
Biomaterials
Science

REVIEW

Cite this: Biomater. Sci., 2024, 12,
4103

Received 22nd May 2024,
Accepted 7th July 2024

DOI: 10.1039/d4bm00709c

rsc.li/biomaterials-science

Splittable systems in biomedical applications
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Splittable systems have emerged as a powerful approach for the precise spatiotemporal control of bio-

logical processes. This concept relies on splitting a functional molecule into inactive fragments, which

can be reassembled under specific conditions or stimuli to regain activity. Several binding pairs and

orthogonal split fragments are introduced by fusing with other modalities to develop more complex and

robust designs. One of the pillars of these splittable systems is modularity, which involves decoupling tar-

geting, activation, and effector functions. Challenges, such as off-target effects and overactivation, can be

addressed through precise control. This review provides an overview of the design principles, strategies,

and applications of splittable systems across diverse fields including immunotherapy, gene editing,

prodrug activation, biosensing, and synthetic biology.

1. Introduction

The ability to precisely control and modulate biological pro-
cesses in a spatiotemporal manner is a longstanding goal in
various research fields, ranging from therapeutic development
to synthetic biology. Splittable systems have emerged as a
powerful approach for achieving this level of control, offering
unique advantages over traditional methods. The concept of

splitting relies on dividing a functional molecule into two or
more inactive fragments that can reassemble and regain
activity under specific conditions or in response to stimuli.
The principle of modularity lies at the core of splittable
systems, where the functions of targeting, activation, and
effector domains can be effectively decoupled and reassembled
in a controlled manner. This strategy circumvents several chal-
lenges associated with conventional approaches and offers
many advantages, such as minimizing off-target effects,
enhancing specificity, and enabling the conditional activation
or deactivation of biological processes on demand.

Splittable systems have found widespread applications in
diverse fields, including immunotherapy, gene editing,
prodrug activation, biosensing, and synthetic biology.1–4 In the
realm of cancer immunotherapy, splitting strategies have been
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employed to develop chimeric antigen receptor (CAR) T-cell
therapies with improved tumor specificity and reduced off-
tumor toxicity.5,6 Furthermore, the engineering of bispecific
antibodies has benefited from split designs, enabling
enhanced target recognition and recruitment of cytotoxic
effector cells.7

In this review, we aim to provide an overview of the current
state of research on splittable systems for biomedical appli-
cations, with a focus on their design principles, strategies, and
diverse applications across various domains (Fig. 1). We high-
light key examples, discuss the advantages and limitations of
different approaches, and explore potential avenues for future
development and translation of these innovative technologies.

2. Unifying principles and common
strategies in split systems

When fabricating split systems, one purpose is splitting the
original moiety to deprive it of function and maintain suitable
biophysical properties, including solubility and stability.
Another purpose is to ensure that the function can be restored
upon reassembly. There is a lack of clear criteria and prin-
ciples to guide the design; in most cases, several split sites
were chosen, and the optimal structure was screened out.
However, empirical principles, such as domain boundaries,
solvent exposure, and intramolecular interactions, guide struc-
tural considerations and site selection. We expect that certain
engineering principles can be applied to various biomolecules.
A splittable protein always has multiple domains, or at least
recognizable structures, to be nicked. The split sites can be
within the active sites, which will dramatically abrogate the
activity when segments are separated. They can also be distal
to the functional sites, avoiding the disruption of their original
function during engineering.8 The splitting site should be

fully exposed to the solvent to enable dimerization and prevent
the formation of protein aggregates when the hydrophobic
regions are exposed after splitting.9 It should not be involved
in extensive intramolecular or extra-molecular interactions that
may affect the secondary structures of segments.10 With the
development of computational technologies that facilitate the
understanding of protein structure, these tools aid in the
design process for split-site selection.11 Furthermore, strat-
egies for improving the stability, solubility, and reassembly
efficiency can be applied once suboptimal splitting structures
are determined.12 Efforts have also been made to minimize
background activity by preventing premature assembly without
induction. For example, Dagliyan et al. developed a scoring
function called split energy as a predictor for split sites and
successfully applied it to split proteins, such as tyrosine kinase
and tobacco etch virus (TEV) protease.13 Dolberg et al. per-
formed an in silico scan to obtain the interaction energy across
the interface and total stability.14 This demonstrated that
based on the energy partition, effective selection of a split site
can be achieved by predicting and evaluating the energy per-
turbation of the mutations.

After splitting biomolecules, approaches for controlled reas-
sembly can be employed to achieve better performance.
Strategies for controlled reassembly include chemical-induced
dimerization (CID), trans-splicing systems, biological orthog-
onal pairs, facilitating proximity-induced functions, and
precise control. In CID, the most commonly used pairs are
FK506 binding protein (FKBP) and FK506-rapamycin binding
(FRB),15 which form a ternary complex in the presence of rapa-
mycin. The small size of the FKPB and FRB makes it amenable
to split systems to aid the proximity of split agents. A variety of
inducible dimerization systems have been developed that can
be controlled by chemicals, light, etc.16,17 Other orthogonal
pairs with high affinity have been fused to split agents and
promote recognition through direct binding, such as the

Fig. 1 Schematic illustration of technologies for splittable designs and their applications.
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SpyTag and SpyCatcher.18 In addition to direct binding, a
trans-splicing approach such as split inteins can promote the
reassembly of split units by self-splicing the reconstitution.19

3. Biomedical applications
3.1 Immunotherapy

Split strategies have been employed in chimeric antigen recep-
tor (CAR) T-cell therapies and bispecific antibodies, to improve
tumor specificity, reduce off-tumor toxicity, and enhance
target recognition and effector cell recruitment.

