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Recent Progress in Nanoscale Covalent Organic 
Frameworks for Cancer Diagnosis and Therapy
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HIGHLIGHTS

• Recent progress in nanoscale covalent organic frameworks (COFs)-mediated nanomedicines for cancer diagnosis and therapy is 
comprehensively summarized in this review.

• Future perspectives and challenges regarding COFs-mediated nanomedicines for diagnosis and therapy are discussed, with particular 
emphasis on possible clinical translation.

ABSTRACT Covalent organic frameworks (COFs) as a type of porous and 
crystalline covalent organic polymer are built up from covalently linked 
and periodically arranged organic molecules. Their precise assembly, well-
defined coordination network, and tunable porosity endow COFs with diverse 
characteristics such as low density, high crystallinity, porous structure, and 
large specific-surface area, as well as versatile functions and active sites that 
can be tuned at molecular and atomic level. These unique properties make 
them excellent candidate materials for biomedical applications, such as drug 
delivery, diagnostic imaging, and disease therapy. To realize these func-
tions, the components, dimensions, and guest molecule loading into COFs 
have a great influence on their performance in various applications. In this 
review, we first introduce the influence of dimensions, building blocks, and 
synthetic conditions on the chemical stability, pore structure, and chemical 
interaction with guest molecules of COFs. Next, the applications of COFs 
in cancer diagnosis and therapy are summarized. Finally, some challenges 
for COFs in cancer therapy are noted and the problems to be solved in the 
future are proposed.
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1 Introduction

Porous nanomaterials, such as mesoporous silica nanomateri-
als, zeolites, and porous carbon nanomaterials, have showed 
potential applications in biomedical fields (including drug 
delivery, imaging, and biosensing) due to their large surface 
area, tunable porosity, and easy functionalization. However, 
these porous nanomaterials are often inert, lacking any chem-
ical, biochemical, or physicochemical activity. In most cases, 
these chemically inert porous nanomaterials are useful only 
as carriers of other active species. More recently, however, 
with the development of “chemistry of the framework” [1], 
metal-organic frameworks (MOFs), and COFs have attracted 
great research interest in the fields of cancer diagnosis and 
therapy [2–4]. MOFs and COFs constructed from molecular 
building blocks through metal-ligand coordination bonds or 
covalent bonds can form periodic, programmed, and extended 
frameworks with extraordinarily high surface area, topologi-
cal diversity, and aesthetically pleasing structures [5]. The 
major drawback of MOFs is their low stability, which may 
bring toxicity concerns and poor therapeutic response, thus 
restricting their biomedical applications [6].

To compensate for these limitations, a library of COFs 
have been designed and fabricated as alternatives to MOFs. In 
2005, Yaghi et al. designed and synthesized the first COF [7]. 
COFs are crystalline porous organic polymeric frameworks 
mainly composed of light elements (H, B, C, N, and O) with 
periodical arrangements. They are built from molecular build-
ing blocks connected by covalent bonds, and thereby possess 
higher stability than MOFs. Over the last decade, researchers 
have continuously explored different types of linkers, building 
blocks, and reaction conditions to produce COFs with differ-
ent properties. Structurally well‐defined COFs show impres-
sive properties, including high specific surface area, precisely 
tailored pores and geometry [8–11], tailored and fully exposed 
active sites, flexible molecular structures [12–15], and low 
density [16], as well as unique electrical, magnetic, and opti-
cal characteristics. Given these properties, COFs with differ-
ent structures and dimensions have been explored for gas stor-
age and separation [17–19], heterogeneous catalysis [20–22], 
optoelectronics [23–26], and other applications.

Importantly, as a result of continuous research into molecu-
lar building blocks, surface functionalization, and fabrica-
tion methods, the structure and size of COFs can be contin-
uously adjusted. Moreover, the size of COF can be reduced 
to nanoscale. Nanoscale COFs possess not only the good 

crystallization and porous characteristics of traditional COFs, 
but also the advantages of good dispersion, small volume, and 
high bioavailability. At the same time, their unique and tai-
lorable nanostructures and properties make COFs ideal candi-
dates for biomedical applications [27, 28], endowing them with 
high drug loading [29–33], outstanding therapeutic outcome 
[34–36], and sensitive sensing performance [37–39]. Although 
recent years, researchers have seen explosive growth in research 
on COFs for biomedical applications (Fig. 1), there is still a lack 
of comprehensive review papers to summarize the influence of 
COFs’ characteristics on their application performance. In this 
review, we focus on the fabrication optimization of two-dimen-
sional (2D) and three-dimensional (3D) COFs and their appli-
cations for cancer diagnosis and therapy. First, we discuss the 
optimization of different performances of COFs and summarize 
the influence of their dimensions, building blocks, and synthetic 
conditions on their characteristics, including chemical stability, 
pore structure, and chemical interaction with guest molecules. 
Next, we summarize the application of COFs in cancer diagno-
sis and therapy. Finally, some problems and future perspectives 
of COFs in cancer diagnosis and therapy are discussed.

2  Performance Optimization of 2D/3D COFs

The structures and properties of COFs are determined by 
the reactive and functional groups of their building blocks, 
which have been discussed in detail in some other reviews 
[40–43]. Typically, COFs are synthesized through reactions 
between different functional groups, and some widely used 
building blocks and linkages for COFs are listed in Table 1. 
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Table 1  Main types of 
building blocks and linkages for 
fabrication of COFs

Linkages Building blocks Refs.

-B-O- [50]

[51]

[16, 52-54]

-C-N- [55]

[56]

[57]

[31]

[58]

-C-C- [59]

[60]

-C-O- [61]
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So far, the covalent bond connecting groups mainly include 
–B–O–, –C–N–, –C–C–, and –C–O–. In this section, we dis-
cuss the influence of dimensions, building blocks, functional 
groups and reaction conditions on the properties of COFs, 
including their chemical stability and pore structure [44–49].

