded nanocarriers either covalently, 
through non-covalent antigen-antibody interactions or allowing pre-targeted strategies. Created in https://BioRender.com
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the vehicle control. Despite lower tumor accumulation, 
DMG-PEG LNPs achieved greater therapeutic efficacy, 
reducing tumor size by 42.6% (P < 0.05) after 22 days in a 
neuroblastoma xenograft model. This might be explained 
by faster desorption of DMG-PEG, resulting in improved 
siRNA transfection. This illustrates the importance of 
balancing target accumulation with delivery efficiency. 
Collectively, these results underscore the importance of 
PEGylation parameters, such as chain length, branching 
and release kinetics, to fine-tune bsAb interaction and 
optimize therapeutic outcomes.

Another line of research has been the conjugation of 
multiple anti-TAA x PEG bsAbs to NPs. This strategy 
is especially promising in cases of loss of TAAs, a com-
mon resistance mechanism where tumor cells reduce or 
internalize specific surface markers and thereby evade 
recognition. Nanotechnology provides opportunities 
to mitigate this challenge by incorporating multiplexed 
targeting strategies into NP design by conjugating mul-
tiple anti-TAA×PEG bsAbs to the same platform, thereby 
broadening antigen recognition and maintaining thera-
peutic efficacy even in heterogeneous tumor environ-
ments. For example, Caelyx® (a PEGylated liposome) 
was functionalized with single bsAbs (bsAb-Caelyx) or 
multiple bsAbs (Trio-Caelyx) to improve doxorubicin 
delivery in leukemia. In ALL-19 model of chemo-resis-
tant B-cell acute lymphoblastic leukemia, Trio-Caelyx 
(functionalized with anti-CD19 x PEG, anti-CD22 x PEG, 
and anti-CD38 x PEG) improved event-free survival by 
3.3-fold compared to PBS control. However, bsAb-Cae-
lyx targeting CD22 alone achieved a 4.2-fold increase, 
outperforming Trio-Caelyx. Notably, a significantly 
greater accumulation of Trio-Caelyx was observed in 
the liver, suggesting that the addition of multiple bsAbs 
may enhance opsonization and clearance by the mono-
nuclear phagocyte system [22]. However, in some studies 
it has been shown that the addition of multiple target-
ing ligands to NPs does not significantly enhance drug 
accumulation in the tumor [29], highlighting the need 
for comprehensive in vivo studies across different tumor 
models to assess their advantages over single anti-TAA 
strategies.

While PEGylated NPs have dominated the field of tar-
geted cancer therapeutics, the mounting evidence of 
PEG-associated immunogenicity and reduced efficacy 
upon repeated administration has prompted investiga-
tion of alternative surface modification strategies [44, 45]. 
PEG alternatives, including zwitterionic polymers [46] or 
polysarcosines [47], or extracellular vesicle (EV)-derived 
membranes as NP coating material have been used to 
reduce PEG-associated immunogenicity [48, 49]. How-
ever, such alternatives are yet to be explored in the con-
text of NP bsAb therapeutics. Recently, biotechnological 
engineering of dendritic cells enabled the generation of 

bispecific EVs co-expressing anti-CD19 scFv and PD1, 
thereby combining tumor antigen targeting with immune 
checkpoint blockade [50]. Such pre-functionalized EVs 
may represent a promising avenue in the development of 
bsAb-functionalized NPs.

Pre-targeted delivery
Pre-targeted delivery strategies involve a two-step pro-
cess. First, bsAbs are administered intravenously to bind 
TAAs on cancer cells; second, drug-loaded PEGylated 
nanocarriers are administered intravenously, designed to 
interact with anti-mPEG domains on pre-localized bsAbs 
[36]. This strategy has been successfully applied in clini-
cal trials to enhance the delivery of radiolabelled peptides 
for cancer imaging and therapy [51]. This concept is also 
being applied in NP delivery, specifically to enhance the 
accumulation and payload release of PEGylated lipo-
somal doxorubicin in different cancer cell types (Fig. 
3, right) [52]. The efficacy of this approach has been 
shown in triple-negative breast cancer using anti-PEG x 
EGFR bsAbs [34], in HER2-positive breast adenocarci-
noma with anti-HER2 x anti-mPEG bsAbs [35, 36], and 
in lymphoma with anti-CD20 x anti-mPEG bsAbs [37]. 
Therefore, this strategy holds the potential to broaden 
the application of FDA-approved PEGylated therapeutics 
to different tumor types without the need for drug re-
engineering. This is highly promising; however, the tim-
ing and pharmacokinetic coordination of the two-step 
administration are critical and must be carefully opti-
mized in clinical settings.

A recent study compared non-covalent functionaliza-
tion and pre-targeting strategies using anti-PEG x HER 
bsAbs, analyzing the biodistribution of luciferase mRNA-
LNPs in mice bearing EGFR+ human tumor xenografts 
[38]. The pre-targeting strategy, with temporal separation 
of bsAb and LNP administration, resulted in a compara-
ble increase in mRNA expression in tumor tissue (7-fold) 
relative to covalent functionalization (8-fold), with pre-
targeting maintaining sustained expression over 48 h, 
exhibiting only a 10% decrease compared to a 60% reduc-
tion observed with covalent functionalization. Moreover, 
pre-targeting achieved a greater reduction in off-target 
delivery. These differences were linked to altered physi-
cochemical properties of LNPs, including a shift from 
positive to negative surface charge as well as abundant 
protein corona formation in pre-functionalized LNPs.

