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a b s t r a c t

Due to its simplicity, high efficiency, and chemo-selectivity, bioorthogonal chemistry has shown a great

application potential in pre-targeting. Currently, four bioorthogonal pairs as targeting tools, including

(strept)avidin/biotin, antibody/antigen, oligonucleotide hybridization and IEDDA tools, have been devel-

oped and applied in targeted delivery. Nevertheless, all of these tools still suffer from some limitations,

such as difficult modification, biochemical fragility and larger molecular weight for biological associa-

tion tools, as well as chemical instability for IEDDA tools. Synthetic host-guest pairs with relatively small

molecular sizes not only possess strong chemical stability, but also have the features of fast conjugation

rate, tunable binding affinity, easy modification, and high chemo-selectivity. Consequently, they can be

used as a novel non-covalent bioorthogonal tool for pre-targeting. In order to further promote the de-

velopment of host-guest pairs as novel bioorthogonal tools for pre-targeted delivery, we firstly calculate

their conversion rate to make researcher aware of their unique advantages; next, we summarize the re-

cent research progress in this area. The future perspectives and limitations of these unique tools will be

discussed. This review will provide a systemic overview of the development of synthetic host-guest pairs

as novel bioorthogonal tools for pre-targeting, and may serve as a “go for” resort for researchers who are

interested in searching for new synthetic tools to improve pre-targeting.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Two independent entities rapidly and selectively react with

each other without reactivity towards endogenous species in liv-

ing systems are collectively termed bioorthogonal chemistry [1].

At early 2000, Bertozzi and co-workers [2–5] firstly introduced

the click reactions, such as staudinger ligation and strain-promoted

[3 + 2] azide–alkyne cycloadditions (SPAAC), in a cellular envi-

ronment for labeling the cell surface’s glycoproteins, and proposed

this concept [6,7]. Over the past two decades, bioorthogonal chem-

istry has become an important tool widely used in cell biology,

chemical biology, molecular biology and biomedicine, and has al-

ready made a tremendous scientific impact on these disciplines [8].

Of note, Bertozzi was awarded the 2022 Nobel Prize in Chemistry

due to her creative work in bioorthogonal chemistry [9].

To further clarify this concept, a bioorthogonal reaction should

possess the following features: (1) quantitative yields in aque-
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ous environments at physiological pH and temperature; (2)

chemo-selectivity without reactivity towards endogenous func-

tional species in living systems; (3) fast reaction rates even at low

concentrations; (4) non-perturbing to biological systems and non-

toxic under these conditions. To date, dozens of chemical reactions,

such as staudinger ligation, Cu(I)-catalyzed [3 + 2] azido–alkyne

cycloadditions (CuAAC), SPAAC, photo-click 1,3-dipolar cycloaddi-

tions, strain-promoted alkyne-nitrone cycloadditions (SPANC), in-

verse electron demand Diels–Alder (IEDDA), hetero-Diels-Alder, are

developed as bioorthogonal reactions [10–13]. Application of these

bioorthogonal reactions in living systems typically involve two

steps: First, a bioorthogonal group (e.g., azide or tetrazine) is incor-

porated into interested biomolecules (e.g., proteins, glycans, lipids

and other biomolecules) via metabolic engineering or other meth-

ods. Second, an activated molecule which bears another com-

plementary group (e.g., dibenzylcyclooctyne, trans-cyclooctene), is

conjugated to the interested biomolecules via bioorthogonal re-

action between the bioorthogonal group and its complementary

group.

At the preliminary stage of its inception, many of these

bioorthogonal reactions are used to image or label interested pro-
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teins and other biomolecules for profiling active enzymes [14,15],

identifying drug targets [16,17], cell imaging [18–21], cell adhe-

sion [22–27], understanding biomolecules and functions in com-

plicated biological systems [8,28], etc. Subsequently, with the pro-

motion of bioorthogonal chemistry, more and more chemical biol-

ogists began to seek its new pursuits in genetic code expansion, in

vivo imaging, drug delivery, and disease therapy [8,12,28,29]. Until

now, bioorthogonal chemistry has been applied in pharmaceutical

chemistry, medicine, biology and their interdisciplinary areas. Its

application in these disciplines is increasing year by year, showing

an irreplaceable development trend [30]. The toolkit of bioorthog-

onal reactions has grown to meet the different requirements of ap-

plication scenarios of the chemical biology community. Beyond all

doubt, these covalent bioorthogonal reactions are very impressive

and extremely useful, but these approaches are not without limita-

tions. When conjugation needs to be done in pre-targeted delivery

for imaging and therapy under dilute conditions in vivo, most of

these covalent bioorthogonal reactions seem strikingly powerless

due to their slow reaction rates [31,32].

A primary goal in present-day biomedicine is the pursuit

of technologies to increase accumulations of active molecule

(e.g., drug, probe) in targeted site and to improve its target-

to-background ratios. The emergence of pre-targeted strategy

can achieve this goal via two distinct steps: First, a vector (e.g.,

antibody, nanoparticles) bearing a party of the complementary

pairs is injected and allowed to accumulate in the targeted

sites over a sufficient period of time (hours or days). Second,

a small active molecule bearing another complementary group

is administered for highly-efficient conjugation to the vector

within a short time (minutes or hours) at the targeted sites,

and the free active molecule can be rapidly cleared from the

body. Thus, molecular conjugation rate is particularly crucial

in pre-targeting, especially in pre-targeted nuclear imaging and

radiotherapy [33]. Although IEDDA with the fastest second or-

der reaction rate constant (k2) among the presently available

covalent bioorthogonal reactions [10,12] has been introduced in

pre-targeting for imaging, therapy and drug delivery and release

[31,34–39], it has fallen into a dilemma situation that the faster

reaction rate, the more unstable is the trans-cyclooctene reaction

partners [31,40,41]. This casus the low efficiency of IEDDA is in

pre-targeting and fails to meet the expected need. Therefore, there

is an urgent demand to develop the next-generation bioorthogonal

approaches with extremely rapid rates and strong adaptability in

pre-targeting.

Biological association pairs, such as (strept)avidin/biotin pairs,

antibody/antigen pairs, oligonucleotide hybridization pairs, have a

relatively fast binding rate, strong binding strength and high se-

lectivity [32,33,42,43], and thus are used as a non-covalent ap-

proach for complementing the limitations of covalent bioorthogo-

nal reactions in pre-targeted applications. For example, the most

well known and widely used (strept)avidin/biotin pairs have a

fast binding rate (kon ≈ 107 L mol-1 s-1) and high associa-

tion constants (Ka = 1013–1015 L/mol) [44], and have been ap-

plied in clinical studies for pre-targeted radioimmunotherapy (BC8

antibody-streptavidin conjugate/111In-DOTA-biotin and 90Y-DOTA-

biotin) [45]. Nevertheless, this natural binding pair, as well as

other biological association pairs, also suffer from two drawbacks:

large molecular weight and difficult modification; and biochem-

ical fragility in vivo [32]. Synthetic host-guest pairs with small

molecular sizes (∼1 kDa) and strong chemical stability are not

only without these problems of biological association pairs [32],

but also have the features of fast conjugation rate, easy modifica-

tion, chemo-selectivity and low-toxicity [46–50]. As a consequence,

they can be used as a novel non-covalent bioorthogonal approach

to complement and further improve the bioorthogonal chemistry

in pre-targeting (Fig. 1).

Fig. 1. Synthetic host-guest pairs as novel non-covalent bioorthogonal tools to com-

plement and further improve the bioorthogonal chemistry in pre-targeting.

The application of this novel bioorthogonal molecular recogni-

tion approach in pre-targeting is still on the preliminary stage of

exploration, and there are not many research reports in this area.

Nevertheless, we believe that the synthetic host-guest bioorthog-

onal recognition will become an important tool for bioorthogonal

chemistry in the foreseeable future to compensate for the limita-

tions of covalent bioorthogonal reactions and biological association

pairs. By introducing and summarizing the progress achieved in

pre-targeting based on host-guest bioorthogonal pairs during the

past years, more and more researchers will see their value, and

thus use them and seek their greatest value in pre-targeting appli-

cations.