3.1.1 CAR-T therapy. CARs are typically composed of a
single-chain antibody variable domain (scFv) coupled with a
hinge and transmembrane domain, and are further linked to
intracellular costimulatory and activation domains. Splitting
CARs can offer multiple targeting properties and restrict the
activation selectivity of CAR-T cells for reduced on-target, off-
tumor side effects and toxicity. Because of the modularity of
CAR, the splitting sites vary in different designs. Strategies
include introducing dual antigen recognition for CAR cell acti-
vation, decoupling the antigen recognition and downstream
signaling, and masking activation domains for conditional
activation. The reconstitution of CAR subunits can also be
regulated by peptides, small molecules like biological orthog-
onal pairs, and light-sensitive elements.

Improved selectivity of activation. The selection of scFv, with
varying affinity for antigens, significantly impacts antigen
specificity and potential side effects in CAR design. High-
affinity scFvs can recognize cells at a lower level of antigen
density but also allow on-target, off-tumor recognition; while
low-affinity scFv allows for better antigen density discrimi-
nation; however, its specificity is compromised. This dilemma
related to CAR-T cell targeting can be rectified using split
strategies.

A simple way is to split CAR by separating the CD3ζ and co-
stimulatory domains to improve the safety profile of CAR-T
therapy. Those domains are reconstituting with antigen reco-
gnition domains that have various specificities. When con-
fronting antigens, the suboptimal activation of CARs upon
binding of one antigen leads to a mild effect while dual recog-
nitions facilitate the maximum response.20 Innovatively, He
et al. developed the bispecific and split (Biss) CAR-T cells tar-
geting CD13+ TIM3+ tumor cells with high activation
efficiency, while showing relatively low activation towards
CD13+ TIM3− cells. This differentiation between acute myeloid
leukemia (AML) stem cells and hematopoietic stem cells facili-
tates selective tumor eradication.5 The bispecific and split
CAR-T cells expressed a nanobody-CD3ζ domain and an
antiTIM3scFv-CD28-4-1BB domain. The nanobody against
CD13 was screened for directing CAR-T cells to induce
target cell death, specifically in CD13+ tumor cells. The
antiTIM3scFv-CD28-41BB domain promoted the function of
CAR-T cells by inducing cytokine secretion, including IFN-γ
and TNF-α, towards CD13+ TIM3+ cancer cells. The induced
cytokine production, however, maintained a relatively lower

killing effect on cells that only express CD13 recognized by
anti-CD13 nanobodies. In the humanized mouse model, these
BissCAR-T cells effectively eradicated AML in the patient-
derived xenograft mouse model, but reduced hematopoietic
toxicity. However, because the single CD3ζ-CAR activation was
sufficient for cell killing, the issue of the on-target off-tumor
effect was mitigated, but not fully addressed. Recently, a study
applied the proximal signaling molecules, LAT (linker for acti-
vation of T cell) and SLP-76, in split CARs to bypass the
reliance of CAR-T cell activation on CD3ζ.21 This is the first
system that has achieved a truly AND-logic gate for CAR-T cell
activation and restricted the activity in a dual-targeting
manner. Instead of selecting double-positive targets, split
CARs can inactivate T cells when they recognize proteins in
normal cells. This CAR design consists of two split subunits,
Signal-CAR and Scissors-CAR. Signal-CAR recognizes one
protein in tumor cells and activates CAR-T cells to perform
cell-killing functions. However, when Scissors-CAR recognizes
another protein that is mainly expressed in normal cells, the
protease domain in Scissors-CAR is activated, cleaving the
peptide sequence between the co-stimulatory domain and
CD3ζ domain in Signal-CAR for inactivation.22 The split CARs
described above would improve the safety profile of CAR-T cell
therapy by enhancing its specificity.

Switchable and tunable control over CAR function. Continuous
activation of CAR-T cells in the presence of antigens is one of
the factors contributing to severe cytokine release syndrome.
After recognizing tumor antigens, CAR-T cells secrete inflam-
matory cytokines and induce tumor cell death, during which a
large number of damage-associated molecular pattern mole-
cules (DAMPs) are released to further stimulate macrophages
for cytokine production.23 Persistent antigen stimulation may
also result in the exhaustion of CAR-T cells, causing them to
lose effector function and develop defective memory for-
mation.24 Splittable systems provide alternatives to address the
aforementioned challenges caused by overactivation.

The antigen recognition and signal transduction of CARs
can be dissociated, and are regulated temporally and spatially
by biological orthogonal pairs or CIDs. Various switches tune
the CAR-T cells from “ON” to “OFF” status to avoid continuous
activation. For example, the constitutive antigen-dependent
activation of T cells was circumvented in a design called split,
universal, and programmable (SUPRA) CAR.25,26 The SUPRA
CAR incorporating leucine zippers for split CARs was based on
the interaction between the EE-leucine zipper and the RR-
leucine zipper. The EE-leucine zipper was fused to the scFv for
antigen targeting. After EE-leucine zipper-scFv is bound to the
tumor antigens, zipCAR-T cells expressing a recombinant
motif consisting of RR-leucine zipper and intracellular signal-
ing domains can recognize EE-leucine zipper and activate
zipCAR-T cells (Fig. 2a). The antitumor efficacy of SUPRA CAR
was evaluated in vitro and in vivo. This study further investi-
gated how cytokine secretion and killing capability were
affected by changing four parameters: scFv affinity, zipper pair
affinity in between, zipper-scFv concentration, and zipCAR
expression. While high-affinity zipper-scFv often resulted in
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overactivation, the maximum level of cytokine secretion and
killing ability was correlated with zipper pair affinity. In
addition, zipCAR-T activity can be controlled by adding com-
petitive zipFvs or redirected by adding zipFvs that target
different antigens. Adjustable dosing of zipFvs is amenable to
regulating and controlling the overactivation of CAR-T cells. In
addition, SUPRA CAR could be applied to many other cells,
including Th1, Th2, Treg, γδ T cells, NK cells, and macro-
phages, for different functions in cell therapy.27 A NOT gate
and three-input (A AND B) AND NOT C logic were developed
through rational design, enabling more complex computations
in immune cells with increased versatility.