While conjugation provides a one-step approach, 
bsAb attachment modifies nanocarrier surface proper-
ties, alters the resulting protein corona, and complicates 
manufacturing by requiring highly consistent conju-
gation chemistry. In contrast, pre-targeting strategies 
can reduce off-target delivery; however, their two-step 
administration introduces clinical challenges, includ-
ing greater procedural complexity. Covalent systems are 
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generally more reproducible across batches, while pre-
targeting approaches may display higher variability in 
pharmacokinetics. Thus, selecting between these strate-
gies involves carefully balancing efficacy, safety, repro-
ducibility, and clinical feasibility.

Enhancing targeting with BsAbs in nanomedicine. Critical 
considerations and future directions
The functionalization of NPs with bsAbs has been 
reported exclusively at the preclinical level, where stud-
ies consistently demonstrate enhanced antitumor effi-
cacy. This observation is primarily attributed to increased 
tumor accumulation and prolonged payload retention. 
However, their impact on overall NP biodistribution and 
systemic toxicity remains unclear. Biodistribution studies 
in tumor models following intravenous administration 
have generally failed to significantly modify the distribu-
tion pattern, although they have provided an increased 
accumulation in the tumor tissue [20, 27, 29, 36]. This 
suggests that, while bsAb functionalization improves 
tumor accumulation, off-target distribution and associ-
ated side-effects may persist. A commonly investigated 
systemic side effect of nanomedicines is chemotherapy-
derived cardiotoxicity, a dose-limiting factor that signifi-
cantly impacts both treatment response and quality of life 
[53]. Among the limited studies that have systematically 
evaluated this side effect, most have not observed a sig-
nificant improvement upon functionalization with bsAbs 
[21, 26, 30]. This suggests that functionalization alone 
may be insufficient to mitigate the principal systemic 
side-effects of nanomedicines. In contrast, polymeric 
NPs loaded with doxorubicin and functionalized with 
bsAbs (anti-HER3 x PEG) showed significantly reduced 
heart accumulation and cardiotoxicity [25]. These find-
ings suggest the need for future studies to comprehen-
sively determine biodistribution and systemic toxicity to 
assess whether bsAb-functionalized NPs can truly over-
come these challenges. In fact, some studies suggests that 
bsAb functionalization does not markedly alter systemic 
biodistribution, potentially due to rapid bsAb desorption, 
protein corona masking, or suboptimal ligand orienta-
tion and density. Such factors may limit effective target 
engagement during circulation, underscoring the impor-
tance of optimizing surface engineering to enable more 
selective and safer NP delivery.

BsAbs as therapeutic agents incorporated in 
nanocarriers
The anticipated widespread use of bsAb therapeutics 
presents significant challenges for clinical implementa-
tion, particularly due to their short plasma half-life and 
associated adverse effects such as cytokine release syn-
drome (CRS), neurotoxicity, cytopenia, and infections 
[54]. In terms of bsAb design, multiple strategies are 

being pursued to mitigate bsAb-related toxicities, partic-
ularly in TCE therapies. A key approach is the fine-tuning 
of anti-CD3 affinity to reduce excessive T cell activation 
and thereby minimize CRS [55, 56]. Building on this, 
recent advances in tri- and tetra-specific antibody (tsAb, 
ttsAb) engineering seek to overcome different limitations 
by incorporating: (i) recognition of multiple tumor epit-
opes to enhance avidity and reduce antigen escape [57], 
(ii) agonistic or costimulatory domains (e.g., 4-1BBL, 
OX40L, CD28) to sustain T-cell function and prevent 
exhaustion, and (iii) cytokine-blocking modules (e.g., 
IL-6R or IL-1R antagonists) to dampen inflammatory 
cascades and reduce CRS risk [57, 58]. Another prom-
ising avenue is the development of conditionally active 
TCEs, which remain inactive until activated within the 
TME, either through protease cleavage, pH-sensitivity, 
or controlled-release prodrug designs. Such approaches 
are intended to restrict T cell engagement to tumor sites, 
thereby improving safety and preventing off-tumor tox-
icities [59–62]. Collectively, these innovations highlight 
how rational bsAb engineering is reshaping the therapeu-
tic index of next-generation TCEs.

The short plasma half-life of small bsAbs often requires 
continuous infusion to maintain therapeutic levels. For 
example, Blinatumomab is administered via continuous 
intravenous infusion through an implantable pump for 
4 weeks [63]. Strategies to prolong bsAb half-life include 
genetic fusion or chemical conjugation to long-circulat-
ing proteins like IgG or albumin [64], as well as the syn-
thesis of bsAb-polymer conjugates with materials like 
PEG or poly-ADP-ribose [65, 66]. Local administration 
may also improve efficacy in certain clinical contexts. A 
feasible approach involves solid implants or injectable 
depots made from biocompatible polymers. For example, 
subcutaneously injectable PEGylated poly (lactic acid) 
(PEG-PLA) [67] or PEGylated poly (lactic acid-co-gly-
colic acid) (PEG-PLGA) [68] polymeric depots incorpo-
rating bsAbs have shown sustained release in plasma and 
improved antitumoral efficacy in prostate and breast can-
cer xenograft models, respectively.