Accordingly, this review will be divided into three parts: First,

explaining the importance of molecular conjugation rate in pre-

targeting via theoretical calculation of the conversion rates of co-

valent bioorthogonal reaction and host-guest bioorthogonal com-

plex, respectively; Next, the recent research progress in the devel-

opment of host-guest bioorthogonal pairs for pre-targeting, includ-

ing cucurbit[7]uril (CB[7])/guest pairs, β-cyclodextrin (β-CD)/guest

pairs and amide naphthotube (NT-anti)/guest pairs, will be system-

ically overviewed and summarized; Last, the future perspectives

and limitations of host-guest bioorthogonal recognition will be dis-

cussed. The aim of this review is mainly focused on the applica-

tions of synthetic host-guest bioorthogonal pairs in pre-targeting,

and the covalent bioorthogonal reactions [12,31,33–36,38,51] and

non-covalent biological association pairs [33,44,52–55] applied in

pre-targeting have been well discussed in other reviews, hence we

will not discuss them in here. In addition, the applications of syn-

thetic host-guest bioorthogonal pairs in vitro for labeling proteins

[56–59], imaging proteins [60], purifying proteins [61], driving DNA

strand displacement [62], regulating protein functions [63], imag-

ing cells [64–66], imaging cellular processes [67,68], engineering

cells [69,70], etc., are also not discussed in here, because molecular

conjugation rates in these applications are not the main concern.

This review will help researchers understand the pros and cons

of synthetic host-guest bioorthogonal pairs in pre-targeted appli-

cations, and provide new insights for developing them to the more

advanced level.

2. The role of molecular conjugation rate in pre-targeting

We mentioned above that the goal of pre-targeted strategy is

as possible as to increase the accumulations of active molecule in

targeted site and reduce its systemic exposure, and the molecular

weight of the second administered active molecule should be as
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Fig. 2. Bioorthogonal chemistry used in pre-targeting. (A) The process of pre-targeting via covalent bioorthogonal reactions and host-guest bioorthogonal recognition. (B)

Chemical kinetics of covalent bioorthogonal reaction. (C) Thermodynamics of host-guest bioorthogonal recognition. (D, E) Theoretical calculation of percent conversion of

covalent bioorthogonal reactions and host-guest bioorthogonal complexes in pre-targeting, respectively.

small as possible to facilitate fast diffusion to the targeted site and

fast conjugation to the first injected vector (Fig. 2A). It is also rea-

sonably clear that molecular conjugation rate is the decisive factor

for whether expected results can be achieved in pre-targeting. So,

in this part, we will theoretically calculate the conversion rates of

covalent bioorthogonal reaction and host-guest bioorthogonal com-

plex by means of analyzing their chemical kinetics and thermo-

dynamics, respectively, to intuitively illustrate the importance of

molecular conjugation rate in pre-targeting.

2.1. Chemical kinetics of covalent bioorthogonal reaction

It is well kwon that the conversion rate of presently available

covalent bioorthogonal reactions is governed by chemical kinetics,

and these reactions are of second order (Fig. 2B). In the simplest

case of a two-molecule reaction, the kinetic process of this reaction

is shown as follows:

[A] + [B] → [A − B]

where [A] and [B] are the concentrations of the free substrates and

[A-B] is the concentration of the reacted product. From the law of

chemical kinetics, a second order reaction rate constant, k2, can be

derived as follows:

ln
[A]

[B]
= −k2t(B0 − A0) + ln

A0

B0

(1)

where A0 and B0 are the initial concentrations of the substrates.

The units of k2 and t are L mol-1 s-1 and s, respectively. For calcu-

lating the conversion rate of [A-B], the above Eq. 1 is transformed

as follows:

ln
A0 − [A − B]

A0

− ln
B0 − [A − B]

B0

= −k2t(B0 − A0) (2)

here, we suppose that B0 is >> A0, so, B0 − [ A-B] ≈ B0, B0 − A0

≈ B0, and the above Eq. 2 is transformed as follows:

ln
A0 − [A − B]

A0

= −k2B0t (3)

A0 − [A − B]

A0

= e−k2B0t (4)

[A − B] = A0 − A0e
−k2B0t (5)

then, the conversion rate of [A-B], y, can be derived as follows:

y = [A − B]

A0

× 100 =
(
1 − e−k2B0t

)
× 100 (6)

According to the above Eq. 6, it is easy to conclude that if B0 is

>> A0, improving k2 could decrease B0 at a certain time scale.

2.2. Thermodynamics of host-guest recognition

The propensity for a complex formed by host-guest pair is gov-

erned by thermodynamics (Fig. 2C). In the simplest case of a 1:1

monovalent recognition, the dynamic process of host-guest recog-

nition is shown as follows:

[H] + [G] � [G@H]

where [H] and [G] are the concentrations of the free host and

guest, respectively, and [G@H] is the concentration of the formed

complex. From the law of thermodynamics, a binding constant, Ka,

can be derived as follows:

Ka = [G@H]

[G][H]
(7)

3
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Ka = [G@H]

[G0 − G@H][H0 − G@H]
(8)

where G0 and H0 are the initial concentrations of the host and

guest, respectively. The unit of Ka is L/mol, and Ka is commonly

used to evaluate the affinity of host-guest binding, a higher value

of Ka signifies a more stable host-guest complex formed. To calcu-

late the conversion rate of [G@H], we suppose that G0 is >> H0,

so, G0 − [ G@H] ≈ G0, and the above Eq. 8 is transformed as fol-

lows:

Ka = [G@H]

G0[H0 − G@H]
(9)

[G@H] = KaG0H0

1 + KaG0

(10)

then, the conversion rate of [G@H], y, can be derived as follows:

y = [G@H]

H0

× 100 = KaG0

1 + KaG0

× 100 (11)

According to the above Eq. 11, we can conclude that if G0 is

>> H0, y mainly depends on Ka. The higher Ka is, the higher y is.

Moreover, Ka is also related to the rate constants of binding (kon)

and dissociation (koff), as flows:

Ka = kon

koff
(12)

For this 1:1 monovalent recognition, kon has the unit of

L mol-1 s-1 and koff has the unit of s-1. The kon of synthetic host-

guest pairs, such as CB[7]-guest pairs and β-CD-guest pairs, is con-

trolled by diffusion rate (∼108 L mol-1 s-1). Therefore, once these

pairs are mixed, they can quickly form thermodynamic equilibrium

complexes on a second time-scale [71,72]. This suggests a great ad-

vantage of synthetic host-guest pairs used in pre-targeting when

compared to widely used covalent bioorthogonal reactions, such as

SPAAC (∼1–60 L mol-1 s-1) and IEDDA (∼1–106 L mol-1 s-1) [28].

Apparently, a higher Ka of host-guest pair has a slower koff and

has a more stable complex once formed. So, a higher Ka will result

a higher y.

2.3. Conversion rate of bioorthogonal chemistry in vivo

Although calculated the conversion rates of covalent bioorthog-

onal reaction and host-guest recognition in pre-targeting are very

difficult and seem almost impossible, assumption was made that

the human body is a simple homogeneous reaction reactor and we

adopted the above theoretical methods to do this impossible work

and give a certain reference value for applications of bioorthogonal

chemistry in pre-targeting. Before using above Eqs. 6 and 11 doing

this work, the following parameters are needed to be determined:

1) The effective concentration of antibody (Ab) bearing A or H lo-

calized to the tumor site (Ab-A0 or Ab-H0), which is equiva-

lent to the above defined A0 or H0. According to the Eqs. 6 and

11, y is mainly decided by k2 or Ka, and seemly unrelate to A0

or H0. Nevertheless, this value of A0 or H0 predetermines the

value range of B0 or G0, which is similar in pre-targeting for

doing this work. Unfortunately, neither covalent bioorthogonal

reaction or host-guest recognition has been clinically applied in

pre-targeting, which causes it is difficult to define this effec-

tive concentration. But typically, antibody bearing a party of the

bioorthogonal pairs is the first choice for the preclinical study

in pre-targeted cancer. Research indicates that the amount of

the administered dose of antibody finally localized to human

tumor site is about 0.001%−0.01% [73,74]. Hence, the average

of this ratio, 0.005%, is chose for subsequently computing the

effective concentration (EC) of antibody localized to the tumor

site. In addition, the amount of A or H borne on one antibody is

roughly defined as 4 according to the average of drug–antibody

ratio of FDA approved antibody–drug conjugates [75,76]. Fol-

lowing this, EC for an adult with 60 kg, 1.7 m2 body surface

area and 5 L blood, can be obtained by administration dosage

of antibody, as follows:

EC = Dose × 60 (or 1.7) or Dose

Average molecular weight of Ab
× 0.005% × 4

5
(13)

For making this work more statistically significant, we ana-

lyze the adult dosage of FDA-approved 36 antibodies for cancer

treatments, and then compute these antibodies’ EC using the

above Eq. 13 (Table 1), and choose the average of these antibod-

ies’ EC, approximately 0.17 nmol/L, as the value of Ab-A0/Ab-H0.