Other biological orthogonal pairs for switch-mediated acti-
vation and retargeting include 14-amino acid PNE sequence
and high-affinity antibody against PNE, SpyTag, and
SpyCatcher.28,29 The pair SpyTag and SpyCatcher interact via an
isopeptide bond; moreover, this pair has been used for antibody
discovery in phage display and have been explored for splitting
CARs.30,31 The distinct high affinity of pairs to their counter-
parts elicits more precise tuning of cytokine. For example,
SpyCatcher CAR-T cells can bind to SpyTag fused with scFv,
which recognizes antigens6 (Fig. 2b). The pair showed a signifi-
cant killing effect on hGPC3+ cells in the presence of anti-
hGPC3 scFv-SpyTag. While maintaining cytotoxicity against
target cells comparable to conventional CAR-T cells, only about
20% of CAR-T cells that produce IFN-γ were detected
in vitro. The potency of SpyCatcher CAR-T cells and cytokine

release could be tuned by changing the concentration of anti-
hGPC3 scFv-SpyTag. As demonstrated in the in vivo study, cyto-
kine release, including IFN-γ, IL-2, and IL-6, was reduced.
Interestingly, it is postulated that the binding intensity between
CAR-T cells and cancer cells regulates CAR-T functions. In a
similar study, the in vitro lytic capability of SpyCatcher CAR-T
cells was dependent on the dose of scFv-SpyTag.32 And this uni-
versal platform of SpyTag and SpyCatcher CAR-T cells can redir-
ect CAR-T cells by administering different scFv-SpyTags without
reengineering CAR-T cells in vivo.

Applying biological orthogonal pairs can benefit from the
high affinity between these pairs, indicating a better thera-
peutic index of the original therapeutic agents as a relatively
lower dose of CAR-T cells might be sufficient to elicit killing
functions. However, the killing capability of CAR-T cells can be
compromised especially when there are low effector-to-T cell
ratios. Moreover, as Spytag and Spycatcher are derived from
the bacteria strain Streptococcus pyogenes, the potential
immune response after administration and the requirement of
continued dosing for prolonged CAR-T cell function may limit
the translation of some pairs in split approaches. There are
also concerns about the auto-aggregation of recombinant
scFvs, which may lead to the exhaustion of CAR-T cells, even
though no aggregation of SpyCatcher was observed in the
studies mentioned above. Nevertheless, because of the optimal
performance of the SpyCatcher CAR, this split system has also
been applied in CAR-NK cell immunotherapy.33

Fig. 2 Split-CAR designs for immunotherapy. (a) Schematic illustration of zipCAR-T. The heatmap indicates cytokine release at varying parameters.
Reproduced from ref. 25 with permission from Elsevier, copyright 2018. (b) Schematic illustration of SpyTag and SpyCatcher in CAR-T cell design.
Reproduced from ref. 6 with permission from Xuan Liu et al., copyright 2020. (c) Small molecule-induced, titratable tumor killing of split CAR.
Reproduced from ref. 34 with permission from The American Association for the Advancement of Science, copyright 2015. Reproduced with per-
mission (d) Safety switch for irreversible CAR-T deactivation. Reproduced from ref. 35 with permission from Gargett and Brown, copyright 2018.
Reproduced from ref. 36 with permission from Elsevier, copyright 2021.
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CARs can also be divided at the intracellular domains and
combined with CID for switchable control over functions. CAR
subunits can reassemble in the presence of small molecules
such as rapamycin to reconnect the co-stimulatory domain and
CD3ζ for the following signaling transduction after antigen
recognition. While the activation of T cells is still dependent on
antigen recognition, the rapamycin-controlled binding of
FKPB12 and FRB provided an additional requirement and
control for CAR-T cell activation, as the concentration of small
molecules correlated with the tumor-killing effect34 (Fig. 2c).
Also, the inducible dimerization of CARs did not affect the cyto-
toxicity kinetics of CAR-T cells. By changing and tailoring the
dosing of small molecules after CAR-T cell infusion, the con-
tinuous activation of CAR-T cells is abrogated by suspending
small-molecule administration, whereas, robust CAR-T cell
activity can be reversed. To minimize the immunosuppressive
activity of rapamycin and prevent the impact of endogenous
FKBP12, FKPB12 and FRB domains can be inserted into the
extracellular domain to decrease the dose of rapamycin for regu-
lation.37 In this design, the antigen-targeting domains included
CD19-targeting scFv, FKPB12, and the CD4 transmembrane
domain. And the activation domain is composed of the FRB
domain, CD8α transmembrane domain, and signaling domains
of 4-1BB and CD3ζ. Interestingly, adding scFv-FKBP12 that
targets another antigen (B-cell maturation antigen, BCMA but
not CD19) after preincubation with rapamycin following anti-
CD19 CAR-T therapy led to the recognition and killing of
BCMA+ CD19− cells. In this way, the targeting reactivity of
CAR-T cells is expanded towards a second antigen without the
need to re-engineer the infused CAR-T cells. In another study,
FKBP-FRB pairs were fused with Caspase-9 to trigger cell death
in CAR-T cells and prevent overactivation35,36 (Fig. 2d). These
switches in conjugation with other functional biomolecules
explore the versatility of split systems.1