Nanocarriers present an alternative strategy to improve 
bsAb pharmacokinetics and biodistribution, potentially 
reducing the required dose and minimizing adverse 
effects. Beyond delivery optimization, NPs can facili-
tate combinational therapies by carrying multiple agents 
within a single platform. This versatility provides oppor-
tunities to overcome resistance mechanisms, such as 
antigen loss and tumor-induced immunosuppression. 
Through combinatorial or sequential targeting, nanocar-
riers may help counteract antigen escape, while the local-
ized co-delivery of bsAbs with immunomodulators could 
remodel the immunosuppressive tumor microenviron-
ment and enhance therapeutic efficacy.
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Technical approaches for loading BsAbs into nanocarriers
Most research to date has focused on decorating nano-
carriers with multiple classical mAbs to generate bispe-
cific platforms, which have demonstrated favorable 
pharmacokinetics, and improved antitumor efficacy [69]. 
In contrast, the incorporation of bsAbs or trispecific anti-
bodies (trAbs) into NPs remains comparatively under-
explored. Several strategies have been used to attach or 
complex bsAbs to inorganic, hybrid, lipidic, and tumor-
responsive nanocarriers (Fig. 4). In these studies, thera-
peutic cell engager bsAbs are incorporated into NPs that 
simultaneously support combination therapies enhanc-
ing their overall antitumor activity.

For example, Xu et al. covalently conjugated a novel 
NK cell-engager (NKCE) bsAb targeting the NK cell 
marker CD16 and the tumor biomarker carcinoembry-
onic antigen (CEA) to the surface of PEGylated hollow 
mesoporous ruthenium NPs. These constructs, intended 
to function as photothermal therapy agents, were addi-
tionally loaded with the fluorescent anti-tumor complex 
RBT. In vivo studies in a colorectal tumor model showed 
significantly superior tumor targeting and anticancer effi-
cacy compared to RBT alone, free bsAb, or the combina-
tion of RBT-loaded NPs and free bsAb, achieving up to 
96% tumor growth inhibition after three injections com-
bined with near-infrared irradiation [70]. The enhanced 
therapeutic effect was attributed to the simultaneous 
delivery of RBT to solid tumors and bsAb-mediated 
immunotherapy. In contrast, another approach using NPs 
decorated with trAbs targeting CD3, PD-L1, and PEG did 
not show added benefits compared to free trAb or drug-
loaded NPs alone in a breast cancer model [71]. The lack 
of synergy may result from suboptimal trAb exposure, 
impaired release, or functional inhibition of therapeutic 
components upon NP integration. These challenges high-
light the importance of refining the design and function-
alization of NPs to ensure therapeutic benefit.

Another promising approach incorporates bsAbs into 
tumor-responsive NPs that enable controlled release 
in response to TME properties, such as pH, hypoxia, or 
enzyme activity, including metalloproteinases (MMPs) 
[72]. Responsive NPs contained bsAbs targeting B7-H3 
and CD3 were developed for glioblastoma (GBM) ther-
apy. Their formulation included a multifunctional poly-
mer composed of: (i) hyaluronic acid (HA), which targets 
CD44 receptors overexpressed in GBM; (ii) PLGLAG 
(proline-leucine-glycine-leucine-alanine-glycine), the 
tumor-responsive linker cleavable by MMP-2; and (iii) a 
dimer of epigallocatechin-3-O-gallate (EGCG), a poly-
phenol with attributed anticancer properties. Upon 
intravenous injection in a GBM mouse model, the bsAb-
loaded NPs demonstrated higher tumor accumulation, 
greater inhibition of GBM growth and extended sur-
vival. Specifically, at day 56 post-treatment, survival rates 
showed a statistically significant improvement over con-
trols. The therapeutic benefit observed in vivo was asso-
ciated with reduction of proteins related to ferroptosis, 
B7-H3 downregulation, and increased intracranial infil-
tration of lymphocytes [73]. This illustrates the potential 
benefits of bsAb incorporation into rationally designed 
NPs.

A different strategy explored the incorporation of the 
approved bsAb blinatumomab into acid-labile polydo-
pamine (PDA)-CaCO₃ NPs via electrostatic adsorption. 
These NPs were co-loaded with imiquimod (IMQ), a toll-
like receptor 7 (TLR7) agonist. The payload was released 
in a controlled manner upon disintegration of the nano-
system in the acidic TME, while PDA conferred photo-
thermal therapy capabilities. In a breast tumor model, the 
bsAb-loaded NPs significantly suppressed tumor growth 
without signs of systemic toxicity. Mechanistically, treat-
ment with these NPs inhibited regulatory T-cell activ-
ity, promoted the infiltration of CD4⁺/CD8⁺ and IFN-γ⁺ 
cytotoxic T lymphocytes, enhanced IFN-γ secretion, and 

Fig. 4  BsAbs as therapeutic agents in nanomedicine. BsAbs incorporated into nanocarriers, either by surface attachment or by complexation within the 
nanoparticle structure, allowing controlled release in response to tumor microenvironment (TME) stimuli. Created in https://BioRender.com
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induced stronger T-cell activation, ultimately promoting 
a durable antitumor immune response [74].