2) The concentrations of second administered active molecule

bearing B or G (M-B0 or M-G0), which is equivalent to the

above defined B0 or G0. According to previous suppositions (B0

>> A0 and G0 >> H0), M-B0 or M-G0 is assigned as different

values from 1 nmol/L to 1 mmol/L in order to study the effect

of molecular conjugation rate on conversion rate under these

different values of M-B0 or M-G0.

3) The reaction time, t, of covalent bioorthogonal reaction. In pre-

targeting, it would be best for bioorthogonal chemistry to be

done within a short time (minutes or hours) at the targeted

sites. Following this suggestion, t is roughly defined as 30 min.

Based on this simple computing model, the conversion rates

of covalent bioorthogonal reaction and host-guest recognition in

pre-targeting can be calculated by bringing these parameters into

their corresponding Eqs. 6 and 11, and taking k2 and Ka as the

independent variable. The results are presented in Figs. 2D and

E. Fig. 2D plainly shows that faster k2 can result higher-efficient

conjugation for covalent bioorthogonal reactions in pre-targeting,

and the faster it is, the higher y is, and then the lower need of

M-B0 is. In this computing model, if the expected need in pre-

targeting wants to be well achieved (y = 99%, M-B0 = 1 nmol/L),

k2 should be ≥ 2.6 × 106 L mol-1 s-1. Apparently, this is a difficult

goal to achieve for presently available covalent bioorthogonal reac-

tions, the faster k2 of IEDDA is although up to ∼106 L mol-1 s-1, the

trans-cyclooctene reaction partners suffer from instability and are

easily converted into their deactivated syn-forms in living systems

[31,40,41]. Besides, SPAAC is more unsuitable for achieving this ex-

pected need, due to its much lower k2.

However, it is very easy for synthetic host-guest recognition

to achieve this expected need, because their kon is diffusion-

controlled (∼ 108 L mol-1 s-1), and is almost 20-flod higher than

needed 2.6 × 106 L mol-1 s-1. But that does not mean that syn-

thetic host-guest recognition has no limitation. It should be noted

that kon is not the only decisive factor for synthetic host-guest

pairs used in pre-targeting, it is also limited by koff. For achiev-

ing this expected need (y = 99%, M-G0 = 1 nmol/L), Ka also needs

to be ≥ 1011 L/mol (koff ≤ 10–3 s-1), as shown in Fig. 2E. Although

the lower Ka (108 L/mol ≤ Ka ≤ 1010 L/mol) can also faster form

the complex, the complex once formed begins to dissociate into

free host and guest due to its relatively quick koff (1 s-1 ≥ koff
≥ 10–2 s-1). This causes these lower-affinity host-guest pairs can-

not form robust complex to eliminate the impact of koff and fail

to meet the expected need. Nevertheless, these lower-affinity host-

guest pairs may be with some advantages for pre-targeted drug

release, because the dissociated lifetime of complex once formed

maybe facilitate the accumulation and absorption of drugs at the

target site. The higher-affinity host-guest pairs (Ka ≥ 1011 L/mol,

koff ≤ 10–3 s-1) may be more suitable for pre-targeted nuclear

imaging and radiotherapy due to their higher conversion rates,

robust complex and lower need of the second administered ac-

tive molecule meeting these application requirements. Anyway, the
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Table 1

FDA-approved antibodies for cancer treatments [77] and their ECs.

Antibody Trade name Targeta Typea MW (Da)a Usual dosea EC (nmol/L)b

Rituximab Rituxan CD20 Chimeric IgG1 145 k 375 mg/m2 (i.v.) 0.18

Trastuzumab Herceptin HER2 Humanized IgG1 145 k 8 mg/kg (i.v.) 0.13

Ibritumomab tiuxetan Zevalin CD20 Murine IgG1 148 k 250 mg/m2 (i.v.) 0.11

Cetuximab Erbitux EGFR Chimeric IgG1 152 k 400 mg/m2 (i.v.) 0.18

Bevacizumab Avastin VEGF Humanized IgG1 149 k 5 mg/kg (i.v.) 0.08

Panitumumab Vectibix EGFR Humanized IgG2 147 k 6 mg/kg (i.v.) 0.10

Ofatumumab Arzerra CD20 Humanized IgG1 149 k 20 mg/kg (i.v.) 0.32

Ipilimumab Yervoy CTLA-4 Humanized IgG1 148 k 3 mg/kg (i.v.) 0.05

Pertuzumab Perjeta HER2 Humanized IgG1 148 k 840 mg (i.v.) 0.23

Obinutuzumab Gazyva CD20 Humanized IgG 150 k 1000 mg (i.v.) 0.27

Ramucirumab Cyramza VEGFR2 Humanized IgG1 146.7 k 8 mg/kg (i.v.) 0.13

Nivolumab Opdivo PD-1 Humanized IgG4 146 k 480 mg (i.v.) 0.13

Pembrolizumab Keytruda PD-1 Humanized IgG4 149 k 400 mg (i.v.) 0.11

Necitumumab Portrazza EGFR Humanized IgG1 144.8 k 800 mg (i.v.) 0.22

Dinutuximab Unituxin GD2 Chimeric IgG1 149 k 17.5 mg/m2 (i.v.) 0.01

Daratumumab Darzalex CD38 Humanized IgG1 148 k 16 mg/kg (i.v.) 0.26

Elotuzumab Empliciti SLAMF7 Humanized IgG1 148.1 k 10 mg/kg (i.v.) 0.16

Atezolizumab Tecentriq PD-L1 Humanized IgG1 144.3 k 1200 mg (i.v.) 0.33

Avelumab Bavencio PD-L1 Humanized IgG1 147 k 800 mg (i.v.) 0.22

Durvalumab Imfnzi PD-L1 Humanized IgG1 149 k 1500 mg (i.v.) 0.40

Bevacizumab-awwb Mvasi VEGF-A Humanized IgG1 149.2 k 15 mg/kg (i.v.) 0.24

Trastuzumab-dkst Ogivri HER2 Humanized IgG1 148 k 8 mg/kg (i.v.) 0.13

Cemiplimab Libtayo PD-1 Humanized IgG4 146 k 350 mg (i.v.) 0.10

Mogamulizumab-kpkc Poteligeo CCR4 Humanized IgG1 149 k 1 mg/kg (i.v.) 0.02

Rituximab-abbs Truxima CD20 Chimeric IgG1 144 k 375 mg/m2 (i.v.) 0.18

Trastuzumab-pkrb Herzuma HER2 Humanized IgG1 148 k 8 mg/kg (i.v.) 0.13

Trastuzumab-dttb Ontruzant HER2 Humanized IgG1 148 k 8 mg/kg (i.v.) 0.13

Trastuzumab-qyyp Trazimera HER2 Humanized IgG1 148 k 8 mg/kg (i.v.) 0.13

Trastuzumab-anns Kanjinti HER2 Humanized IgG1 148.2 k 8 mg/kg (i.v.) 0.13

Bevacizumab-bvzr Zirabev VEGF Humanized IgG1 149.2 k 10 mg/kg (i.v.) 0.16

Rituximab-pvvr Ruxience CD20 Chimeric IgG1 147 k 375 mg/m2 (i.v.) 0.17

Isatuximab Sarclisa CD38 Chimeric IgG1 148 k 10 mg/kg (i.v.) 0.16

Tafasitamab Monjuvi CD19 Humanized IgG1/2 150 k 12 mg/kg (i.v.) 0.19

Margetuximab-cmkb Margenza HER2 Chimeric IgG1 149 k 15 mg/kg (i.v.) 0.24

Rituximab-arrx Riabni CD20 Chimeric IgG1 147 k 375 mg/m2 (i.v.) 0.17

Dostarlimab Jemperli PD-1 Chimeric IgG4 144 k 1000 mg (i.v.) 0.28

a Taken from drug approvals and databases of FDA.
b Calculated by the Eq. 13.

tunable Ka of synthetic host-guest pairs provides more choices for

their pre-targeted applications.