Since the discovery and rapid development of graphene, 
transition-metal dichalcogenides, graphitic carbon nitride 
(g-C3N4), 2D MOFs, and 2D COFs, 2D materials have 
been subject to extensive research attention. The “2D” in 
2D COFs means that the covalent bonding is in the same 
plane; only the non-covalent interactions exist between the 
planes to form a 2D structure [62]. Compared with COFs 
of other dimensions, 2D COFs have the characteristics of 
ultrathin and relatively large surface area. 3D COFs have 
a three-dimensional expanded network, which are formed 
by nonplanar building blocks. Unlike 2D COFs, 3D COFs 
usually have more complex pore structures with features 
such as interpenetrated channels and cages, which are more 
conductive to separation, catalysis, guest molecule incorpo-
ration, and other functions. In addition, large surface area, 
low density, and abundant active sites are often accessible 
in 3D COFs.

Herein, we discuss the effects of dimensions, building 
blocks, functional groups and fabrication conditions on 
chemical stability [57, 63–69], pore structure [54, 70–72], 
and chemical interaction with guest molecules of 2D/3D 
COFs (Table 2).

2.1  Chemical Stability

The building blocks and substituent groups of COFs are 
important parameters influencing their chemical stabil-
ity. In recent years, the poor hydrolytic stability of COFs 
has become one of the biggest problems that plague their 

application. Researchers have found that the steric hindrance 
and instability of the unreacted groups, along with the skel-
eton structures formed by different building blocks, affect 
the stability of COFs. Stability can be effectively improved 
by changing the parameters of the framework, such as its 
building blocks and substituent groups [78].

For instance, Martínez-Abadía et al. [79] used polycyclic 
aromatic hydrocarbons as rigid nodes to form a 2D COF 
with a wavy honeycomb (chair-like) lattice (Fig. 2b). This 
wavy organic framework had high stability without damage 
to its charge transport characteristics. Li et al. [80] prepared 
a highly crystalline 2D COF of acylhydrazone by selecting 
building blocks with bond dipole moments; the spatial ori-
entation of this framework proved conducive to the anti-par-
allel stacking. This method is widely applicable to hydrazide 
linkers containing various side-chain functional groups and 
surface activities. Using this strategy, COFs with high crystal-
linity and high yield of 1.4 g could be synthesized in a one-pot 
reaction within 30 min. The formation of high-crystallinity 
COFs was mainly attributed to the presence of the hydrazide 
linker and the formation of a large number of hydrogen bonds.

Xie et al. [73] synthesized a dibenzo[g,p]xanthogen COF 
(DBC-2P) with a large conjugated structure. Because the 
conjugated structure strengthened the interlayer interaction, 
the DBC-2P showed excellent stability in both strong acids 
and bases. In general, the polycyclic aromatic hydrocar-
bons, strong dipole moment, and large conjugated structure 
of the building blocks are conducive to the formation of a 
rigid structure with strong interaction between layers, thus 
improving the chemical stability of the COF.

Wu et al. [81] used the multivariable method to compre-
hensively control the layer stacking and chemical stability 
of a hexagonal network via managing interlayer steric hin-
drance (Fig. 2a). Specifically, a family of two-, three-, and 
four-component 2D COFs with AA, AB, or ABC stacking, 
respectively, was prepared by co-condensation of triamines 
both with and without alkyl substituents (ethyl and isopro-
pyl) and a di- or trialdehyde. The alkyl groups were peri-
odically appended on the channel walls and contents, which 
affected the crystal stacking energy and hydrolytic stability 
of the framework. The chemical stability of the 2D COFs 
was controlled by maximizing the total crystal stacking 
energy and protecting the hydrolytic-sensitive framework 
by kinetic blocking. The results showed that the COFs with a 
higher concentration of alkyl substituents had higher chemi-
cal stability. Ma et al. [74] further found that the stability 

Table 2  Factors affecting the performance of COFs

Properties Influence factors Refs.

Chemical stability Building blocks [73]
Substituent group [74]

Pore structure Reaction media [75]
Reaction conditions [75]
Substituent group [76]

Chemical interaction with 
guest molecules

Substituent group [77]
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of 3D COFs can be improved by periodically modifying 
the isopropyl groups on the backbone. More specifically, 
based on the Schiff-base chemistry, the condensation of 
tetraphenyl methane incorporating 2,6-diisopropyl aniline 
and terephthalaldehyde or 4,4′-biphenyldicarboxaldehyde 
resulted in two new varieties of 3D COFs. Due to the strong 
hydrophobicity of alkyl groups (Fig. 2c), the COFs had high 
crystallinity, permanent pores, and high stability in harsh 
environments such as strong acids (3 M HCl or 3 M  H2SO4 
for one week), strong alkalis (20 M NaOH for one week), 
and boiling water (100 ºC for one month). This work dem-
onstrated the application of alkyl modification to adjusting 
chemical stability. These studies confirm that changing the 
substituent groups can affect the stability of a COF. The 
researchers found that increasing the alkyl substituent con-
tent both enhanced the crystal formation and hydrophobicity 
of the COF, and improved its hydrolytic stability [81].

2.2  Pore Structure

It is expected that both 2D and 3D COFs have high loading 
of guest molecules and predictable release behavior due to 
their highly ordered pore structure, which makes them a new 
candidate for loading and release of drugs. The control of 
the microstructure and pore parameters of COFs has thus 
been a topic of intense attention to researchers. Such control 
remains a major challenge; however after removing the guest 
species located in the pores, structural interpenetration and 
pore collapse often occur. Recently, though, researchers have 
found that the reaction media, unreacted groups, and bond-
ing types play important roles in the regulation of pore prop-
erties, including porosity and pore size. For instance, Feng 
et al. [75] reported that the morphology and pore param-
eters of 2D COFs can be controlled by adjusting the reac-
tion time. Zinc(II) 5,10,15,20-tetrakis(4-(dihydroxyboryl)
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phenyl) porphyrin (TDHB-ZnP) was utilized in conjunction 
with 1,2,4,5-tetrahydroxybenzene (THB) as building units 
for the construction of a 2D COF. The surface area and pore 
volume of this COF increased with the prolongation of reac-
tion time. After 15 days of reaction, the surface area had 
increased from 85 to 1742  m2  g–1 while the pore volume had 
increased from 0.069 to 1.1153  cm3  g–1, demonstrating that 
reaction conditions play an important role in regulation of 
pore properties. In particular, the extension of reaction time 
can improve the surface area and porosity of a COF.