In addition to small-molecule-mediated CID, CAR-T split
designs can also be light-inducible for transcriptional and
translational regulation. For instance, blue light triggers the
unfolding of the Jα helix of the light–oxygen–voltage-sensing
(LOV2) domain to expose the nuclear localization sequence
and translocate LexA-CIB1 from the cytoplasm to the nucleus.
Thus, the LexA-CIB1 and CRY2-VPR complex localized to the
LexA BS region in the plasmid and activated the transcription
of anti-CD19 CAR. Because of the fast dissociation of CRY2-
CIB1 with a half-life of approximately 5.5 minutes, the optical
control of anti-CD19 CAR expression is dependent on the turn-
over of CAR and is reversible with high spatial resolution.38

This compatible and noninvasive method provides temporal
control over CAR-T activity for tumor killing and enables on-
demand activation.

The field of cell immunotherapy, particularly CAR-T treat-
ment, has shown great success. One research strategy for
increasing the overall safety and efficacy of CAR-T therapy is to
divide the CAR design into distinct modules. CAR-T supports
Boolean logic operations (AND gate, OR gate, NOT gate, etc.),
and more “off-the-shelf” designs have been developed. The use
of inducible and inhibitory CARs has allowed for greater flexi-

bility and control over functions. However, additional efforts
are needed to overcome the constraints and challenges posed
by the tumor microenvironment and heterogenicity in solid
tumors.

3.1.2 Bispecific antibody. Bispecific antibodies are
regarded as a new type of immunotherapy that helps prime
the immune system against cancer. Tumor-specific antigens
suitable for targeting purposes are rare. A split strategy can be
applied to antibody therapy to obtain better specificity, addres-
sing the limitations of antigen expression in normal cells.
Banaszek et al. designed a tri-specific antibody split into two
domains that can align and reconstitute to activate CD3-posi-
tive T lymphocytes for tumor cell lysis with improved speci-
ficity.39 The split system addressed the challenge of dis-
tinguishing healthy tissues that are human leukocyte antigens
(HLA) A2 positive from diseased hematopoiesis which is
HLA-A2 and CD45 positive. In their design, the single-chain
variable fragment (scFv) of anti-HLA-A2 was fused to the vari-
able light (VL) chain domain of an anti-CD3 antibody, whereas
the scFv of anti-CD45 was fused to the variable heavy (VH)
chain domain of the same anti-CD3 antibody (Fig. 3). While
having negligible binding via VH/VL interaction at µM concen-
tration, the split two fragments can resemble each other only
when binding to their target antigens on the same cell surface,
achieving dual antigen-restricted V-fragment complementa-
tion. Tri-specific antibodies have achieved antitumor efficacy
comparable to bispecific antibodies in AML but maintained
low adverse bystander toxicity in vivo. The antitumor effect was
further evaluated in breast cancer, showing promising appli-
cations in solid tumors. By applying the split system in anti-
body design, the choice of antigens is not limited to tumor-
associated antigens with an ideal distribution. For bispecific
antibody production, an intein-based protein splicing system
helps to overcome the issues of light/heavy chain mispairing.7

For example, two antibody fragments can be expressed separ-
ately in mammalian cells, and the trans-splicing of intein
recombines the fragments to form bispecific antibodies.40 The
generated antibody has a natural human IgG architecture with
fewer chain mispairings. It has also been further adapted for
automatic antibody reconstitution at a high-throughput
screening level.41

3.2 Gene therapy and synthetic biology

Several split systems have been designed and used for moni-
toring protein–protein interactions, genome engineering, and
controlling gene transcription and translation in living cells. A
typical idea in the field of synthetic biology is to create gene
circuits in which the transcriptional regulation of gene
expression is controlled by split regulators. Split regulators
typically comprise of DNA a binding domain and a regulatory
domain that can be fused to complementary pairs. While the
focus of synthetic gene regulation has been put in the tran-
scription process of gene of interest, increasing efforts have
also been made to examine novel approaches to translation
and protein degradation.42 The subsequent sections detail
how the split principle has been implemented in diverse appli-
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cations, with a focus on gene editing and tool development in
the field of synthetic biology.

3.2.1 Split Cas9. The purposes of splitting Cas9 include
improving the therapeutic index of CRISPR technology, enhan-
cing the compatibility of Cas9 with virus vectors, and enabling
temporal and spatial precision control. Currently, the CRISPR/
Cas system is generally delivered using an adeno-associated
virus (AAV), which is the most frequently used delivery system
for gene therapy.43 The maximum payload of the AAV vector
restricts the size of the gene delivered, limiting the application
of some CRISPR/Cas systems. The size of Cas9 is about 3–4.2
kb, depending on their various strains, and the size of which
after combining with the necessary promoters and other com-
ponents will reach up to 5 kb.44 Simply splitting the com-
ponents of the CRISPR/Cas system, especially Cas9, will
enhance compatibility with delivery virus vectors by diminish-
ing their size. Upon delivery of each component into cells, it
can reconstruct its full-length function and overcome the limit-
ations of the loading capacity of the virus.