In a word, this part not only intuitively illustrate the impor-

tance of molecular conjugation rate in pre-targeting, but also fully

explain the advantages of synthetic host-guest pairs used in pre-

targeting when compared to covalent bioorthogonal reactions. Ad-

ditionally, the conversion rates of covalent bioorthogonal reaction

and host-guest recognition will give a certain reference value for

applications of these bioorthogonal approaches into pre-targeting.

Of note, this theoretical calculation model does not consider the

impact of endogenous species.

3. Synthetic host-guest pairs used in pre-targeting

Host-guest recognition is featured as a host macrocycle en-

capsulating a small molecule guest in its cavity forming a non-

covalent complex. The binding affinity (Ka) of host-guest recog-

nition relies on the size matching degree between the host cav-

ity and the guest and the non-covalent interactions between

them. The systematic studies of synthetic calix[n]arenes [78], pil-

lar[n]arenes [79], tetralactams [80,81], cyclodextrins [82], cucur-

bit[n]urils [83–86], amide naphthotubes [87–90] and many others

[91,92], to their guests’ Ka in water afford a sound fundamental

for these host-guest pairs applied in pre-targeting. However, to the

best of our knowledge, there are only three kinds of host-guest

bioorthogonal pairs currently applied in pre-targeting, including

CB[7]/guest pairs, β-CD/guest pairs and NT-anti/guest pairs. So, this

part will systemically overviewed and summarized the recent re-

search progress of these host-guest pairs for pre-targeted applica-

tions, in turn.

3.1. CB[7] and its guest pairs

3.1.1. Properties

CB[7], one of the family of pumpkin-shaped cucurbit[n]uril

(CB[n], n = 5–8, 10, 13–15) hosts, consists of 7 glycoluril units that

are connected by 14 methylene groups (Fig. 3). The two hydrophilic

carbonylated rims endow CB[7] with a certain solubility in water

and electronegative property at the surface of the carbonyl-fringed

portals, while a hydrophobic cavity provides CB[7] with encapsu-

lating a small guest molecule. The driving force of CB[7] bind-

ing guests to form complexes comes from both the hydrophobic

effects of hydrophobic cavity and non-covalent interactions (e.g.,

ion-dipole and hydrogen bonding interactions) of carbonyl-fringed

portals [86]. Various cationic or neutral guest molecules with ap-

propriate size can all be recognized by CB[7], and the Ka of most

CB[7]-guest pairs is range from 103 L/mol to 1017 L/mol [83–86,93].

The nature and size of the guest plays a particularly important

Fig. 3. Chemical structure and schematic representation of CB[7].
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Fig. 4. (A) Methodology to evaluate the binding affinity needed for forming

complex in pre-targeting. (B) Methodology to treat tumor for integrating with

CB[7]/guest pair. This figure inspired by [98].

role in determining binding affinity and selectivity. In particular,

ferrocenemethyl (Fc), adamantly (Ad), and diamantyl ammonium

derivatives with the binding affinities to CB[7] are up to ∼1012–

1017 L/mol, which are comparable to or even higher than that

of biological association pairs, such as (strept)avidin/biotin pairs

(Ka = 1013–1015 L/mol) [44], antibody/antigen pairs (Ka = 107–

1012 L/mol) [42], oligonucleotide hybridization pairs (Ka = 108–

1010 L/mol) [32], and they can selectively recognize each other

and form robust complexes in vitro [56–70]. Moreover, CB[7] has

a good biocompatibility and no cytotoxicity at 1 mmol/L in vitro

[94], and displays relatively low toxicities with the maximum toler-

ated doses of 5 g/kg (intragastrical administration), 150 mg/kg (in-

travenous administration) and 500 mg/kg (intraperitoneal admin-

istration) in vivo mice model [95]. Besides that, the derivatization

methods of CB[7] have grown to maturity in recent years [57]. So,

such these remarkable properties have paved the way for develop-

ment of CB[7]/guest pairs as bioorthogonal tools for pre-targeting.

3.1.2. Using principles

In 2018, Hooker and coworkers [96] investigated the biodis-

tribution of the free 11C or 18F labeled adamantane derivatives,

complexes of them with CB[7] and CB[7] with pre-administered

them in vivo through positron emission tomography (PET) imag-

ing. The Ka of these guests to CB[7] is in the range of 1010–15 L/mol

[97]. The authors found that the biodistribution of the last two

group were very similar, and were completely different from that

of the free group, suggesting that the fast binding kinetic of CB[7]

(kon = ∼108 L mol-1 s-1) could ensure the effective and rapid for-

mation of stable complex with adamantane derivative guests via

monovalent molecular recognition in vivo. However, this work has

not study the concern about how strong the binding affinity of

CB[7]/guest pairs could be used as bioorthogonal tools for pre-

targeted applications. It is widely known that endogenous amino

acids, peptides, and proteins can also be recognized by CB[7], the

binding affinity of some of enkephalin-type peptides to CB[7] is

even up to 107 L/mol [84]. These competitors will inevitably af-

fect the formation of CB[7]-guest complex in pre-targeting. So, the

affinity in excess of these naturally present competitors is needed

to make sure that CB[7] can selectively recognize its guests in pre-

targeting.

In 2019, Webber and coworkers [98] answered this concern.

Three fluorescent probes, whose were synthesized by conjugating

three guests of CB[7] with different binding affinity (∼109 L/mol,

∼1010 L/mol and ∼1012 L/mol) to a near-infrared fluorescent dye

(Cy5), were designed to evaluate the role of binding affinity for

forming complex in pre-targeting via quantifying the fluorescence

intensity of these probes homing to the mice dorsal subcuta-

neous site of the CB[7]-rich hydrogel (Fig. 4A). The probe with

strong affinity guest (Fc-N: ∼1012 L/mol) could be rapidly cap-

tured by CB[7] in situ within 30 min and accumulated at the

CB[7]-rich hydrogel site, the formed complex could retain for a

long time (∼35 days). Whereas the probe with weak affinity guest

(Fc-O: ∼109 L/mol) showed almost no accumulation. The probe

with medium affinity guest (Ad-Am: ∼1010 L/mol) could also home

to the CB[7]-rich hydrogel site, but the accumulation was 3-fold

less than that of strong guest and the ratio of interest site-to-

background was relatively low. These results clearly showed that

the binding affinity of ∼1012 L/mol could effectively make sure

CB[7] and its guest selectively recognize each other and form ro-

bust complex in vivo, and eliminate the impact of natural com-

petitors and dissociation rate (koff). Therefore, CB[7]/guest pairs as

bioorthogonal tools using in pre-targeting should have a binding

affinity of ∼1012 L/mol. Subsequently, this CB[7]/guest pair with

strong binding affinity was further applied in pre-targeting for

treating cancer (Fig. 4B). A prodrug (Fc-Hdz-Dox) was created by

conjugating the same strong affinity guest to the chemotherapeu-

tic doxorubicin (Dox) to home to the CB[7]-rich hydrogel site near

a tumor and form robust complex with CB[7], and then the com-

plex slowly released the Dox to inhibit tumor growth by means

of tumor acid pH environment rupturing the hydrazone linker. By

comparing to another prodrug (Me-Hdz-Dox) without containing

a guest, Fc-Hdz-Dox significantly reduced the tumor growth rate

within 24 days following initial dosing. The results demonstrated

that the strong binding affinity of ∼1012 L/mol was the essential

prerequisite and the basic guarantee for the complex of Fc-Hdz-

Dox with CB[7] sustainedly releasing Dox to show a good thera-

peutic efficacy.