At the same time, the pore properties of a COF can be 
well regulated by adjusting the reaction solvents. For exam-
ple, Feng et al. [75] reported the first example of synthesis 
of two-dimensional porphyrin COF via boron esterification 
under solvothermal conditions, and comprehensively con-
trolled its macrostructure and pore parameters in the pro-
duction process. Specifically, zinc(II) 5,10,15,20-tetrakis 
(4-(dihydroxycarbonyl) phenyl) porphyrin (TDHB-ZnP) 
was utilized in conjunction with 1,2,4,5-tetrahydroxyben-
zene (THB) as building units for the construction of the 
2D COF. A series of COFs with controllable porosity can 

be synthesized using the mixture of trimethylbenzene and 
dioxane in different ratios as the condensation solvent. Bi 
et al. [82] prepared a 2D COF using a condensation reaction 
of 3,5-dicyano-2,4,6-trimethylpyridine with linear/trigonal 
monomers on arylmethyl carbon atoms. The 2D COF was 
linked by trans-disubstituted C=C bonds via condensation 
at arylmethyl carbon atoms, which experienced the revers-
ibility of the C=C bonds in a Knoevenagel condensation 
reaction, allowing the formation of a crystalline honeycomb 
structure with high porosity (1235  m2  g–1).

Wang et al. [76] reported a series of 3D mesoporous COFs 
through steric hindrance engineering. Strategically introduc-
ing methoxy and methyl groups on the monomer produced a 
non-interpenetrating 3D diamond structure with permanent 
mesopores (up to 26.5 Å) and high specific surface area (> 3000 
 m2  g–1), which was superior to conventional COFs with the 
same topology (Fig. 3a). This work opens up a new way to cre-
ate 3D mesoporous COFs, which have potential applications 
in the adsorption and separation of inorganic, organic, and bio-
logical molecules. Thus, not only the regulation of different 
substituents can affect the chemical stability of COF, but also 
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© 2016 American Chemical Society
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the selection of rigid substituents can contribute to permanent 
mesopores and high specific surface area.

2.3  Chemical Interaction with Guest Molecules

Due to their porous nature, COFs have attracted wide atten-
tion from researchers for applications including gas storage, 
sensing, and drug delivery. For drug delivery, the loading of 
drug molecules that can be regarded as guest molecules is 
determined by not only pore size and geometry, but also their 
chemical interaction with the functional groups of COFs. 
Researchers have found that changing the number and type 
of substituent groups in the COF structure can effectively 
regulate the interaction between COFs and specific guest 
molecules. Interestingly, in the process of design and syn-
thesis of COF, the type and number of functional groups can 
be easily changed. For instance, Dong et al. [83] reported 
the synthesis of three kinds of azine-linked and imine-linked 
2D COFs using monomers containing aggregation-induced 
emission (AIE) rotor-active tetraphenyl ethylene (TPE) moi-
eties, and successfully prepared ultrathin 2D nanosheets 
(2−4 nm in thickness) using a temperature-swing gas exfo-
liation approach (Fig. 3b). The affinity between nanosheets 
and amino acids can be controlled by changing the number 
of azine groups, which can tune the key geometric interac-
tion between the groups for a stronger host–guest combina-
tion by density functional calculations.

Compared with 3D COFs, 2D COFs have a wider space 
for interaction with guest molecules because of their 
ultrathin nature and large planar structure. That being said, 
2D COFs can interact with guest molecules with larger 
molecular weight via π–π stacking of these molecules on 
their planar surface. Conversely, 3D COFs have some unique 
advantages in their interaction with guest molecules. For 
example, 3D COFs have high specific surface area and a 
large number of open sites, which can interact with more 
guest molecules. Gao et al. [84] have reported the design and 
synthesis of isostructural 3D COFs with different substitu-
ents. By changing the pore environment of the 3D COFs, 
the materials demonstrated selectivity to different guest 
molecules. They designed three isostructural 3D COFs 
with -H, -Me, or -F substituents, which had selectivity for 
 CO2 over  N2. These results have improved our understand-
ing of the mesoporous environment of 3D COFs and their 
future applications. Based on the same principle, Lu et al. 

reported a general strategy for preparing 3D carboxyl COF 
by modifying hydroxyl COF after synthesis, and applied it 
for selective extraction of lanthanide ions [85]. The obtained 
COF had a good adsorption selectivity to  Sr2+ and  Fe3+. Lin 
et al. reported the synthesis of a new-type 3D pyrene-based 
carbon fiber (3D-Py-COF) that was started from tetrahedral 
and rectangular building blocks connected via [4 + 4] imine 
condensation reactions [77]. The synthesized COF adopted 
a double-layer interpenetrating PTS topology (Fig. 3c) and 
demonstrated selective adsorption of  CO2 over  N2. In gen-
eral, COFs can be designed to have unique interactions with 
a variety of guest molecules due to their high porosity and 
pore distribution, special 2D/3D structures, and easy func-
tional group modification.

Substituent groups, as one of the most important factors in 
regulating the interaction between COF and guest molecules, 
have been of vital interest to researchers. Specifically, by 
changing the number of substituents, the affinity between 
COF and guest molecules can be well regulated, and the 
selectivity of COFs to different molecules can be achieved 
by changing different kinds of substituent groups.

3  COFs for Cancer Therapy

3.1  Properties of COF

One danger associated with using traditional cytotoxic drugs 
in cancer therapy is that the drugs might accumulate in vari-
ous tissues and organs in the body, causing serious side effects 
and inefficient therapeutic outcome. As a polymer network 
composed of repeating organic units, COFs have attractive 
features as drug delivery systems, including: (1) high surface 
area and large porosity, which can facilitate high drug loading 
and controlled drug release kinetics; (2) tunable size and high 
physiological stability to achieve effective tumor targeting and 
intratumoral accumulation; (3) easy surface functionalization 
of targeting ligands for targeted delivery of the drug molecules 
at desired locations; and (4) intrinsic multifunctionality for 
synergizing drug delivery with other therapeutic modalities, 
thus improving therapeutic efficacy. Because of their versatil-
ity and multifunctionality, COFs have largely bypassed the 
limitations of traditional anti-tumor drugs. Recently, COFs 
have been applied as carriers of drugs including doxorubicin 
(DOX) [29, 86], cisaconityl-doxorubicin (CAD) prodrug [87], 
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pirfenidone (PFD) [88], ibuprofen (IBU) [31], and carbopl-
atin [89] for disease treatment. Unlike other porous materi-
als, COFs have rich π-conjugated structure and are easy to 
modify, which make them suitable for loading with a variety 
of drug molecules through hydrogen bonding, π–π stacking, 
host–guest interaction, and other methods. The above advan-
tages might increase the loading capacity of drug molecules 
and broaden the modes of drug delivery.