The feasibility of splitting Cas9 is based on its structure
consisting of two lobes: a recognition lobe (REC) and a nucle-
ase lobe (NUC).45 Conformational rearrangement of the two
lobes through interaction with nucleic acids provides the foun-
dation for splitting Cas9. The combined use of CID, light-
induced dimerization pairs, and other biomolecules has
expanded the scope of CRISPR/Cas9 applications. One split-
Cas9 system takes advantage of FKBP and FRB pairs, as dis-
cussed in the previous sections. The two split fragments of
Cas9 were fused to FKBP and FRB domains, and rapamycin
regulated the reconstitution of separate Cas9 fragments.46 The
most active version of split-Cas9 was selected from among 11
potential sites. At approximately the same time, two other
studies have applied a split strategy for the Cas9 system.
Similarly, Truong et al. chose the same split site, but split-
Cas9 was combined with the intein system. The design
includes the N-terminal DNA polymerase III DnaE fused to the
N-intein and C-termini DnaE fused to C-intein47 (Fig. 4a). The
split site of DnaE was carefully selected between Glu573 and
Cys574 to generate inactive fragments. The ligated recombi-

nant Cas9 recovered its wild-type function by leveraging the
recognition and self-splicing of inteins. Gene editing efficiency
and targeted gene editing were restored, which was compar-
able to that of wild-type Cas9. The intein-mediated split-Cas9
could be successfully delivered by AAV, and demonstrated
maintenance of activity with an even higher level than that
delivered by a single AAV.

However, the activation of Cas9 was irreversible, as repla-
cing the treatment medium after 2 h of treatment led to con-
tinuous activation. Other problems also exist. Wright et al.
split Cas9 into the NUC lobe and the α-helical lobe in efforts
of reassembling when both are recognized by the sgRNA/DNA
complex.48 Although the in vitro gene editing function of reas-
sembled Cas9 was verified in this study, the efficiency of split-
Cas9 without further modification was significantly lower,
with 0.6% to 2% indel efficiency compared to 22% of WT Cas9
targeting the EMX1 locus in HEK-293T cells. This indicates
that the limited affinity after splitting and lower kinetics of
DNA cleavage are potential obstacles when designing split
Cas9. Also, moderate levels of background activity can be
detected in the absence of an inducing agent.46,48,49

Constitutive expression of Cas9 also contributes to the unde-
sired outcomes such as off-target effect, which remains to be
resolved.46 Accordingly, optimization of the split system has
strived to address the problems of compromised robustness;
however, more importantly, these systems have achieved
higher precision and specificity.

Advances in novel bioengineering technologies have pro-
moted the development of inducible split-Cas9 for in vivo acti-
vation. The estrogen receptor (ER) ligand-binding domain,
which binds to Hsp90, was applied for the cytoplasmic localiz-
ation of split Cas9 fragments fused to achieve spatial control.50

By adding the synthetic ligand 4-hydroxytamoxifen (4OHT),
the release of Hsp90 triggers nuclear translocation of both
Cas9 fragments, enabling the formation of a reassembled
Cas9-sgRNA complex in the nucleus. This modification and
spatial regulation of split-Cas9 decreased background activity
without 4OHT, thus improving performance (Fig. 4b).
Furthermore, reversible and remote regulation of split-Cas9

Fig. 3 Schematic illustration of a dual-targeting antibody for T cell engaging. (a) Reconstitution of bi-specific antibody on target cells to engage T
cells. (b) Split antibody spares single antigen-positive cells from double antigen-positive hematopoietic cells in an allogeneic mismatch transplan-
tation model. Reproduced from ref. 39 with permission from Shuyu Huang at al., copyright 2020.
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CRISPR has been developed using far-red light to control the
transcription and translation of a split-Cas9 fragment.51 The
split pairs used in this study were Coh2 and DocS derived from
Clostridium thermocellum fused to N-terminal Cas9 and
C-terminal Cas9, respectively, which were encoded in DNA.
DocS-Cas9 (C) is regulated by the human cytomegalovirus pro-
moter (PhCMV) for constitutive expression. Far-red light regu-
lated the transcription of Cas9(N)-Coh2 by activating bacterio-
phytochromes (BphS) to synthesize cyclic-di-GMP for the trans-
location of the regulator p65-VP64-BldD into the nucleus, incit-
ing the activation of the far-red light-inducible (FRL) promoter
(Fig. 4c). After expression, the high-affinity interaction between
Cho2 and DocS facilitated the reconstitution of the nuclease-
active form of Cas9. The gene editing effect was reversed after
shifting the transfected cells to the dark, and there was a
minimum off-target effect. Due to the experimental design,
the long period between the two tests for gene editing
efficiency may allow the turnover of related proteins within the
cell. Nevertheless, the results still support a reusable split-Cas9

system. The split-Cas9 has also been explored and designed
into a synthetic AND-logic gate and used as a biosensor to
detect cellular events, such as phenotype transition and cell–
cell fusion.52 Efforts have been made to optimize CRISPR/Cas9
for therapeutic applications in mammalian cells.53

3.2.2 Split RNA polymerase. The possibility of split T7 RNA
polymerase was found during the purification process when
the site between amino acids 179 and 180 in the H-loop
domain was nicked. Disrupting the refolding of the H-loop
domain after T7 RNAP binding to the promoter abrogated its
ability to synthesize full-length RNA. Accordingly, the
C-terminal and N-terminal fragments of T7 RNAP have been
developed.54 Binding between two subunits does not require
additional binding pairs for functional restoration. Fused to
points of interest separately, split T7 RNA polymerase was
developed into a versatile biosensor platform in mammalian
cells and was able to control the transcription process.55–57

3.2.3 Split-Cre. Cre is one of the most extensively developed
agents in gene therapy and synthetic biology. The ability of Cre