Nanotechnology for improving current BsAb therapeutics. 
Critical considerations and future directions
Although still at an early stage of development, nano-
technology-based strategies using bsAbs have shown 
improved efficacy over free bsAbs, particularly by 
enabling combinatorial treatments that engage multiple 
antitumor mechanisms simultaneously. These include 
combining bsAbs with chemotherapeutics or photother-
mal agents to promote immunogenic cell death, thereby 
enhancing antigen release and immune activation. In par-
allel, bsAb- nanocarrier platforms have been engineered 
to incorporate immune modulators such as TLR agonists 
or checkpoint inhibitors, which synergize to potentiate 
T cell responses and overcome the immunosuppressive 
TME [70, 71, 74]. Moreover, tumor-responsive nano-
platforms capable of releasing payloads in response to 
microenvironmental cues (e.g., pH shifts, protease activ-
ity) enable dynamic adaptation to tumor conditions. Such 
adaptive designs enhance efficacy while simultaneously 
reducing systemic toxicity, positioning nanotechnol-
ogy as a powerful tool to overcome antigen escape and 
microenvironmental barriers in solid tumors. While the 
complexity of these systems may complicate the assess-
ment of individual component contribution, their syner-
gistic potential holds promise for enhancing antitumor 
responses and overcoming resistance.

The hypothesis that NP encapsulation may prolong 
the circulation time of bsAbs is conceptually compelling; 
however, currently, there is not clear evidence support-
ing this advantage. Regarding safety, only a few studies 
have assessed the toxicity of therapeutic bsAb-loaded 
nanoplatforms, generally reporting no signs of organ 
damage or abnormal body weight [70, 71, 73]. Neverthe-
less, it remains unclear whether NP-mediated delivery 
could mitigate severe adverse effects commonly observed 
in bsAb clinical trials, such as the CRS and neurotoxic-
ity. Future investigations should emphasize rational NP 
engineering and direct comparison with free bsAbs to 
determine whether these platforms can effectively extend 
bsAb circulation half-life and reduce off-target effects.

BsAb development has primarily focused on well-
established cell surface antigens such as CD19, HER2 or 
EGFR, as well as components of the TME including fibro-
blast activation protein (FAP). While these approaches 
have demonstrated significant clinical promise, they are 
often associated by the risk of “on-target, off-tumor” tox-
icity, resulting from low-level antigen expression on nor-
mal tissues. This has driven researchers to explore more 
specific targets. The majority of tumor-specific antigens 
are localized intracellularly and, therefore, remain largely 
inaccessible to conventional antibody therapies. Recent 

developments in bsAb-based therapies have focused 
on targeting intracellular antigens or neoantigens pre-
sented as peptide/MHC-I complexes on the surface of 
tumor cells [75]. A key innovation in this area has been 
the development of immune-mobilizing monoclonal 
TCRs against cancer (ImmTACs), which combine an 
engineered, high-affinity TCR specific for peptide–MHC 
complexes with an anti-CD3 scFv to redirect T-cell activ-
ity toward tumor cells. Tebentafusp, the first ImmTAC 
approved for metastatic uveal melanoma, has validated 
this concept in the clinic by demonstrating durable sur-
vival benefit despite low target antigen density [76]. 
In parallel, TCR-mimetic bispecific antibodies (TCR-
mimic bsAbs) have been generated to bind intracellularly 
derived peptide–MHC complexes with antibody-like 
specificity, extending the reach of bsAb therapies to non-
surface tumor antigens such as mutated p53 or KRAS [77, 
78]. These strategies significantly expand the druggable 
tumor antigen repertoire, enabling the selective targeting 
of neoantigens and otherwise “undruggable” intracellular 
proteins. Collectively, ImmTACs and TCR-mimic bsAbs 
represent a new frontier in bsAb engineering, offering a 
route to precise, tumor-restricted therapies with trans-
formative clinical potential. In parallel, nanotechnol-
ogy is emerging as a key tool for the direct intracellular 
delivery of mAbs, overcoming traditional delivery barri-
ers. This approach has shown success with mAbs target-
ing intracellular oncoproteins like mutant KRAS [79]. 
Building on these advances, bsAbs could be designed to 
simultaneously target multiple intracellular oncoproteins 
or signaling pathways, with nanocarriers facilitating their 
intracellular delivery in either protein or nucleic acid 
form. The RNA-based approach adds a new dimension 
to bsAb therapy and will be the focus of the following 
section.

mRNA nanocarriers encoding therapeutic BsAbs
The production of clinical-grade antibodies presents 
significant manufacturing challenges [80]. To overcome 
this limitation, in situ bsAb expression using nucleic 
acid-based formats is being actively investigated, using 
electroporation upon intramuscular injection of DNA 
[81], virus-based delivery approaches [82, 83] and, more 
recently, mRNA-loaded NPs (Fig. 5). These strategies 
aim to enhance therapeutic efficacy, while reducing pro-
duction complexity and cost, ultimately offering scal-
able alternatives to conventional recombinant protein 
manufacturing.