In the process of phototherapy, light-absorbing organic 
dyes acting as photosensitizers (PSs) [35, 90–92] can absorb 
light and activate  O2 in reactive oxygen species (ROS) that 
elicit cell oxidative damage and subsequent death. However, 
small-molecular PSs often suffer from poor water solubil-
ity, occasional photobleaching, high phototoxicity, low cell 
permeability, and nontargeted biodistribution, all of which 
result in insufficient ROS production and ineffective PDT. 
COFs with well-defined structures and compositions have 
recently shown considerable promise as potential PDT plat-
forms [34, 90, 93, 94]. On the one hand, COFs are promis-
ing carriers for PSs due to the following characteristics: (1) 
the extended π-conjugation can improve the photoelectric 
performance and optimize the absorption band of the loaded 
PSs, thus improving the efficiency and penetration depth of 
PDT and optimizing the therapeutic effect via adjustment 
of the light-absorption range; (2) COFs can promote the 
diffusion of both molecular oxygen and the generated ROS 
[34], which can dynamically increase PDT efficiency; and 
(3) photosensitizers can be successfully nanometerized via 
the COF platform to avoid aggregation and self-quenching, 
so as to increase their endocytosis by the cells to optimize 
the PDT performance. On the other hand, the COFs formed 
with small molecular PSs and/or their derivatives as build-
ing blocks have excellent PDT effect, which is mainly due 
to the following reasons: (1) the large surface area of COFs 
can increase their light-harvesting ability [95]; and (2) the 
formation of COF structure can contribute to regulating the 
energy transfer pathway and exciton utilization, so as to 
improve the efficiency of ROS production [96].

In terms of photothermal conversion, COFs as an emerging 
class of organic crystalline porous material have good bio-
compatibility, high absorption cross section, high light-to-heat 
conversion efficiency with good photostability, and minimal 
dark toxicity, all of which make them promising candidates as 
PTAs. For PTT, COFs have many unique properties: (1) the 
π-conjugated structure of COFs can broaden and red-shift the 
absorption spectrum of the material, which can increase the 

penetration depth of light while also expanding the absorption 
band of light and improving the utilization of photons so as 
to enhance the therapeutic effect of PTT; (2) COF materi-
als stacked together can produce a periodic π-array, which 
is conducive to the stability of electrons and the reduction 
of fluorescence quantum yield, and the resultant increased 
energy involved in the non-radiative transition enhances the 
PTT performance; and (3) given the versatile structure and 
functional groups of COFs, imaging agents can be integrated 
into COF, thereby realizing imaging-guided therapy.

3.2  Applications of COFs

3.2.1  Chemotherapy

In cancer therapy, traditional chemotherapeutic drugs may 
accumulate in various tissues and organs of the body, result-
ing in serious side effects and inefficient treatment. In recent 
years, researchers have found that COF can act as an alterna-
tive drug delivery carrier to solve these problems, at least 
to an extent. In 2015, Yan et al. reported the first exam-
ple of drug delivery using COF as carrier [31]. 3D porous 
crystalline polyimide COFs (PI-COFs) were synthesized by 
reacting pyromellitic dianhydride (PMDA) with tetrahedral 
building blocks of 1,3,5,7-tetraaminoadamantane (TAA) 
and tetra(4-aminophenyl) methane (TAPM), which had 
non- or interpenetrated structures. These 3D COFs showed 
high thermal stability and surface area (up to 2403  m2g–1), 
and 3D porous structure with 15 Å pores running along the 
a or b axis. Encouraged by the porous structure and high 
surface area of these frameworks, the authors chose IBU 
(molecular size of 5 × 10 Å2) as a model drug to study their 
drug loading and release capabilities. In tests, the PI-COFs 
showed high drug loading of 20 wt% with controlled drug 
release. The experimental results showed that most of the 
IBU was released after about 6 days, and the total deliv-
ery amount reached about 95% of the initial IBU loading. 
Zhang et al. packed anti-fibrotic pirfenidone (PFD) into an 
imine-based COF (COFTTA-DHTA), then modified it with 
poly(lactic-co-glycolic-acid)-poly (ethylene glycol) (PLGA-
PEG) (abbreviated as PCPP) [88]. After intravenous injec-
tion, PCPP can accumulate and release PFD at the tumor site 
to downregulate the components of the tumor’s extracellular 
matrix (ECM), such as hyaluronic acid and collagen I. Such 
depletion of ECM largely decreased the solid stress of tumor 
and greatly alleviated its hypoxic state, thereby remodeling 
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the ECM to enhance the efficacy of PDT, thus achieving a 
tumor suppression rate of 92%.

In drug delivery, premature drug leakage usually leads to 
severe systemic toxicity and discounts drug release at the 
target site, resulting in multi-drug resistance and treatment 
failure. Therefore, there is an urgent need to develop drug 
carriers that have low drug leakage and can specifically 
release these drugs in tumor microenvironments (TME). 
Zhang et al. constructed redox-responsive 2D COF nano-
carriers (denoted as F68@SSCOFs) for efficiently load-
ing and delivering DOX [97]. These F68@SSCOFs were 
synthesized via the self-assembly of Pluronic F68 (an 
FDA-approved pharmaceutic adjuvant, PEG-PPO-PEG) 
and disulfide-containing COFs derived from a Schiff-base 
reaction between commercially available building blocks 
(4,4′-Diaminodiphenyl disulfide and 1,3,5-benzenetricar-
boxaldehyde). The obtained F68@SS-COFs had a large 
pore surface area up to 672  m2  g–1, π–π stacking interaction 
between COF and aromatic ring of DOX to realize a high 
drug loading, low premature leakage, and stimuli-respon-
sive release in TME to kill tumor cells (Fig. 4a). The F68@
SSCOFs rapidly released the loaded DOX in response to 
the glutathione (GSH) overproduced in tumors due to the 
redox-responsive involving disulfide bond [98]. Liu et al. 
prepared a pH-responsive covalent organic polymers (COP) 

(THPP-BAE-PEG COPs) [86]. The COPs, which contained 
pH-responsive cross-linked biodegradable β-amino esters 
(BAEs), were synthesized by the reaction between acryloyl 
meso-tetra(p-hydroxyphenyl) porphine (acryloyl-THPP) 
and 4,4′-trimethylene dipiperidine. Then, amine-modified 
poly (ethylene glycol) (PEG) was introduced to terminate 
the reaction and form the PEG shell (Fig. 4b). The resultant 
COP can be loaded with DOX, and has an extended blood 
circulation time (25 h) and effective anti-tumor effect after 
intravenous injection.