Taken together, these two studies fully prove that CB[7]/guest

pairs with fast binding kinetic can be used as bioorthogonal

tools for pre-targeted applications via monovalent molecular recog-

nition, but the binding affinity of them should be up to or

greater than ∼1012 L/mol. These higher-affinity CB[7]/guest pairs

(≥ 1012 L/mol, koff ≤ 10–4 s-1) can completely eliminate the impact

of dissociation rate (koff) and efficiently form the robust complexes

in vivo. By contrast, lower-affinity CB[7]/guest pairs (≤ 1010 L/mol,

koff ≥ 10–2 s-1) cannot effectively or even at all recognize each

other in vivo due to the impact of their quick koff and endogenous

competitors, which causes these pairs are not used as bioorthog-

onal tools for pre-targeting in a monovalent recognition version.

However, this issue can be tackled by using a multivalent recog-

nition version [32]. Unfortunately, there is no systematic research

report about this applied version, and are only two examples

based on the application of this version. So, we will introduce this

multivalent recognition version in these two examples, and not

in here.

3.1.3. Antibody as vector for tumor imaging

Antibody is commonly used as a vector for bearing a party

of the bioorthogonal complementary pairs in pre-targeted tu-

mor imaging and therapy. Although, there are four kinds of

bioorthogonal approaches developed for pre-targeting, such as

(strept)avidin/biotin, antibody/antigen, oligonucleotide hybridiza-

tion and IEDDA approaches, these approaches have suffered from

some limitations. CB[7]/guest pairs with strong binding affinity (≥
1012 L/mol) as novel bioorthogonal tools doesn’t have these limita-

tions. So, in 2019, Kim and coworkers [99] firstly incorporated the

CB[7]/Ad ammonium derivative pairs (Ka ∼1014 L/mol) [85] into

antibody system for pre-targeted tumor imaging. Conjugating CB[7]

to cetuximab, which is an antibody for recognizing the epidermal

growth factor receptor and treating colorectal, neck, and lung can-

cers, targeted to the tumor site allowed the post-injected guest

vector (Ad ammonium guest conjugated with a Cy5) to home to

the host vector (cetuximab-CB[7] conjugate) for tumor imaging.

The selective imaging of a tumor site based on this method sug-

gests that this novel bioorthogonal approach can act as an alterna-
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Fig. 5. (A) Methodology of antibody as vector for host−guest pre-targeted tu-

mor nuclear imaging. Reproduced with permission [100]. Copyright 2021, American

Chemical Society. (B) Optimization of tumor nuclear imaging based CB[7]/guest pair.

tive for the developed four kinds of bioorthogonal approaches for

pre-targeting.

Soon after that, Houghton and coworkers [100,101] explored the

applications of this novel bioorthogonal approach in pre-targeted

PET tumor imaging. Firstly, in 2021, the authors [100] investigated

the feasibility of using carcinoembryonic antigen targeting anti-

body (M5A) based CB[7]-Fc bioorthogonal pair (Ka ∼ 1012 L/mol)

[85] for pre-targeted PET tumor imaging (Fig. 5A). M5A was con-

jugated with CB[7] by click chemistry to give a host vector (M5A-

CB[7]) for targeting tumor, and Fc ammonium guest was labeled

a radioactive isotope ligand (68Ga-NOTA) via PEG linker to give a

Fc radioligand (68Ga-NOTA-PEG3-N-Fc, guest vector) for recogniz-

ing CB[7] and imaging tumor. The tumor mass of mice pre-treated

with M5A-CB[7] of 72 h could be visualized by PET imaging at both

2 and 4 h timepoints after post-injected Fc radioligand. The maxi-

mum tumor uptake of Fc radioligand was at 2 h timepoints (3.3% ±
0.7% ID/g), which was significantly higher than that of free Fc radi-

oligand (0.2% ± 0.1% ID/g). Next, in 2022, in order to improve the

tumor uptake and clearance profile, the authors [101] optimized

the pre-targeting parameters of this method, such as, radioligand’s

structure (Fig. 5B), interval time (lag time) and dosing of radioli-

gand and M5A-CB[7]. Better PET tumor image quality could be ob-

tained by adjusting these parameters. The lag time based on M5A-

CB[7] and 64Cu-NOTA-PEG3-N-Fc radioligand for PET tumor image

was even up to 9 days, meanwhile Fc radioligand was still able

to retain tumor-specific uptake and good tumor delineation. So,

this novel bioorthogonal approach for pre-targeted nuclear imag-

ing and radiotherapy with long lag times will not require a clear

agent which has been used successfully in clinical studies to re-

move the nontarget-bound antibody from the blood pool [102–

105], and make the flexibility of radioligand in time of adminis-

tration.

3.1.4. Nanoparticle as vector for tumor treating

Inorganic nanoparticles (NPs), especially for Au NPs, with pho-

tothermal effect have been widely applied in biomedical science

for tumor-specifc photothermal therapy (PTT) [106–108]. However,

the rapid clearance of these small NPs often causes insufficient

accumulation and short retention in the tumor site [109]. So, in

2022, Wang and coworkers [110] proposed a strategy to enhance

the aggregation of Au NPs in the tumor tissue based on CB[7]-

Fc multivalent recognition (Ka ∼ 109 L/mol) inducing (Fig. 6) [85].

CB[7] was coated on the surface of Fe3O4 NPs to give a host vector

(Fe3O4-CB[7] NPs) for magnetic localization at tumor site, and Au

NPs were capped with Fc guest to give a guest vector (Au-Fc NPs)

Fig. 6. Methodology of nanoparticle as vector for host−guest pre-targeted tumor

treating via nanoparticles conjugation. Reproduced with permission [110]. Copyright

2021, Wiley Publishing Group.

for recognizing CB[7] via multivalent interactions and aggregating

in the tumor tissue for PTT. With the help of host-guest multiva-

lent recognitions, Au-Fc NPs could highly accumulate in the tumor

of mice pre-treated with Fe3O4-CB[7] NPs by CT imaging, and the

tumor uptake of this nanoparticles were up to 10.06% ID/g, which

was significantly higher than that of Au NPs group (1.87% ID/g)

and mix group (Au NPs and Fe3O4 NPs, 2.06% ID/g). This highly

accumulated Au-Fc NPs (aggregation group in the original article)

could also significantly inhibit tumor growth under laser irradia-

tion. These results suggest that CB[7]/guest pairs with low binding

affinity (∼109 L/mol) can be used as bioorthogonal tools in a multi-

valent recognition version for improving the accumulation and re-

tention of nanomedicine for pre-targeted imaging and therapy.

3.1.5. Engineering macrophage for anti-bacteria

The insufficient capture of bacteria by immune cells, such as

macrophage, often cause an inefficient clearance of pathogens and

lead to a high infection rate. So, in 2022, Wang and coworkers

[111] applied this multivalent host-guest recognition version to en-

gineer macrophage for enhancing the recognition and capture of

bacteria in living systems (Fig. 7). CB[7] was fabricated on the sur-

face of macrophage by inserting DSPE-PEG-CB[7] into its mem-

brane to give a SAR-macrophage for recognizing and capturing the

E. coli, which was decorated with Ad guest by the strong and spe-

cific interactions between d-mannose-Ad (∼1010 L/mol with CB[7])

[85] and FimH receptor [112]. SAR-macrophage could significantly

recognize and catch this decorated E. coli both in vitro and in

zebrafish via multivalent host-guest recognitions, and cleared it.

Fig. 7. Methodology of engineering macrophage for anti-bacteria via multivalent

host-guest recognition. Copied with permission [111]. Copyright 2022, Royal Soci-

ety of Chemistry.
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Fig. 8. Chemical structure and schematic representation of β-CD.