mRNA-NPs as vector for BsAb gene therapy
In 2017, Karikó, Türeci and Sahin were the first to pro-
vide compelling evidence for the feasibility of bsAb 
TCE-encoding mRNA. They developed three distinct 
TCE constructs directed against the TAAs claudin 6 and 
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18.2 (tight-junction proteins), and epithelial cell adhe-
sion molecule. Following intravenous administration of 
mRNA encoding these bsAbs via the TransIT™ transfec-
tion reagent, expression was predominantly localized to 
the liver. In mice bearing subcutaneous human ovarian 
carcinoma xenografts, three weekly injections of 3 µg 
encapsulated mRNA induced complete tumor regres-
sion. In contrast, achieving comparable efficacy required 
ten injections of 4–7 µg of purified protein over the 
same period, thus validating superiority of the mRNA 
approach [84]. Building on this work, Stadler and Sahin 
developed mRNA-loaded LNPs encoding a TCE bsAb 
(CD3 x Claudin 6). This approach resulted in sustained 
liver expression and prolonged therapeutic bsAb con-
centrations in the bloodstream, with a half-life of 21.6 h 
compared to 12.2 h for the directly administered bsAb. 
In cynomolgus monkeys, half-lives ranged from 26.6 
to 37.7 h. Weekly mRNA injections maintained thera-
peutic serum levels, driving regression of subcutaneous 
OV-90 xenografts in mice. BNT142 is now evaluated in 
phase I/II clinical trial for patients with claudin 6-positive 
advanced solid tumors (NCT05262530) [85].

Additional studies have further demonstrated that in 
situ production of bsAbs using mRNA NPs offers supe-
rior antitumor efficacy, extended half-life, and reduced 
toxicity compared to direct administration of recom-
binant proteins. For instance, mRNA encoding anti-
EpCAM x CD3 TCE delivered via poly (β-amino ester) 
conjugates coated with mannose-modified poly (glu-
tamic acid) enabled targeted transfection of immune 
cells, enhanced T-cell infiltration, and effective TME 

remodelling in a model of peritoneal carcinomatosis [86]. 
Similarly, LNPs encoding TCEs such as B7H3 x CD3 
(tested in melanoma and other solid tumors) [87], CD19 
x CD3, and GPC3 x CD3 (evaluated in hepatocellular 
carcinoma) [88] exhibited prolonged protein expression, 
improved tumor control, and reduced dosing frequency 
compared to recombinant proteins in both murine and 
non-human primate models.

In addition to intravenous injection, intratumoral 
administration of mRNA-LNPs has proven effective in 
colorectal and ovarian cancer models. Weekly low-dose 
injections of EpCAM x CD3 [89], or HER2 x CD3 [90] 
mRNA led to strong tumor growth inhibition, suggesting 
that local delivery can overcome systemic barriers and 
ensure efficacy.

Beyond classical TCEs, mRNA strategies have 
expanded to encode bsAbs targeting immune check-
points or chemokines. For instance, PD-L1 x PD-1 and 
PD-1 x CTLA-4 bsAbs delivered via LNPs achieved pro-
longed expression and enhanced efficacy in intestinal and 
colon cancer models [91, 92]. Moreover, a liver-targeted 
approach using mRNA encoding a bsAb against the 
chemokines CCL2 and CCL5 yielded potent antitumor 
activity across multiple cancer models, including meta-
static pancreatic and colorectal cancers [93].

Finally, co-delivery of two mRNA-encoded bsAbs 
(EGFR x CD3 and PD-L1 × 4-1BB) demonstrated syn-
ergistic tumor inhibition in a colorectal cancer model, 
highlighting the potential of multiplexed mRNA nano-
therapies [94].

Fig. 5  mRNA-encoded bsAb: In situ expression and emerging applications in cell therapy. Comparison between conventional bsAb protein formats and 
mRNA-based delivery approaches. While recombinant bsAbs face manufacturing complexity and short half-life, mRNA-loaded nanocarriers such as lipid 
nanoparticles (LNPs), poly (β-amino ester) nanoparticles (PBAE NPs), or TransIT reagents enable in situ bsAb production. These can be applied systemically 
or, to ex vivo cell therapy strategies where current delivery approaches rely on viral or physical transfection methods. Created in https://BioRender.com
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Although various carrier systems have been explored 
for RNA delivery, LNPs remain the gold-standard in 
gene therapy across multiple applications [95]. To date, in 
situ bsAb production has primarily relied on LNPs and 
PBAE-based NPs, as summarized in Table 3.

Nanotechnology enabling in situ-controlled production of 
bsAbs. Critical considerations and future directions
Gene therapy strategies employing mRNA-loaded NPs 
offer key advantages, including prolonged therapeu-
tic effects and reduced systemic toxicity. These benefits 
are attributed to their capacity to achieve robust out-
comes with lower and less frequent dosing compared 
to recombinant protein administration. However, the 
limited number of preclinical studies and variability in 
experimental designs make it currently difficult to draw 
definitive conclusions. Notably, reported mRNA-NP 
dosing regimens vary from 0.1 µg once weekly to 30 µg 
administered three times per week. This variability may 
also be influenced by multiple factors, including the 

delivery system, mRNA construct design, expression 
kinetics, administration route, and biological activity of 
the encoded protein. A comprehensive understanding 
of these parameters will be critical for successful clinical 
translation.

To date, most studies have utilized LNPs as deliv-
ery vehicles and relied on intravenous or intratumoral 
administration. However, work by Weissman and others 
has shown that the route of administration significantly 
influences the pharmacokinetics and expression profile of 
mRNA-encoded proteins [97]. These findings underscore 
the need to not only systematically investigate alternative 
delivery platforms, but also administration routes in the 
context of bsAb therapies.