In addition to 3D COFs, 2D COFs have aroused wide 
attention due to their high dispersion, high accessible sur-
faces, and abundantly exposed active sites. Jia et al. synthe-
sized a 2D COF (denoted as PEG-CCM@APTES-COF-1) 
via the self-assembly of polyethylene-glycol-modified cur-
cumin derivatives (PEG-CCM) and amine-functionalized 
COF-1 (APTES-COF-1) [29]. The 2D COF consisted of thin 
platelets with widths ranging from 120 to 150 nm. In vitro 
and in vivo studies showed that it had high DOX loading 
(9.71 wt%) and a high encapsulation efficiency of 90.5%, 
extended circulation time, and improved drug accumulation 
in tumors; these properties were mainly due to the surface 
modification of 2D COFs with PEG-CCM and the porous 
structure of 2D COF with improved drug loading.
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In order to improve the circulatory and therapeutic effects 
of COFs, Chen et al. prepared a water-dispersible nanocom-
posite (COF@IR783), which was produced by the assembly 
of cyanine IR783 with COF [87]. The COF was prepared 
via the co-condensation reaction of 2,3,6,7,10,11-hexahy-
droxytriphenylene (HHTP) with 5,15-bis(4-boronophenyl)-
porphyrin (Por), exhibiting a porous hexagonal frame-
work with HHTP monomers at the angles and porphyrin 
monomers at the edges. Attributed to IR783, this 2D COF 
had nanoscale morphology (~ 200 nm) with good aqueous 
dispersibility and negative charge (− 36 mV), which were 
favorable for improving blood circulation time and enhanc-
ing the permeability and retention effect (EPR). In addition, 
the COF had good photothermal conversion performance, 
with photothermal conversion efficiency of approximately 
15.5%. It was used as a drug carrier for prodrug cisaconi-
tyl-doxorubicin (CAD) (Fig. 4c). The combination of PTT 
with chemotherapy was found to significantly reduce the 
cell viability of 4T1 cells in vitro (the cell survival rate was 
19.8%), and intravenous injection of COF@IR783@CAD 
into mice resulted in significant tumor ablation. Therefore, 
the reasonable material design can improve the circulatory 
and therapeutic effects of COFs.

Lalehan et  al. fabricated a 2D imine-linked COF via 
the Schiff-base condensation reaction of building block 
3,30-dimethoxybenzidine (DMB) and linking unit 1,3,5-tri-
formylbenzene (TFB) under solvothermal conditions [89]. 
The resultant 2D COF had a high drug loading capacity 
for carboplatin (31.32%) with a zero-order, first-order, and 
Higuchi kinetic release behavior. The drug release from the 
2D COF was minimum at the physiological pH of normal 
cells and fast at pH = 5.0, which was due to the weakening of 
the H-bonds between carboplatin and the COF in the acidic 
matrix. Therefore, this 2D COF demonstrates advantages 
over traditional polymer carriers, but its biological safety 
and in vivo toxicity need to be further studied.

3.2.2  Photodynamic Therapy

PDT, as a promising treatment method, has attracted con-
siderable research interest [99], which has been applied in 
clinical cancer therapy. Gan et al. [35] reported a 2D COF 
nanosheet with loaded photosensitizer indocyanine green 
(ICG), namely, ICG@COF-1@PDA, which was prepared by 
loading ICG in COF-1 nanosheet, and subsequently coated 

with polydopamine (PDA) (Fig. 5aI). After loading, the 
absorption peak of ICG was obviously redshifted from 779 
to 802 nm. Under the 808 nm near infrared (NIR) laser irra-
diation, the ICG@COF-1@PDA can realize efficient PDT, 
induce obvious immunogenic cell death (ICD), and elicit 
antitumor immunity in colorectal cancer, as well as inhibit-
ing untreated distant tumors and metastasis of 4T1 tumor 
from breast to lung (Fig. 5aII).

As a carrier of PSs, COFs can significantly improve their 
cellular endocytosis and bioavailability through nanometeri-
zation, thereby improving their therapeutic efficacy against 
cancer. Guan et  al. reported two boron-dipyrromethene 
(BODIPY)-loaded nanoscale COFs (NCOFs), which were 
synthesized using Schiff-base condensation of the imine-
based NCOFs with the organic photosensitizer BODIPY 
[100]. After loading BODIPY onto NCOFs without pho-
tosensitivity, the PDT performance was significantly 
improved, with low dark toxicity, high phototoxicity, and 
high tumor treatment efficiency. Similarly, Hu et al. [101] 
developed a COF–Ag2Se nanoparticle, which was success-
fully prepared at room temperature via a cation exchange 
process between  Ag+ and  Cu2+, using COF and CuSe as 
templates. Interestingly, COFs can be used as a template 
to control the size of CuSe or  Ag2Se, and as an excellent 
photosensitizer for PDT. The in vitro and in vivo experiment 
results proved the COF–Ag2Se nanoparticle possessed excel-
lent cancer cell-killing effect and in vivo antitumor efficacy.