Then, the authors extended this method to wound healing via lo-

cal administration. SAR-macrophage could also clear the infected

pathogens at the wound site of mice pre-treated with d-mannose-

Ad for 1 h, and heal the wound. This work further confirms that

CB[7]/guest pairs with low binding affinity (∼1010 L/mol) can also

be used as bioorthogonal tools in a multivalent recognition ver-

sion to engineer immune cells for pre-targeted antibacterial appli-

cations.

3.2. β-CD and its guest pairs

3.2.1. Properties

β-CD, one of the family of cyclodextrins with truncated cone

shape (α-, β-, γ -CDs), is cyclic oligosaccharides composed of 7 d-

glucose units through α-(1, 4) glucosidic bonds linking in a head-

to-tail manner (Fig. 8). The secondary 2- and 3–hydroxyl groups

are located on the wider side of the truncated cone, and the

narrower side contains the primary 6–hydroxyl groups. The hy-

drophilic portals provide a good water solubility for β-CD, and the

hydrophobic interior cavity endows β-CD with an ability for bind-

ing small lipophilic molecules. Lipophilic guest species with suit-

able size can be all recognized and encapsulated by β-CD via hy-

drophobic effects, van der Waals interactions and hydrogen bond-

ing interactions with its hydroxyl groups [113,114], and the Ka

of most β-CD-guest pairs [42,82,115] is range from 10 L/mol to

105 L/mol. Moreover, β-CD has very good biocompatibility, and the

oral and intravenous half lethal dose (LD50) of β-CD for rat are

19 g/kg and 1 g/kg, respectively [116]. β-CD has been approved by

the U.S. Food and Drug Administration for use as food additives,

as well as listed in the United States Pharmacopeia and National

Formulary, European Pharmacopoeia and Japanese Pharmaceutical

Codex as Inactive Pharmaceutical Ingredients [117,118]. So, β-CD is

widely studied and applied in biomedicine.

3.2.2. Using principles

Although Ad derivatives have the strongest binding affinity (Ka

∼105 L/mol) among all the guests of β-CD [82], these pairs can-

not be used as bioorthogonal tools for pre-targeted applications

via monovalent molecular recognition. There are two reasons for

this: firstly, their quick koff (103 s-1) will lead to a low conver-

sion rate of complex formation at diluted concentrations accord-

ing to the theoretical calculation model, it will be more than 50%

only when the concentrations are larger 10 μmol/L, and these high

concentrations obviously have no useful purpose in vivo; secondly,

and worse than that, these pairs cannot even at all recognize

each other under in vivo diluted concentrations due to the impact

of endogenous competitors, including amino acids, monosaccha-

rides, steroids [82,119,120], etc. In 2012, Weissleder and cowork-

ers [121] proposed a multivalent recognition strategy to address

this issue. Nanoparticles with surface modification of multiple Ad

guests (Ad–MFNPs, ∼63 Ads per MFNP) could selectively recog-

nize the antibodies conjugated with multiple β-CD (β-CD–Abs,

∼18–20 β-CDs per Ab) and form robust complexes between them

via multivalent recognitions of β-CD and Ad in vitro. According

to the analyses of surface plasmon resonance, the binding affin-

ity and binding kinetics of β-CD and Ad guest in a multivalent

recognition version are very different from their in a monova-

lent recognition version. In a multivalent recognition version, their

kon drops to 8 × 106 L mol-1 s-1 which is lower than that of

Fig. 9. (A) Methodology of β-CD/Ad derivative guest pairs as bioorthogonal tools

in a multivalent recognition version for pre-targeted liver radioembolization. Repro-

duced with permission [125]. Copyright 2019, Elsevier. (B) Validation of this method

matching the timespan of the clinical radioembolization procedure via dual-isotope

SPECT imaging.

∼108 L mol-1 s-1 in a monovalent recognition version, but their

Ka is up to 2 × 1010 L/mol, and their koff is down to 4 × 10–4 s-1.

Moreover, the results of cell labeling using this multivalent recog-

nition strategy based on β-CD/Ad guest pairs were superior to that

of avidin/biotin pairs. So, β-CD/Ad derivative guest pairs can be

used as bioorthogonal tools in a multivalent recognition version for

pre-targeted applications in vivo.

3.2.3. Liver radioembolization

The main drawback of current hepatic radioembolization thera-

pies is the mismatch between the scout scan (diagnostic planning)

and therapy delivery, which can result in adverse side-effects such

as pulmonary shunting [122,123]. van Leeuwen and coworkers

[124,125] proposed a nanotechnology-based pre-targeting strategy

to overcome this problem via a multivalent β-CD/Ad guest recog-

nition inducing the localization of therapeutic reagents in the liver

pre-treated with diagnostic reagents. Firstly, in 2018, the authors

[124] investigated the feasibility of this strategy by Single Positron

Emission Computed Tomography (SPECT) imaging (Fig. 9A). Ad was

coated on the surface of macro albumin aggregates (MAA) to give a

guest vector (MAA-Ad) for localization at liver via local administra-

tion (spleen injection), and poly(isobutylene-alt-maleic-anhydride,

PIBMA) polymers labeled with a radioactive isotope (99mTc) and

Cy5 were conjugated with β-CD to give a host vector (99mTc-

Cy50.5CD10PIBMA39) for recognizing Ad via multivalent interactions

and accumulating in the liver. According to the results of SPECT

imaging, MAA-Ad could significantly increase the biodistribution

of the host vector in liver. For pre-locally treated with MAA-Ad,

the accumulation of host vector in liver via systemic administra-

tion was 16.2% ± 0.7% ID/g, which was significantly higher than

that of without pre-locally treated with MAA-Ad (1.0% ± 0.2% ID/g),

systemic pre-treated with MAA (2.2% ± 0.9% ID/g), systemic pre-

treated with MAA-Ad (5.7% ± 0.9% ID/g) and pre-locally treated

with MAA (8.7% ± 1.0% ID/g). Furthermore, its accumulation in

lung (2.6% ± 0.2% ID/g) was not much different from that in the

without pre-locally with MAA-Ad (1.0% ± 0.2% ID/g), suggesting

that this strategy could prevent the side effects due to pulmonary

shunting.

Next, in 2019, the authors [125] used the dual isotopic modified

host-guest vectors (99mTc MAA-Ad and 111ln-Cy50.5CD9PIBMA39) to

further validate that this strategy could match the timespan of the

clinical radioembolization procedure (Fig. 9B). The accumulation of

modified host vector in liver for pre-locally treated with 99mTc-

MAA-Ad increased with the time from 2 h to 44 h, and reached

the maximum at 20 h (27.0 ± 1.3 ID/g), suggesting that this strat-

egy with shorter delay time (<44 h) for liver radioembolization

would be more patient-friendly compared to the current clinical
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Fig. 10. Methodology of β-CD/Ad derivative guest pairs as bioorthogonal tools in

a multivalent recognition version for pre-targeted tumor treating. Reproduced with

permission [127]. Copyright 2022, Elsevier.

liver radioembolization procedure performed several weeks apart.

Thereby, β-CD/Ad derivative guest pairs as bioorthogonal tools for

pre-targeted radioembolization can help address its unmet clinical

needs.

What is more, both nanoparticles and polymers modified with

β-CD or Ad can be acted as host vector or guest vector, whose

can rapidly recognize each other and form stable complex via

host-guest multivalent recognition in vivo, this β-CD/Ad derivative

guests bioorthogonal tool can be utilized to achieve an in vivo pre-

targeted delivery strategy of these cargoes by means of the pre-

treated vector capturing the post-injected vector in situ and ac-

cumulating the latter at the site of former. In 2021, the authors

[126] further demonstrated that the living cells (S. aureus bacteria)

could also be used as a vector to realize this purpose effectively.

3.2.4. Tumor treating

Although nanomedicine for treating tumor has achieved great

success in clinical translation over the past 30 years, it also suf-

fers from low accumulation in tumor site due to their various

non-specific accumulation and relatively low targeting efficiency.