Fig. 4 Split-Cas9 systems for gene therapy. (a) Split intein-mediated reassemble of two DnaE fragments via trans-splicing reaction. Reproduced
from ref. 47 with permission from Oxford University Press, copyright 2015. (b) Schematic illustration of reconstitution and transportation of Cas9
into the nucleus upon addition of 4-hydroxytamoxifen (4OHT). Reproduced from ref. 50 with permission from Springer Nature, copyright 2016. (c)
Far-red light-controlled split-Cas9 system. Far-red light (∼730 nm) triggers the transcription and translation of Cas9(N)-Coh2, which will bind with
its constitutively expressed counterpart. Reproduced from ref. 51 with permission from Yuanhuan Yu et al., copyright 2020.
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recombinase to catalyze the site-specific recombination of
DNA has been utilized for many biological applications in pro-
karyotic and eukaryotic cells. Cre has been split into two seg-
ments, which were able to dimerize, rendering the regulation
over recombination activity.58 To develop more biologically
relevant systems, the two fragments of Cre can be fused with
other moieties. Split-Cre recombinase has been used to investi-
gate the protein–protein interactions in bacterial cells as well
as controllable genome engineering in vivo.8,59

3.2.4 Split-protease. Two proteases have been investigated
for splitting: tobacco etch virus (TEV) protease and human rhi-
novirus 3C (HRV 3C) protease.60,61 N-TEV(1–118)/C-TEV
(119–242) pairs of TEV proteases were used first for protein–
protein interactions and were later used for the design of fast
proteolysis-based signaling and logic circuits in mammalian
cells.4,60 Considering the crucial role of proteases in various
biological processes, programmable protease-based systems
have been developed for therapeutic protein secretion.62

3.3 Prodrug activation and targeted drug delivery

The purpose of using prodrugs as therapeutic agents is to
minimize side effects when the drug is in normal cells by
remaining nonactive and nontoxic. However, the difference
between target and non-target cells is usually not significant
enough to have ideal outcomes and leads to failure in pre-
clinical or clinical studies due to premature activation of the
prodrug. In this case, the split system provides a compensation
strategy to achieve targeted delivery. There are several ways to
achieve prodrug activation in split systems.

3.3.1 Split enzyme for prodrug activation. Enzymes
required to metabolize the prodrug into the active form or
uncage small molecules in situ can be split. For example,
Nervig et al. employed split β-lactamase for prodrug cleavage
activation, which could potentially diminish the systemic side
effect2 (Fig. 5a). Split β-lactamase segments were fused using
two anti-HER2 (human epidermal growth factor receptor 2)
antibody binders. The binding epitopes of the two binders
were different, indicating that the two segments can be simul-
taneously displayed on HER2. The positions of the two
binding sites allow the correct orientation, facilitating the
refolding of β-lactamase for proximity-dependent gain-of-func-
tion. The cytotoxicity of this strategy was tested in an in vitro
model using a high-HER2-expressing cancer cell line.
Compared to the intact enzyme, split β-lactamase fused to
HER2 binders showed a comparable IC50 and increased the
toxicity to 7-fold over the prodrug treatment alone.

3.3.2 Tag-and-play strategy. This idea of “tag-and-play” has
been demonstrated in many treatment strategies, ranging from
small molecules like chemical prodrugs to antibodies and cell
therapy, as discussed briefly in section 3.1.1. Based on the acti-
vation of chemical prodrugs via an enzyme-mediated process,
the targeting property of prodrugs has been enhanced by uti-
lizing antibody-directed enzyme to initiate a two-stage
system.63 The amplification of specificity overcomes the con-
cerns of the cross-targeting of normal cells in antibody-
directed enzyme prodrug therapy (ADEPT).64 To activate the

systemically delivered prodrug, the capturing agents can also
be locally injected. For example, biocompatible materials
modified with bio-orthogonal chemical groups have been uti-
lized for click-activated prodrugs in antibiotic treatment and
chemotherapy65,66 (Fig. 5b). The concept of tag-and-play for
CAR-T therapy in cancer treatment could potentially address
antigenic heterogeneity by introducing artificial antigens for
CAR-T cell targeting. Similarly, other tagging agents include
amphiphilic poly (ethylene glycol) lipids which are specifically
inserted into the tumor cell membrane to introduce a new
target (FITC). Anti-FITC CAR-T cells can then preferentially
recognize artificial antigens and elicit selective cytotoxicity
toward cancer cells67 (Fig. 5c). Importantly, this study dis-
cusses the mechanism by which de novo endogenous T cells
are actively involved in the immune response following CAR-T
therapy. Metabolic glycan labeling of cancer is another modifi-
cation method to introduce tags for CAR-T cells to target
different types of cancer.68

3.4 Cytokine monotherapy

Therapeutic recombinant cytokines including IL-2, IL-11, TNF,
and others have been approved for various immune-related
diseases, but the dose-dependent side effects by activation of
immune cells still limit their clinical use.69–72 Some techno-
logies have been applied such as directed evolution that intro-
duces mutations to increase the affinity of therapeutic cyto-
kines to their receptor.73,74 PEGylation of cytokine molecules
can also optimize the pharmacokinetics property of cytokines
with a longer circulation half-life and diminished immuno-
genicity or even lead to sustained activation of regulatory T
cells.75 Nevertheless, PEGylation failed to reduce the toxicity of
IL-2.76 Antibody-cytokine fusion proteins, also called immuno-
cytokines, have also been developed to promote cytokine infil-
tration at disease sites.77 However, due to their pleiotropic
nature and broad distribution of receptors, the regulation of
systemic cytotoxicity of therapeutic cytokines was still
demanded.