By rational selection of photosensitive building blocks 
and π-conjugated structure, COFs with photoactive char-
acteristics can be directly used as PS. Two kinds of 
COFs with 2D π-conjugated structure were synthesized 
using 5′,5″″-(1,4-phenylene)bis(([1,1′:3′,1″-terphenyl]-
4,4″dicarbaldehyde)) (L-3C) and 4,4′,4″-(1,4-phenylene)
bis(([2,2′:6′,2″ terpyridine]-5,5″-dicarbaldehyde)) (L-3 N) 
as building blocks, which realized PDT for vitro and in vivo 
cancer therapy [34]. Specifically, the COFs produced a large 
number of superoxide radicals and hydroxyl radicals under 
630 nm red light for a significant killing effect on tumor 
cells. Zhang et al. prepared COF nanodots (~ 3.46 nm) by 
a simple liquid exfoliation of a porphyrin-based 2D COF 
(Fig. 5b) [94]. The experiments on HeLa cells and H22 
tumor-bearing mice demonstrated that PEG-coated COF 
nanodots had high physiological stability and excellent PDT 
efficiency to inhibit tumor growth. In particular, due to their 
ultrasmall size COF nanodot-PEGs could be cleared from 
the body through renal filtration without appreciable in vivo 
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toxicity. This work took advantage of the poor stability of 
2D COFs to prepare the COF nanodots with excellent PDT 
performance, thus providing a new way of thinking about the 
advantages and disadvantages of the materials.

Wang et al. [90] reported a COF formed by stacking 
2D covalent organic nanosheets (CONs) into periodically 
ordered bicontinuous heterojunction networks and long-
range ordered π-columnar structures. The molecular hetero-
structure of CONs can provide efficient carrier separation 
and prolong the lifetime of electrons and holes. Meanwhile, 
electrons can reduce  O2 to  O2

−, which was beneficial to 
ROS generation through type I PDT mechanism (Fig. 5c). 
In this experiment, CONs were directly prepared from bulk 
triphenylene-porphyrin (TP-Por) COFs via liquid ultrasonic 

exfoliation. Intravenous injection of the resulting CONs 
into nude mice achieved a significant tumor ablation under 
635 nm light irradiation.

PDT often worsens the hypoxia of TME by consuming  O2 
and induces therapy resistance through the action of antioxi-
dant detoxifying enzymes and induction of stress response 
genes, all of which further reduce the effect of PDT. COF 
can act as a delivery carrier of oxygen to enhance the PDT 
effect. Tao et al. [93] reported a unique type of multifunc-
tional fluorinated COF with dual functions of tumor oxy-
genation and PDT. The authors used photosensitizer meso-
5, 10, 15, 20-tetra (4-hydroxylphenyl) porphyrin (THPP), 
perfluorosebacic acid (PFSEA) and PEG to synthesize 
COF (THPPpf–PEG) (Fig.  5d). Due to the presence of 
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PFSEA, the obtained THPPpf–PEG had efficient loading of 
perfluoro-15-crown-5-ether (PFCE) to obtain the PFCE@
THPPpf–PEG. Due to the existence of PFCE, the multifunc-
tional PFCE@THPPpf–PEG had effective load of molecular 
oxygen, and can greatly enhance the tumor oxygenation and 
PDT effect.

Although research using COFs for PDT is still in its 
early stages, the excellent photodynamic and sensitization 
performance of these frameworks have attracted extensive 
attention. The PDT performance can be adjusted by chang-
ing the dimensions, composition, and structure of the 
COFs. To fully exploit the strengths of COFs for PDT in 
design and fabrication, two aspects should be fully consid-
ered. First, the poor stability of nanomaterials before exe-
cuting their predetermined task might lead to a limited life 
span in vivo. Therefore, improving the stability of COFs 
should be fully considered during material design and 
fabrication. Second, the photoquenching caused by π–π 
stacking between COF layers might affect the PDT effect. 
To improve PDT efficiency, then, the development of COF 
materials with high electron-transmission efficiency and 
high electron–hole utilization rate is encouraged.

3.2.3  Photothermal Therapy

Photothermal therapy (PTT) utilizes external light (e.g., a 
laser) to heat tumor cells and induces thermal damage for 
tissue destruction [102]. PTT has been tried in clinic but 
is not widely applied, in part because the high-intensity 
laser might damage normal tissues and cells. Nanoscale 
photothermal conversion agents (PTAs) that can convert 
light energy into heat might allow for a lower required 
light power-intensity while increasing tumor specificity, 
thus preventing damage to surrounding normal tissues.

During PTT treatment, when tissue temperature rises 
to higher than 41 °C, it may induce a change in the gene 
expression pattern and produce a heat-shock protein, so 
as to discount the cell damage from heat injury. When 
the temperature rises to 42 °C, irreversible tissue damage 
will occur; heating the tissue to 42–46 °C for 10 min will 
lead to cell necrosis. At 46–52 °C, cells die rapidly due 
to microvascular thrombosis and ischemia. As tissue tem-
peratures > 60 °C, cell death is almost instantaneous owing 
to protein denaturation and plasma membrane disruption. 

In general, with the combination of external light irradia-
tion and internal targeted distribution of PTAs, PTT can 
eliminate tumors while sparing non-malignant tissues. 
However, this method still has limitations similar to those 
of other modalities such as chemotherapy and PDT due to 
the pathological features of cancer. First, tumor tissues are 
heterogeneous, meaning PTAs are not accessible by some 
cancer cells. This can result in incomplete tumor ablation 
with residual cancer cells, which might allow for recur-
rence and metastasis. Second, the heat-shock response 
might diminish the therapy response of PTT.

More encouragingly, PDT or PTT can trigger local immu-
noregulation via immunogenic cell death (ICD), which can 
synergize the therapy. Moreover, the combination of pho-
totherapy with other therapeutic modalities such as chemo-
therapy and immunotherapy has the potential to overcome 
therapy resistance, completely eradicate tumors, and inhibit 
metastasis. The combination treatment will produce unex-
pected synergistic effects, as the increased temperature at 
the tumor site will promote blood flow and oxygen supply. 
That being said, PDT can interfere with the TME, thereby 
increasing the tumor’s thermal sensitivity [103]. The opti-
mized collaborative treatment will provide a new direction 
for improving cancer treatment (Fig. 6).

As a carrier, COFs can load antitumoral drugs, PSs, 
and PTAs simultaneously. For instance, Dong et al. used 

Fig. 6  A schematic illustration of phototherapy with COFs
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a nanoscale COF (~ 140 nm) as a carrier to simultaneously 
load porphyrinic PS (Por) via covalent graft and naphth-
alocyanine PTA (VONc) via noncovalent loading [103]. 
The COFs had an extensive π-conjugated structure, which 
significantly improved the photostability of the PS and 
PTA for highly efficient ROS generation and photothermal 
conversion ability under visible (red LED) and NIR light 
(808 nm laser) irradiation. Thus deployed, this COF can sig-
nificantly inhibit MCF-7 breast cancer cell proliferation and 
systemic metastasis [103]. Chen et al. reported synthesiz-
ing porphyrin-based COF nanoparticles (COF-366 NPs) that 
provided the coordination therapy of PDT and PTT under a 
single wavelength light (630 nm) [104]. The COF-366 NPs 
acted as both photosensitizer and photothermal agent, and 
the conjugated structure broadened the particle’s absorp-
tion spectrum. For 4T1 tumor-bearing mice, the treatment 
accomplished complete inhibition of the tumor growth under 
630 nm light irradiation with the combination of PDT and 
PTT.