In 2022, Zheng and coworkers [127] used a liposome (Lipo)-based

pre-targeting delivery strategy to address this problem via a mul-

tivalent β-CD/Ad guest recognition improving the accumulation of

therapeutic reagents (Dox@Ad-Lipo) in the tumor cell pre-locally

treated with DSPE-PEG-β-CD (Fig. 10). Firstly, the authors used ze-

brafish model to demonstrate that a living cell, B16 tumor cell,

anchored by DSPE-PEG-β-CD could also be acted as host vector

to capture the post-injected guest vector (Dox@Ad-Lipo) high effi-

ciently in vivo. Furthermore, this liposome could even bind to B16

tumor cells in bloodstream, and form robust complexes between

them. The success achieved on host-guest interactions driven tar-

geting process at the single-cell level encouraged these authors

to next explore this strategy for tumor treating in mice model.

Dox@Ad-Lipo could rapidly home to B16 tumor site pre-locally

treated with DSPE-PEG-β-CD for 10 h, and their accumulations in

tumor site were almost 10-flod more than that of without pre-

locally treated with DSPE-PEG-β-CD. Hence, this highly accumu-

lated Dox@Ad-Lipo could significantly inhibit tumor growth within

18 days compared with other groups. These results suggest that

β-CD/Ad derivative guests in a multivalent recognition version uti-

lized in drug delivery systems can achieve targeting delivery and

targeting treatment.

Fig. 11. Chemical structure and schematic representation of amide naphthotubes.

3.3. NT-anti and its guest pairs

Amide naphthotubes (NT-syn and NT-anti) are a new category

of endo-functionalized macrocycles, featuring a deep hydropho-

bic cavity with direct inward hydrogen bonding donors (N–H), as

shown in Fig. 11. They were firstly reported in 2004 by Glass

and coworkers [128], but their host-guest chemical properties have

been systematically studied by Jiang in the years after 2016 [87–

90,129]. Jiang and coworkers found that these naphthotubes could

mimick the binding behaviors of bioreceptors to selectively recog-

nize the highly hydrophilic molecules in water by combining the

hydrophobic effect with hydrogen bonding shielded inside the hy-

drophobic cavity, such as solvent molecules [87,129], heterocycles

[87], polyethylene glycols [130], epoxides [88,131], phosphate es-

ters [132], urethane [133], benzene with different functional groups

and drugs [90]. Ka of most guest to these naphthotubes is range

from 102 L/mol to 106 L/mol, and Ka of NT-anti to guest is of-

ten larger than that of NT-syn. NT-anti is very soluble in water

and its solubility is over 400 mg/mL (>350 mmol/L), moreover,

it also has a good biocompatibility and no effect on cell growth

at 0.3 mmol/L in vitro [90]. Additionally, the mono-functionalized

method of NT-anti has been developed by these authors [134],

which means that NT-anti can be derived according to demand. So,

these properties have laid a foundation for the applications of NT-

anti in biomedicine.

As we mentioned in the theoretical calculation part, apart from

the advantage of the faster kon, another advantage of synthetic

host-guest pairs as bioorthogonal tools is the tunable Ka, which

provides more choices for their applications in pre-targeting. The

higher-affinity host-guest pairs can be used to meet the require-

ment of forming robust complexes and accumulating in the tar-

get site for diagnosis and treatment of diseases. Whereas, the

lower-affinity host-guest pairs may be applied for drug release

due to that the time span between their binding and dissocia-

tion maybe facilitate the accumulation and absorption of drugs

at the target site. In achieving it, these lower-affinity host-guest

pairs should be selectively recognized each other in vivo. In evi-

dence, CB[7]/guest pairs and β-CD/guest pairs cannot do this due

to their low selectivity. However, NT-anti can selectively recog-

nize the hydrophilic guests, such as 2-phenyl pyrimidine deriva-

tives (∼106 L/mol). Thereby, in 2022, Jiang and coworkers [135] in-

vestigated the feasibility of applying such lower-affinity host-guest

pairs as bioorthogonal tools for pre-targeting (Fig. 12). NT-anti

were conjugated with tetraphenyl ethylene and its derivative by

click chemistry to give artificial receptors (R1 and R2) for anchor-

ing at the surface of tumor cell via intratumoral injection, and PEG

labeled with a green fluorescent dye (4-nitro-2,1,3-benzoxadiazole,

NBD) and liposome containing Cy5 were modified with 2-phenyl

pyrimidine to give guest vectors (G2 and G5-modified liposome)

for recognizing R2 and R1 via monovalent and multivalent interac-

tions, respectively.

According to the results of fluorescent imaging, these guest vec-

tors could be captured by artificial receptors in situ via monova-

lent or multivalent host-guest recognitions and accumulated at the

tumor sites. For pre-locally treated with R2, the accumulation of

G2 in tumor via systemic administration was almost 2-flod more

than that of without pre-locally treated with R2. For pre-locally

9



Y.-L. Ma, S. Yan, X.-J. Xu et al. Chinese Chemical Letters 35 (2024) 108645

Fig. 12. Methodology to evaluate the NT-anti/2-phenyl pyrimidine derivative guest pairs as bioorthogonal tools in a monovalent or multivalent recognition version for pre-

targeting [135]. This figure has been published in CCS Chemistry [2022], [Biomimetic recognition-based bioorthogonal host–guest pairs for cell targeting and tissue imaging

in living animals] is available online at [DOI: 10.31635/ccschem.021.202101178].

treated with R1, the accumulation of G5-modified liposome in tu-

mor via systemic administration was almost 1.7-flod more than

that of without pre-locally treated with R1 at any point within the

whole 96 h. It has been proven that the binding affinity of host-

guest pairs in multivalent recognition version is much stronger

than that of in monovalent recognition version, and thus leading

to a more accumulation. The low accumulation of G5-modified li-

posome in tumor was probably caused by the shunt to muscle

tissue (left thigh), which was pre-locally treated with R1 to con-

firm the results from the tumor tissues. The average fluorescent

intensity of the left thigh in the G5-modified liposome group was

almost 2-fold of that of without pre-locally treated with R1. Sur-

prisingly, the 2-phenyl pyrimidine unmodified G4 and PEG lipo-

some could also be captured by these artificial receptors, but their

accumulations in tumor were not significantly higher than that

of without pre-locally treated with these artificial receptors. This

might be due to the binding between the NT-anti and PEG2000

(ca. 1.6 × 104 L/mol) [130]. So, this work firstly demonstrates that

the low-affinity host-guest pairs (∼106 L/mol) with highly selec-

tivity, such as NT-anti/2-phenyl pyrimidine derivative guest pairs,

can also be used as bioorthogonal tools either in monovalent or

multivalent recognition version, and these host-guest pairs may be

applied in pre-targeting that do not need to form robust complex,

such as drug release. It is a pity that the pre-targeted applications

based on such host-guest pairs are not further reported.

4. Limitations and perspectives

For achieving the goal of increasing the accumulations of ac-

tive molecule in targeted site and reducing its systemic exposure,

the pre-targeted strategy can only seek the help of bioorthog-

onal tools. At present, there are only four kinds of bioorthogo-

nal tools developed for pre-targeting, such as, (strept)avidin/biotin,

antibody/antigen, oligonucleotide hybridization and IEDDA tools.

Although these four bioorthogonal tools have made significant

progress in the pre-targeted applications, especially for that

(strept)avidin/biotin tools have been successfully applied in clini-

cal studies for pre-targeted radioimmunotherapy, these biological

association tools have to contend with the issue of the difficult

modification, biochemical fragility in vivo and the pharmacokinet-

ics caused by their larger molecular weight, and IEEDA also has to

face the challenge of the chemical instability in vivo.