To improve the therapeutic index of therapeutic cytokines,
a splitting strategy has been applied to selectively generate the
activity of cytokines on demand in the disease sites but not
when they are in circulation. The proof-of-concept study was
done by Venetz et al., in which an IL-12 subunit p35S (C92S
mutation) was fused to the bivalent single-chain variable frag-
ment (scFv) against the fibronectin, facilitating its accumu-
lation on tumor neovasculature.78 The counterpart subunit
p40S (C197S mutation) was associated with p35S and formed a
heterodimeric IL-12 moiety, inducing in vitro IFN-γ production
in freshly isolated mouse splenocytes. However, the single
p35S subunit alone remained a partial function of IL-12
activity, limiting the further application of split IL-12 for the
in situ cytokine reassembly. Besides IL-12, other cytokines
including IL-6 and IL-11 have also applied similar principles
of split system for split-cytokine-precursors that have demon-
strated the feasibility and robustness of this concept.79

Selective mimics of IL-2 and IL-15 have been generated by
Silva et al. based on the crystal structures called neoleukin-2/
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15 (Neo-2/15), which showed a superior therapeutic activity to
IL-2.80

The therapeutic relevance of this spit-cytokine strategy was
evaluated in the following study, in which they generated a
controlled and conditionally activated mimetic of IL-2/IL-15 to
optimize the activation of immune cells by multiple selecti-
vity.81 The activation of immune cells was achieved through
two methods, trans-activation and cis-activation by fusing split
interleukin-2/15 (Neo-2/15), which stimulates the IL-2Rβ and
IL-2Rγ to different targeting domains. In trans-activation, two
fragments (Neo2A and Neo2B) have been fused to tumor-
antigen targeting domains against EGFR and HER2 respect-
ively (Neo2A-aEGFR and Neo2B-aHER2) (Fig. 6a). After the
binding of two domains to their targets on HER2+/EGFR+ cells,
colocalization of Neo2A and Neo2B elicit an AND-logic gate
activity for effectively recruiting IL-2 Rβ and IL-2Rγ for trans-
activation of NK cells. This trans-activation is dependent on
the surface density of split Neo2A and Neo2B. Different from
binding to tumor cells and recruiting immune cells through
IL-2/receptor interaction, in cis-activation, two fragments
(Neo2A-aCD8 and Neo2B-aCD8) were selectively targeting CD8+

T cells and the complemented Neo-2/15 directly activate the

IL-2 receptor on the same recognized CD8+T cell for sub-
sequent proliferation and tumor killing function.
Administration of split Neo-2/15 through subcutaneous injec-
tion in the opposite flank of tumor-implanted mice has suc-
cessfully demonstrated robust anti-tumor efficacy and signifi-
cantly reduced the toxicity.

The function of in situ recombinant therapeutic cytokines
can be further controlled by proximity-induced chain exchange
on target cells. Vasic et al. developed a PACE (Prodrug-
Activating Chain Exchange) system and was applied for con-
ditionally active IL-4 prodrug.82 Similarly, IL-4, consisting of
four alpha helices was split into two fragments, and the separ-
ated helices are denoted as A and BCD, which were further
fused to the C-termini of TriFabs. TriFabs are a type of CH3-
dimer capable of exchanging their heavy chains. When the two
entities are in close proximity, they convert from destabilized
CH3-dimers into stable CH3–CH3 products.83 Either mutation
in helix A or helix C was introduced to the recombinant
protein respectively (denoted as purple color in Fig. 6b), gener-
ating two reactants. The exchange of a heavy chain of two reac-
tants, when they recognized the same target cells via binding
domains against the tumor-associated antigen (TAA), mediated

Fig. 5 “Tag-and-play” in split systems for prodrug activation. (a) Split β-lactamase catalyzes prodrug activation on HER2-positive cancer cells.
Reproduced from ref. 2 with permission from American Chemical Society, copyright 2022. (b) In situ uncaging of trans-cyclooctene (TCO) protected
antibiotic. Reproduced from ref. 65 with permission from American Chemical Society, copyright 2018. (c) tumor-targeting and membrane inserting
ligand for redirection of CAR-T cells against solid tumors. The endogenous T cells are infiltrated in the tumor and involved in the anti-tumor
immune response. Reproduced from ref. 67 with permission from Springer Nature, copyright 2023.
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the activation of IL-4 without mutations (denoted as Product
1). However, another product containing mutated IL-4 showed
no activity and is removed from the cells due to a lack of TAA
binding domains. By changing the binding domains on
recombinant protein against different TAAs, a TAA-mediated
targeting and activation of IL-4 prodrug was achieved, eliciting
robust activation of IL-4 receptors on targeted cells and neigh-
boring cells. Nevertheless, it is innovative to apply the prodrug
concept in developing a new antibody-cytokine system, and
evaluation of in vivo treatment efficacy and their performance
in reducing side effects is necessary. The therapeutic window
between on-target activation and premature activation necessi-
tates further optimization. Moreover, the fate of cleared inac-
tive and mutated side products after change exchange and
recombination within circulation should be investigated.

3.5 Biosensing

3.5.1 Split fluorophore. Split fluorescent proteins provide
the foundation for the development of biosensors. Currently,
there are a variety of fluorescent proteins with different exci-
tation/emission maxima, offering flexible and diverse
choices.84 By fusing with target protein or coupled with other
split pairs, they have demonstrated broad applications in
protein labeling,85,86 protein visualization,87 detection of
protein delivery, and other biological processes,88–90 generally
working as a reporter.3

3.5.2 Split aptamers. Split aptamers are two or more short
nucleic acid strands that can regain the binding ability with
high specificity and affinity after reconstitution. These split
aptamers are usually small, usually from 10 to 50 nucleo-
tides.91 Currently, only a few split aptamers exist, including
thrombin, adenosine, ATP, and cocaine split aptamers.92–96 To
develop split aptamers, the parent aptamers are required to
have suitable original structures that are easy to divide, such

as stem region.97 After splitting, neither of the aptamer frag-
ments can bind to the target protein alone but the binding
ability is restored after reassembly. For example, in the pres-
ence of thrombin, the split aptamers will form the
G-quadruplex structure, losing or gaining the conformation-
based functions, such as the Förster resonance energy transfer
(FRET) phenomenon.92 Most applications of split aptamers are
in the field of biosensors. Various strategies based on the split
aptamers have been brought up to detect proteins or small
molecules.91 There are ongoing efforts to further increase the
specificity and sensitivity of these biosensors.