3.2.4  Other Therapies

The unique characteristics of COFs, such as their extended 
π-conjugated structure, endow them with additional func-
tions beyond potential phototherapeutic activity. The π–π 
interaction between the layers of a COF and the existence 
of heteroatoms can produce different bonding sites with bio-
molecules in the body, leading to chemical damage. Reason-
able usage of this chemical damage can effectively inhibit 
and treat cancer. Based on this, Bhaumik et al. prepared 
a novel triazine-based mesoporous 2D COF (TrzCOF) via 
the solvothermal polycondensation of 1,3,5-tri(4-formylb-
iphenyl) benzene  [Ph7(CHO)3, TFBPB] with 2,4,6-tris(4-
aminophenyl)-1,3,5triazine (TAPT) [36]. In vitro studies 
showed that the 2D COF had superior anti-tumor activity 
against colorectal carcinoma HCT-116 cells compared with 
5-fluorouracil. They found that cell apoptosis was mediated 
by p53-guided manner with ROS as an important mediator, 
which further triggered a train of downstream signal cas-
cades including NOX4 activation, decreased expression of 
Bcl-2, and augmented caspase 3/caspase 9 activities.

Bhaumik et  al. experimented with a porous and bio-
degradable COF EDTFP-1 (ethylenedianiline-triformyl 
phloroglucinol), which was synthesized using a Schiff-
base condensation reaction of 4,4′-ethylenedianiline and 

2,4,6-triformylphloroglucinol [105]. EDTFP-1 exhibited 
3D-hexagonal porous structure with average pores of ca. 
1.5  nm. The COF had high cytotoxicity to four cancer 
cells—HCT-116, HepG2, A549, and MIA-Paca2—with 
significantly lower IC50 for HCT-116 cells. The anti-tumor 
properties were attributed to ROS generation from poly-
phenols, p53 phosphorylation induced by EDTFP-1, and 
EDTFP-1 triggered release of pro-apoptotic protein and 
suppression of antiapoptotic proteins.

Generally, COFs themselves as therapeutic drugs are still 
in the early stage of research. However, compared with tra-
ditional chemotherapeutic drugs, COFs have some highly 
advanced functions, such as using bond cooperation for 
biomolecular interaction and triggering protein expression 
in vivo.

4  COFs for Imaging and Diagnosis

4.1  In vitro Diagnosis

Early diagnosis of cancer plays an increasingly important 
role in improving cancer therapy. The development of early 
diagnosis technologies for cancer is of great significance for 
improving the survival rate of patients. As a kind of organic 
porous material, COFs have an ordered π-conjugated struc-
ture, high porosity, low density, good biocompatibility, and 
stability; these properties make them excellent carriers for 
in vitro tumor-detection substances, thus allowing for high 
sensing sensitivity. At the same time, COFs with high poros-
ity can interact with a greater number of guest molecules, 
which greatly improves the detection limit. These unique 
properties of COFs greatly improve the performance of 
tumor detection.

Based on electrochemical measurement, Liu et al. devel-
oped a new aptasensor for immobilizing epidermal growth 
factor receptor (EGFR)-targeting aptamer strands on a por-
phyrin COF (p-COF), which can sensitively and selectively 
bind to EGFR to detect human breast cancer MCF-7 cells 
(Fig. 7a) [106]. This p-COF-based aptasensor showed a 
low detection limit (LOD) of 7.54 fg  mL–1 with a linear 
detection range of 0.05–100 pg  mL–1 for EGFR. For MCF-7 
cells, the p-COF-based aptasensor showed a LOD of 61 cell 
 mL–1 with a linear detection range of 500 ×  105 cell  mL–1. 
The excellent selectivity and high sensitivity were mainly 
attributed to the following points: (1) the high conjugation 
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ability and π-conjugated structure of COFs not only increase 
the interaction between COFs and biomolecules, but also 
improve the electrochemical activity; (2) the mesoporous 
channel of COFs (2.06 nm) was conducive to the fixation 
and loading of aptamers; and (3) the planar structure of 2D 
COFs allowed more aptamers to be combined with biomol-
ecules. Therefore, the proposed sensor can act as a new bio-
sensing platform for rapid and sensitive detection of cancer 
biomarkers and cancer cells.

Colorimetric analysis has unique advantages in early diag-
nosis and point-of-care testing (POCT) of cancer due to its 
low cost, ease of operation, and high sensitivity. Moreover, 
COFs are characterized by chemical adjustability, high poros-
ity, ordered structural integrity, and abundant binding sites. 
Therefore, COFs are becoming an ideal carrier for anchoring 

various guest molecules. For instance, Wang et al. developed 
a water-based stable carboxymethyl cellulose-modified COF 
hydrogel (Pd NPs/CMC-COF-LZU1) based on the principle 
of colorimetric determination to facilitate the in situ growth of 
palladium NPs [107]. This composite material enhanced the 
conversion efficiency of N-butyl-4-NHAlloc-1,8-naphthalimide 
(NNPH) into N-butyl-4-amido-1,8naphthalimide (NPH) by 
improving the activity and stability of Pd NPs, which improved 
the chromogenic sensitivity (Fig. 7b). Specifically, folic acid 
(FA)-modified Pd NPs/CMC-COF-LZU1 could target the 
folate receptor (FR)-positive cancer cells and catalyze NNPH to 
NPH, which led to color change and multicolor imaging. This 
detection system can be used to detect cancer cells from serum 
samples with low detection limit (100 cells per milliliter).
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As a porous material, COFs can effectively load fluorescent 
dyes to minimize the quenching caused by aggregation. At 
the same time, COFs’ skeleton can not only protect the dyes 
for good photochemical stability—thus improving the fluo-
rescent properties of the materials—but it also has excellent 
anti-interference ability, which can function as an excellent 
fluorescence sensor.