However, synthetic host-guest pairs with small sizes (∼1 kDa)

and strong chemical stability are not only without these draw-

backs, but also have the features of fast conjugation rate (diffusion-

controlled, ∼108 L mol-1 s-1), tunable binding affinity, easy modifi-

cation, chemo-selectivity and low-toxicity. Consequently, they can

be used as a novel non-covalent bioorthogonal tool to comple-

ment the limitations of the presently available bioorthogonal tools

for pre-targeted applications. But that does not mean this novel

bioorthogonal tool is not without limitations in pre-targeted ap-

plications, they also suffer from the regulation of Ka and koff,

and struggle with their endogenous competitors. For example, the

presently developed three host-guest pairs, including CB[7]/guest

pairs, β-CD/guest pairs and NT-anti/guest pairs, as bioorthogonal

tools for pre-targeted applications must comply with the following

using principles:

• CB[7]/guest pairs, for monovalent recognition version, their Ka

should be ≥ 1012 L/mol; for multivalent recognition version,

their Ka should be ≥ 109 L/mol according to the current re-

search results.

• β-CD/guest pairs, they can be only used in a multivalent recog-

nition version and their Ka should be ≥ 105 L/mol.

• NT-anti/guest pairs, they can be used both in a monovalent

and multivalent recognition version, and their Ka should be

≥ 106 L/mol according to the current research results.

Based on using principles, these three host-guest pairs have

successfully applied in pre-targeted tumor imaging, tumor treating,

anti-bacteria and liver radioembolization, and with help of host-

guest recognitions, the expected results of these applications could

all be well achieved. But it should be also clearly aware that the

applications of these novel bioorthogonal tools in pre-targeting are

still on the preliminary stage of exploration. So, there are many

challenges to be faced and many works to be done in the future for

deeply understanding the nature of synthetic host-guest bioorthog-

10



Y.-L. Ma, S. Yan, X.-J. Xu et al. Chinese Chemical Letters 35 (2024) 108645

onal tools in pre-targeted applications. For example, some works

need to be done in future:

(i) Comparative studies of synthetic host-guest bioorthogonal

tools and presently developed bioorthogonal tools in pre-

targeting should be systematically done. Currently, the ad-

vantages of synthetic host-guest bioorthogonal tools com-

pared with others all come from the theoretical deduc-

tion and analysis, and have no experimental data to sup-

port. Thence, the comparative studies between them in pre-

targeting will help researchers fully appreciate the pros and

cons of synthetic host-guest bioorthogonal tools and their

adaptability.

(ii) Enriching the synthetic host-guest bioorthogonal toolkits

should be done. Up to now, there are only three kinds

of host-guest pairs, including CB[7]/guest pairs, β-CD/guest

pairs and NT-anti/guest pairs, developed as bioorthogonal

tools for pre-targeted applications, and the binding affinity

and selectivity of them cause difference to their adaptability

in pre-targeted applications. The higher-affinity host-guest

bioorthogonal pairs, such as CB[7]/guest and β-CD/guest

bioorthogonal pairs, are more suitable for the require-

ment of forming robust complexes in pre-targeted applica-

tions, such as nuclear imaging, radiotherapy, etc. The lower-

affinity host-guest pairs with highly selectivity, such as NT-

anti/guest pairs, may be used as novel non-covalent “click-

to-release” [30,34–36] bioorthogonal tools to facilitate the

accumulation and absorption of drugs at the target site in

pre-targeted drug release. Thereby, enriching the synthetic

host-guest bioorthogonal toolkits will provide more choices

for meeting the different requirements of application scenar-

ios in pre-targeting.

(iii) Broadening the applications of synthetic host-guest

bioorthogonal tools in pre-targeting should be done.

Since the first reported case of the application of synthetic

host-guest bioorthogonal tools in pre-targeting appeared in

2018, their applications mainly focus on tumor imaging and

treating, anti-bacteria and liver radioembolization in the

presently several examples. Quite evidently, the synthetic

host-guest bioorthogonal pairs based on their using princi-

ples are also available for other applications as similar as

the developed bioorthogonal tools in pre-targeting, such as

tumor’s radiotherapy, radioimaging, chemotherapy, photody-

namic therapy, and even extending other disease’s diagnosis

and therapy [28–39,43,44]. In particular, the short-lived

radionuclides, such as 11C (20.4 min), 68Ga (67.8 min) and
18F (110 min), require the fast conjugation rate in the pro-

cess of pre-targeting [33], synthetic host-guest pairs maybe

well achieve this purpose due to their eximious predomi-

nance in binding rate (∼108 L mol-1 s-1). For another, the

lower-affinity host-guest pairs with highly selectivity as

novel non-covalent “click-to-release” bioorthogonal tools in

pre-targeted drug release also need to be validated. There-

fore, broadening the applications of synthetic host-guest

bioorthogonal tools in pre-targeting will help to cognize and

discover their potential application values.

(iv) Improving the amounts of a party of the bioorthogonal

pairs bore by the first vector at the targeted site should be

done. Antibody and nanoparticle are commonly used as the

first injected vector in pre-targeting to bear a party of the

bioorthogonal pairs, but they have the following limitations

in improving the amounts of a party of the bioorthogonal

pairs they bear at the targeted sites. First, their accumula-

tions at the targeted site are particularly low. For example,

only 0.7% of nanoparticles coated with cancer cell recogniz-

ing ligands (trastuzumab and folic acid) were delivery to the

tumor tissue, and only 0.0014% injected dose were delivered

to cancer cells [136,137], and only 0.001%−0.01% the admin-

istered dose of antibody finally reached human tumor site

[73,74]. Second, the amounts of a party of the bioorthog-

onal pairs they bear are not only restricted by their own

sizes, and also need to consider the balance with effective-

ness and economy. Third, these vectors are difficult to pen-

etrate to the interior of solid tumors due to the tumor mi-

croenvironment barriers of dense tissue stroma, high intra-

tumoural pressure [138,139], etc. Fourth, the internalization

of these vectors at the targeted site in the pre-targeted pro-

cess will reduce the amounts of a party of the bioorthog-

onal pairs bore by these vectors. These limitations will be

detrimental to improve the pre-targeted efficiency. Although,

the methods of local delivery [140,141], magnetic targeting

[142,143] and others can significantly improve the amounts

of these vectors at the targeted sites, these methods are

not with general applicability, especially for the early diag-

nosis of tumors and treatment of advanced metastatic tu-

mors. So, there is an urgent need to develop new vectors

to overcome these limitations for further improving the pre-

targeted efficiency and achieving the precise diagnosis and

therapy of tumor and even other disease. Living cells, such

as mesenchymal stem cells, immune cells, bacterium and

virus, are not only with abilities of homing into patholog-

ical sanctuary sites and distributing throughout the tissue

[144–146], but also can bear more amounts of a party of

the bioorthogonal pairs via methodology of cell surface en-

gineering [147] based on their large sizes. As a result, these

living cells may be used as new vectors to achieve it, but

further exploration is also needed in future.

The above proposed research topics are key concerns of syn-

thetic host-guest bioorthogonal tools for pre-targeted applications

from the preliminary development stage into the rapid develop-

ment stage. Addressing these concerns will make researchers see

their value, and attract more and more researchers to use them

and realize their final clinical applications.

5. Conclusion

Although synthetic host-guest pairs as novel bioorthogonal

tools for pre-targeted applications have been developed for only 5

years and are currently still in an embryonic stage of exploration,

the presently developed threes novel host-guest based bioorthog-

onal tools, such as CB[7]/guest pairs, β-CD/guest pairs and NT-

anti/guest pairs, have begun to showcase in several applications

of pre-targeting and shown promising results. Fundamentally, the

comparison of the conversion rates of covalent bioorthogonal reac-

tion with host-guest bioorthogonal complex via theoretical calcu-

lation shows clearly the unique advantages of host-guest pairs as

novel bioorthogonal tools in pre-targeted applications in the bind-

ing rates (kon = ∼108 L mol-1 s-1) and tunable binding affinity (Ka).

We anticipate that this review provides an important overview

with sufficient analysis of fundamental aspect and experimental

cases of the development of synthetic host-guest pairs as novel

bioorthogonal tools in pre-targeted applications, and ultimately at-

tract the attention of chemists, medicinal chemists, pharmacolo-

gists, and preclinical researchers to expand their applications in

biomedicine and realize its final practical applications.
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