In addition, advanced mRNA formats such as self-
amplifying mRNA and circular RNA (circRNA) remain 
largely unexplored in bsAb applications. These constructs 
have shown promising results in improving expression 
kinetics and durability. For instance, circRNA encoding 
luciferase has achieved expression half-lives exceeding 

Table 3  mRNA-NPs for BsAb in vivo production
Nanocarrier mRNA en-

coded bsAb 
type

Targets Duration of bsAb expression
(versus recombinant protein)

Tumor mouse model
(route of administration)

Ref.

Polymer/lipid 
transfection
reagent (TransIT)

TCE CD3 x CLDN6 Pharmacologically relevant plasma levels for up to 
144 h
(versus < 24 h for protein)

Ovarian carcinoma xenograft (IV) [84]

LNP TCE CD3 x 
(CLDN6)2

Half-life of 21.6 h
(versus 12.2 h for protein)

OV-90 xenograft PBMC humanized
(IV)

[85]

PBAE NP with 
PGA-di-mannose 
coating

TCE CD3 x EpCAM Detectable serum levels >48 h
(versus < 24 h for protein)

Ovarian cancer
(IV)

[86]

LNP TCE CD3 x B7H3 Half-life of 73 h
(versus 2 h for protein)

Hematologic and solid tumor 
human xenografts
(IV)

[96]

LNP TCE CD3 x CD19 
and CD3 x 
GPC3

Detectable plasma levels for 168 h
(direct comparison not included)

Hepatocellular carcinoma (IV) [88]

LNP TCE CD3 x EpCAM Not specified
(direct comparison not included)

Colorectal xenograft (ITU) [89]

LNP TCE CD3 x HER2 Not specified
(direct comparison not included)

Ovarian cancer xenograft (ITU) [90]

LNP Checkpoint 
inhibitor

PD1 x PD-L1 Detectable plasma levels >35 days
(versus 21 days for protein)

Human PD-1 and PD-L1 knock 
-MC38 colon adenocarcinoma
(IV)

[91]

LNP Checkpoint 
inhibitor

CTLA4 x PD-1 Detectable serum levels >26 days
(direct comparison not included)

Colon cancer
(IV)

[92]

LNP Signaling 
inhibitor

CCL2 x CCL5 Detectable plasma levels for 72 h
(direct comparison not included)

Liver carcinoma, liver metastasis of 
pancreatic and colorectal cancers
(IV)

[93]

Polymer/lipid 
transfection
reagent (TransIT)

TCE and co-
stimulatory 
bsAb

EGFR x CD3 
and PD-L1 × 
4-1BB

Half-life of 18.9 h and 49.6 h
(versus 0.6 h and 22.2 h for protein, respectively)

Subcutaneous colorectal carcinoma 
xenograft (IV)

[94]

BsAb bispecific antibody, CCL chemokine (C-C motif) ligand, CD cluster of differentiation, CLDN6 claudin-6, CTLA-4 cytotoxic T-lymphocyte–associated antigen 4, 
epcam epithelial cell adhesion molecule, EGFR epidermal growth factor receptor, GPC3 glypican 3, HER2 human epidermal growth factor receptor 2, IV intravenous, 
ITU intratumoral, LNP lipid nanoparticle, MMP-2 matrix metalloproteinase-2, mRNA messenger RNA, PBAE poly(β-amino ester), PBMC peripheral blood mononuclear 
cell, PD-1 programmed death 1, PD-L1 programmed death ligand 1, PEG polyethylene glycol, PGA polyglutamic acid, TCE T cell engager
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80 h, nearly double as compared to linear mRNA [98], 
thereby implying significant potential for improved phar-
macokinetics of mRNA-encoded bsAbs.

In the currently available literature, bsAb production is 
generally not targeted to a specific tissue; instead, achiev-
ing high overall levels of therapeutic protein is priori-
tized. This implies that their primary functional tropism 
towards the liver is not of concern, as virtually any cell 
may function as production and secretion center. This 
may in part explain the lack of clear selection patterns 
in terms of nanocarrier specifics, leaving the potent and 
extensively studied liver-tropic LNPs promising candi-
dates. Particles with prominent extrahepatic tropism, 
such as Dan Siegwart’s lung or spleen SORT LNPs [99], 
have so far not been explored for the delivery of bsAb-
encoding mRNA but may offer opportunities for specific 
applications. Site-specific production and secretion could 
result in higher local Ab concentrations at the target site, 
similar to intratumorally administered NPs.

Other innovative but unexplored strategies include the 
incorporation of mRNA encoding bsAbs into hydrogels 
or scaffolds to enable localized, controlled release [100]. 
Microneedle-based systems, such as mesoporous silica 
nanoneedles delivering minicircle DNA encoding an 
EpCAM x CD3 bsAb, have demonstrated effective gene 
delivery and antitumor activity in breast cancer models 
[101], suggesting these platforms could be adapted to 
bsAb mRNA-based strategies.

Overall, while mRNA-based in situ bsAb production is 
still an emerging area, the encouraging results obtained 
so far, and the wide range of yet-to-be-explored tech-
nologies suggest that this field holds substantial promise 
and offers ample opportunities for innovation and clini-
cal advancement.