4.2  In vivo Diagnostic Bioimaging

COFs with high surface area and porosity, good electrical 
conductivity, and special interaction with bioactive mol-
ecules have shown great promise in biosensing and bioim-
aging for cancer diagnosis. For instance, Wang et al. used 
a lanthanide-doped upconversion nanoparticle (UCNP) 
core to coat nanoscale COFs (UCCOFs) with various shell 
thicknesses via core-mediated imine polymerization [37]. 
The UCCOFs were capable of producing singlet oxygen 
for PDT, and emit singlet oxygen-correlated fluorescence, 
allowing real-time and in situ monitoring of the therapeutic 
process via near-infrared luminescence imaging (Fig. 7c). 
Specifically, the loaded ICG as a ROS indicator was gradu-
ally decomposed by 1O2. Therefore, the luminescence from 
UCCOFs-1 at 800 nm was turned on, which reported in real 
time the position and dose of 1O2 generation in the body, 
thus realizing in situ self-reporting PDT.

To increase the high signal-to-noise ratio of imaging and 
tumor specificity, Liu et al. developed a pH-responsive nano-
platform based on zinc porphyrin COF (ZnCOF), in which 
the loading rate of zinc porphyrin (ZnPor) was 22.5 wt% 
[108]. At pH 7.4, the interconnected ZnPor in the assembled 
state had no fluorescence signal (“off” state). Under the pH-
triggered disintegration of ZnCOF in TME (pH = 5.5), the 
dispersed ZnPor showed obvious fluorescence signal recov-
ery (“on” state). At the same time, the shed bovine serum 
albumin (BSA)-coated gold nanoparticles further amplified 
the fluorescence signal through the metal-enhanced fluo-
rescence effect, realizing a ~ 3 times higher fluorescence 
than the free ZnPor group in vivo. As an excellent carrier, 
COF can thus interact with imaging molecules to achieve 
the purpose of imaging. At the same time, the formation of 
the COF structure can directly integrate the building blocks 
with fluorescence properties, so the resulting COF can have 
fluorescence imaging function in a specific environment. 
Alternately, it can realize the fluorescence activation of inert 
building blocks after the formation of the COF [109].

To sum up, nanoscale COFs have the following advan-
tages in cancer biosensing and bioimaging: (1) the rich 
π-conjugation is conducive to sensitive electrochemical sig-
nals through π–π stacking interaction with targeting ligands, 
functional biomolecules, and the like; (2) the optimized 
particle size for bioavailability can be obtained through 
COF design; (3) COFs with porous characteristics can fix 
functional biomolecules such as aptamer inside the mate-
rial, thereby increasing the adsorption capacity of the probe 
and its resultant sensing sensitivity; (4) COFs have abundant 
binding sites and can interact with fluorescent dyes; and (5) 
COFs constructed from fluorescent molecules can directly 
have the ability of biological imaging. At the same time, 
the formation of COF structure can activate the fluorescent 
activity of the building block.

5  Conclusions and Perspectives

In this review, we outline the recent breakthroughs in fab-
rication and application of COFs for cancer diagnosis and 
therapy. Given their versatility and physicochemical proper-
ties, COFs have showed unique advantages in cancer diag-
nosis and therapy, especially in drug delivery, phototherapy 
(including PDT and PTT), biosensing, and bioimaging. With 
their high surface area and porous nature, COFs also show 
unique advantages for the delivery of anti-tumor drugs to 
desired locations. For PDT and PTT, COFs can act not only 
as carriers of PSs or PTAs due to their porous structure and 
high surface area, but also as PSs or PTAs by virtue of their 
high light absorption cross section, π-conjugated struc-
ture, and versatile constructions from photoactive building 
blocks. COFs can effectively avoid the annihilation of PSs 
caused by π–π stacking and have good thermal stability, high 
contact area, and light utilization. These properties also help 
COFs play a role in bioimaging and diagnosis, and imaging-
guided therapy.

In spite of these advantages, the study of biomedical appli-
cations for COFs is still in the early stages. There are many 
ongoing challenges and limitations that must be consid-
ered and overcome. First, due to the complex structures and 
arrangements of the pores, it is difficult to precisely control 
the loading of drugs into and the patterns of release from 
COFs. In addition, if one more kinds of active molecule (e.g., 
targeting ligands, drugs, imaging agents) are involved in the 
system, their location in or on the COFs should be rationally 
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designed. With the abundant active groups acquired during or 
post-synthesis, the interior capacity and surface area of COFs 
could be fully utilized via host–guest interaction. Moreover, 
the structural qualities of COFs, especially their dimensions, 
have a significant impact on their performance. COFs with 
different dimensions (2D or 3D) have their respective advan-
tages, and the applications of COFs with other dimensions 
have rarely been reported. The ingenious and controllable 
design of COFs’ dimensions is expected to further promote 
the application of COFs. In terms of possible clinical trans-
formation, the biocompatibility of different nanoscale COFs, 
especially as regards long-term systemic toxicity, should be a 
top priority for consideration. Secondly, the large-scale pro-
duction of nanoscale COFs is still difficult, and further atten-
tion is warranted to the study of batch repeatability. Due to the 
complex molecular arrangement of COFs (e.g., different layer 
stacking and pore arrangements), the preparation of COFs with 
stable performance and uniform size distribution in different 
synthetic batches still poses a great challenge. Finally, possi-
ble clinical translation depends on exploring the optimal bio-
compatible building blocks and achieving the best therapeutic 
effect through the design of substituents and structures.

Overall, compared with other porous nanomaterials, 
nanoscale COFs have exhibited unique advantages in the field 
of cancer diagnosis and therapy. Unlike most of other porous 
nanomaterials, which act only as inactive carriers for drug 
delivery and realize other function solely through post-syn-
thetic functionalization, COFs themselves have intrinsic elec-
trical, magnetic, and optical properties that could be applied 
directly for therapeutic purposes. The synergy of drug delivery 
and other therapeutic modalities, including phototherapy and 
immunotherapy, could potentially be realized on a single COF-
composed nanosystem, which could resolve many of the chal-
lenges of cancer therapy, including difficulty in early diagnosis, 
therapeutic resistance, recurrence, and metastasis.
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