3.5.3 Split DNAzyems. DNAzymes or deoxyribozymes, syn-
thetic DNA oligonucleotides that can catalyze certain reactions,
can be split into multi-components that are sometimes called
MNAzymes (Multicomponent Nucleic Acid enzymes).98 They
have also shown great potential as a therapeutic intervention
involved in chemotherapy, gene therapy, and cancer immu-
notherapy against different diseases.99,100 Similar to split apta-
mers, the applications of split DNAzymes are focused on
developing biosensors for protein detection and RNA
detection.101–103

3.6 Other applications

Split systems have been explored for intracellular applications,
such as split toxins for selective cell inhibition and conditional
activation of immune cells. The reassembly and complementa-
tion always occur on the cell surface in these designs. It can
also be programmed to cross cell membranes and function in
cytoplasm. For example, split Pseudomonas exotoxin A (PE3)
that can inhibit cell synthesis and cause cell death by ADP-
ribosylation of eukaryotic elongation factor 2 (eEF2) after com-
plementation has been restructured into a split toxin
system.104 It showed the cell inhibition effect in HEK-293 cells
after transfection comparably as intact PE3. The intracellular

Fig. 6 Splittable cytokines for conditional immunotherapy. (a) trans-Activation of T cells by targeting single or dual antigens. Reproduced from ref.
81 with permission from Springer Nature, copyright 2022. (b) Schematic illustration of chain-exchange mechanism for generating therapeutic IL-4.
Reproduced from ref. 82 with permission from Steffen Dickopf et al., copyright 2022.
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complementation of split PE3 takes place in the cytoplasm;
however, the delivery approach is still reliant on cell transfec-
tion which lacks selectivity. In another study, a similar split
toxin system consisting of diphtheria toxin (DT) catalytic
domain (DTA) as a split-effector was developed by using two
different delivery machineries.105 One fragment encoded the
N-terminal split DTA (toxinN) in a gene was delivered via trans-
fection or viral transduction. Another fragment containing
C-terminal split DTA (toxinC) was designed to enter the cell
cytoplasm through the anthrax lethal toxin system (LeTx). The
targeting and selectivity of the second delivery route are due to
the targeting of modified pore-forming protective antigen (PA)
towards HER2, EGFR, and TEM8, which are all overexpressed
oncoproteins that can serve as targeting markers. By leveraging
the translocation-priming lethal factor N-terminal fragment
(LFN) that binds to the PAs, the translocation of fragments
fused with LFN can be translocated to the endosomes.

4. Challenges and future perspectives

The broad applications of splittable systems range from inves-
tigating basic biological processes at an early stage of drug dis-
covery, to optimizing therapeutics for translational purposes.
We have discussed the advantages of utilizing splittable strat-
egies in numerous scenarios, either to enhance the targeting
specificity or provide a controllable handle. However, the chal-
lenges of premature assembly of split subunits lead to high
background signals and the off-target effect, compromising
the utilization of split systems for precision medicine. Further
optimization is required to increase the stability of fragments
and prevent potential self-aggregation within single fragments.
Moreover, efforts should also be attributed into to evaluating
the immunogenicity of current splitting systems and fully
investigating the safety profile of available methods. To dis-
cover more splittable agents, a better understanding of the
function-structure relationship is necessary. Computational
techniques are advancing the development of protein design
and engineering, particularly for selecting splitting sites,
improving the solubility, and identifying binding pairs.
Protein–protein interaction prediction and modeling are
important in the development of splittable drug delivery
systems. In recent years, deep learning algorithms like
AlphaFold have revolutionized this procedure by providing
atomic-level accurate prediction without known similar struc-
tures.106 The predication of protein interaction sites and
folding patterns is vital for identifying optimal split sites and
ensuring effective reassembly under physiological con-
ditions.107 Prediction algorithms that are highly customized
for specific splittable protein types have also been used to
produce more efficient modeling and docking structure predic-
tions. For example, automated tools were developed for SPELL
(split proteins regulated by a ligand or by light) to predict
these sites with minimal spontaneous assembly.13 Although
accurate structural information is needed, traditional bio-
molecular modeling algorithms could provide more reliable

outcomes, which are predictions of the behavior and stability
of protein components before they are reassembled in vivo,
compared to deep learning algorithms. The toolbox of splitting
systems for more complex bio functions can be fulfilled by dis-
covering more dimerization domains and conditional indu-
cers. Systemic approaches for split system optimization via
computational design advance their applications. Advanced
geometric and network concepts can contribute to the
effective design of splittable systems. For example, Ricci
Curvature-based algorithms, including Ollivier-Ricci Curvature
and Forman-Ricci Curvature, can predict interactions of
protein complexes and protein-inorganic nanoparticles with
high-performance accuracy.108,109 Those machine learning
algorithms have provided powerful tools for system biology
and synthetic biology and can boost the novel designing of
splittable systems. Through those computation-guided optimi-
zations, it is possible to understand and interpret why specific
mutations work while the rest cannot, thus transferring these
generalizable rules for tuning other split systems. For multi-
component systems, determining how each component
impacts the output of whole systems will help guide the
tuning of functions in real situations. Moving forward, the
novelty should not rely on the complexity of the system rather
more focus should be put on their translational potential and
clinic relevance.
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