Future insights. Nanocarriers as potential vectors 
for BsAb adoptive cell therapies
Genetic information can also be introduced ex vivo into 
patient-derived cells, as demonstrated by adoptive cell 
therapies like CAR (chimeric antigen receptor) modified 
T cells. Clinically, this involves collecting patient cells, 
genetically modifying them (typically via viral vectors or 
electroporation), expanding them, and reinfusing them 
[102]. This strategy is now being extended to bsAbs by 
engineering cells to secrete bsAbs, thereby circumvent-
ing the need for continuous protein infusion (Fig. 5). 
Unlike direct gene transfer (Sect. 4.1), this method ben-
efits from the intrinsic tumor-homing capacity of certain 
cells. Notably, certain cell types, such as T cells, offer dual 
functionality by acting both as bsAb producers and effec-
tor cells [2, 103].

Following a pioneering study by Alvarez-Vallina’s group 
in 2003, demonstrating that ex vivo engineered human 
cells (embryonic kidney cells, HEK293) could secrete 

functionally active bsAbs in vivo [104], several meth-
ods to generate a variety of bsAb-secreting cell types 
with promising therapeutic effects are under active pre-
clinical investigation. Among these, T cells engineered 
to secrete TCE antibodies, also known as STAb (Secre-
tion of T-cell redirecting Abs) therapy [103], is the most 
prominent. Preclinical STAb studies elicited significant 
positive responses for the treatment of hematological 
malignancies targeting CD19 [105–107], B-cell matura-
tion antigen (BCMA) [108], CD123 [109], or CD1a [110]. 
Currently, two STAb first-in-human clinical trials in 
hematological cancers are actively enrolling patients. The 
same approach has been applied to solid tumors, includ-
ing colon carcinoma targeting the CEA [111]. Compara-
tive studies showed that STAb-T cells outperform second 
generation CAR-T cells by recruiting bystander, unmodi-
fied T cells, amplifying the therapeutic effects, and induc-
ing immunologic memory [107, 108].

Beyond T cells, mesenchymal stem cells (MSCs) have 
shown promise as bsAb producers due to their ease of 
expansion, extended lifespan, and transduction capa-
bilities [112]. However, their immunosuppressive nature 
may facilitate tumor growth in vivo [113]. One strategy 
to mitigate this involves housing genetically modified 
MSCs in biomaterial scaffolds to create localized bsAb 
“biological minipumps,” thereby limiting systemic cell 
dissemination. Several studies have supported the safety, 
utility, and efficacy of this approach for the secretion of 
therapeutic proteins including bsAbs [112]. Plasma cells, 
known for their high secretory capacity [114], and other 
hematopoietic cells like NK cells [115] and macrophages 
[116] are also being explored for bsAb production.

All the bsAb-secreting cell types described above are 
currently generated ex vivo using viral vectors or elec-
troporation. However, viral vector manufacturing is a 
complex, time-consuming, and costly process, represent-
ing a critical bottleneck for large-scale production and 
raisingconcerns such as insertional mutagenesis [117]. 
Electroporation is a batch-based process with limited 
scalability, substantial cell toxicity from electric pulses 
and reliance on specialized equipment [118]. Non-viral 
methods based on NPs could address these challenges, 
though their application for transfection of primary cells 
to create “secreting bsAb factories” has yet to be fully 
realized. NPs can be easily adapted for industrial-scale 
production. This offers a more cost-effective approach 
by reducing manufacturing complexity and minimizing 
the need for specialized facilities. Importantly, mRNA-
NP-based systems circumvent the safety risks associated 
with viral integration and can be engineered to reduce 
toxicity compared to electroporation. Proof-of-concept 
studies in CAR-based immunotherapy have demon-
strated success with nanocarriers, particularly LNPs, in 
generating CAR-T cells ex vivo with comparable activity 
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to electroporation and lentiviral methods. Furthermore, 
NPs hold the potential to bypass ex vivo cell manipula-
tion altogether by enabling direct in vivo engineering, 
an approach now advancing toward clinical evaluation 
[119]. Such technologies could ultimately help overcome 
the limitations of autologous and allogeneic therapies, 
including prolonged manufacturing timelines, high costs, 
and risk of graft-versus-host disease, paving the way for 
off-the-shelf treatments with straightforward redosing 
[120, 121].

Therefore, we suggest future applications of nanotech-
nology-enabled approaches for the ex vivo and in vivo 
generation of cell-secreted bsAbs to provide safer, more 
scalable, and cost-effective platforms, thereby advancing 
these therapeutics towards more patient-friendly treat-
ment modalities.

Challenges and outlook for clinical translation
The integration of nanotechnology with bsAbs technol-
ogy offers complementary strategies to improve cancer 
therapy. Collectively, while preclinical studies demon-
strate encouraging efficacy, clinical translation is in an 
early phase, with one ongoing trial (BNT142-01, a Phase 
I/II study of mRNA-LNPs encoding a CD3 × CLDN6 
bsAb). Recent data from ASCO 2025 show that BNT142 
has demonstrated first-in-human activity in CLDN6-pos-
itive solid tumors, including ovarian cancer, with a man-
ageable safety profile [122]. Below, several challenges that 
could represent major obstacles to clinical implementa-
tion are discussed, as well as high-priority research gaps 
that need to be addressed.

Manufacturing, scalability, and regulatory hurdles
BsAbs exhibit greater structural complexity than con-
ventional antibodies, which heightens the risk of chain 
mispairing, aggregation, and batch-to-batch variabil-
ity [123]. Incorporating bsAbs into nanocarrier systems 
presents significant challenges, requiring precise conju-
gation and preservation of functional activity to ensure 
reproducibility. These technical demands become even 
more pronounced in advanced designs, such as stimuli-
responsive or co-delivery platforms, raising concerns 
regarding scalability. Nevertheless, recent innovations 
including novel antibody formats, microfluidics-based 
manufacturing, continuous processing, and site-spe-
cific conjugation methods are progressively overcoming 
these barriers. For mRNA-encoded bsAbs, the inher-
ently shorter production cycle [124] and regulatory prec-
edents established during the development of COVID-19 
vaccines provide a favorable translational landscape. 
Importantly, GMP-compliant, scalable, and protective 
nanocarrier systems must be integrated into the design 
process from the outset, thereby enabling promising 

concepts to advance efficiently into clinically applicable 
products.

Toward standardized characterization of bsAb–NP systems
Heterogeneity in experimental reporting represents a 
critical bottleneck. Key variables including ligand density, 
bsAb orientation and functionality, linker stability, and 
protein corona interactions critically influence biological 
performance, yet are often underreported. Establishing 
reproducibility and defining critical quality attributes will 
be decisive to align academic development with indus-
trial and regulatory standards.

Managing risks in bsAb–nanomedicine translation
Clinical application of naked bsAbs has revealed risks of 
CRS and neurotoxicity, and it remains unclear whether 
nanocarrier delivery mitigates or simply modulates these 
toxicities. Encapsulation could minimize systemic peaks 
and extend half-life, but nanocarriers may introduce 
additional challenges including complement activation, 
hepatotoxicity, and long-term immunogenicity that could 
affect immune tolerance and response durability [125]. 
Locoregional or depot-based delivery of mRNA-encoded 
bsAbs is emerging as a promising strategy for solid 
tumors, where systemic administration is constrained 
by toxicity. Tissue-targeted LNPs and hydrogel-based 
systems further enhance this approach by maximizing 
local exposure while reducing systemic toxicities such as 
CRS and neurotoxicity. Together, these advances position 
mRNA-bsAbs as a compelling modality for solid tumors, 
provided that future studies integrate PK/PD biomarkers, 
adaptive trial designs, and long-term immune monitor-
ing to balance efficacy with safety.

Bridging communities for clinical translation
The translation of bsAbs into nanocarrier formats is 
slow, partly due to limited communication between the 
therapeutic antibody and nanomedicine communities. 
In addition to creating new bsAb architectures, repur-
posing clinically validated bsAbs within delivery systems 
remains understudied. Only a few case studies exist, such 
as the use of blinatumomab loaded into CaCO₃/polydo-
pamine nanoparticles to combine T cell engagement with 
local immunostimulation and photothermal therapy [74]. 
Concurrently, advances in platforms including mRNA-
encoded bsAbs currently in clinical trials (BNT142 and 
CLDN6 x CD3) [85, 122], and hydrogel or depot deliv-
ery of TCEs demonstrate that nanocarriers can enable 
sustained, tumor-localized activity while modulating 
systemic exposure. New concepts, such as bsAb-guided 
targeting of mRNA-LNPs, exemplify how antibody engi-
neering and nanocarrier design can coevolve to improve 
tissue selectivity. A multidisciplinary framework unit-
ing immuno-oncology, materials science, and regulatory 
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science will be essential to standardizing CMC, PK/PD, 
and safety readouts and unlocking the full potential of 
bsAb-NP platforms. Reviews on antibody-functional-
ized nanocarriers for RNA therapeutics outline practical 
paths for such integration [126].

High-priority research gaps and future outlook

1.	 Optimization of bsAb–NC design: Control bsAb 
orientation, minimize non-specific interactions, 
enable controlled release, and achieve high-yield 
bsAb–mRNA delivery. AI-driven modeling and 
computational prediction tools will be instrumental 
in guiding these optimizations while anticipating 
toxicity risks.

2.	 Standardized characterization: Establish robust 
analytical methods to quantify bsAb density, 
orientation, and stability, and define regulatory-
quality attributes to ensure reproducibility and 
streamline clinical translation.

3.	 Pharmacokinetic control: Apply rational nanocarrier 
engineering to extend bsAb bioactivity, optimize 
administration routes, and explore extrahepatic 
targeting strategies to maximize efficacy while 
minimizing systemic toxicity.

4.	 Toxicity and stability assessment: Conduct 
rigorous safety evaluation, including risks of CRS 
or neurotoxicity, while leveraging innovative 
delivery approaches such as locoregional or depot 
systems. Equally critical is assessing long term 
immunogenicity and its implications for immune 
tolerance, which remains poorly understood.

5.	 Sustainability and access: Broad adoption of bsAb–
nanotechnology platforms will require scalable, 
reproducible, and cost-effective manufacturing 
pipelines to ensure accessibility across healthcare 
systems.

Collectively, addressing these research gaps will not only 
accelerate the bench‑to‑bedside translation of bsAb–
nanotechnology platforms but also establish a foundation 
for next-generation immunotherapies that are safer, lon-
ger‑lasting, and broadly accessible. Importantly, advances 
in antibody engineering, mRNA delivery, and nanotech-
nology manufacturing pipelines are already converging, 
offering a unique window of opportunity. By embracing 
multidisciplinary collaboration and embedding regula-
tory foresight bsAb–NP systems can transcend the cur-
rent limitations. If realized, this convergence has the 
potential to redefine precision oncology and deliver 
transformative treatments for patients.
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