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Covalent organic nanosheets (CONs) have attracted much attention because of their excellent physical,
chemical, electronic, and optical properties. Although covalent organic nanosheets have widely been
used in many applications, there are only a few CONs that have been tested for bio-medical
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applications. Nanometer sized triazine-based nanosheets were obtained by exfoliating their bulk
counterparts in water. The obtained nanosheets were dispersible and stable in water with enhanced
photoluminescence properties compared to the bulk material. The nanosheets were biocompatible and
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non-toxic and showed ability to stain HeLa cell nuclei without additional assistance of an external
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targeting agent.

Introduction
Covalent organic nanosheets (CONs) obtained by exfoliation of
their counterparts, such as covalent organic frameworks
(COFs),1 have emerged as a new class of porous, thin twodimensional (2D) nanostructures with distinctive dimension
related properties that diﬀer from their corresponding bulk
materials.2–6 Exfoliation of COFs into CONs reduces the size of
the material while also imparting novel physical and chemical
properties, which for example, allows for the circumvention of
a few serious COF drawbacks, namely their dispersibility and
bioavailability within the cells. In this regard, CONs are
a promising nanomaterial for applications in biomedicine
including drug delivery and bioimaging.2,3,7,8
Non-toxic CONs with high photoluminescence quantum
yields can be of great interest for bioimaging as they are stable
in solution, possess tunable optical characteristics, and exhibit
limited photobleaching. Reported materials for bioimaging are
mainly (i) inorganic in nature with the presence of heavy

metals,9 (ii) carbon nitride,10 or (iii) graphene-based nanomaterials,11–13 all with considerably challenging syntheses.14
While several examples in the literature have employed CONs in
drug delivery,2,15 they have yet to be investigated for bioimaging.
We describe here the synthesis of a crystalline, porous, and
luminescent triazine-based COF (denoted as TTA–DFP COF)
from the condensation of 2,6-diformylpyridine (DFP) with
4,40 ,400 -(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) under 30 min of
microwave irradiation (Fig. 1). As synthesized, the bulk material
is constituted of nanosheets and is weakly uorescent with
micrometer lateral dimensions. Exfoliation of the bulk material
in pure water drastically reduces the lateral dimensions to the
nanometer scale and enhances the photoluminescence properties by a factor of 6. The TTA–DFP CONs exhibit a high
luminescence eﬃciency with a maximum peak centred at
435 nm when excited at lmax ¼ 375 nm.
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Fig. 1 Chemical structure and synthetic route of the TTA–DFP COF
under microwave irradiation. Cartoon representation (green block)
illustrates the stacked nanosheets of the TTA–DFP COF.
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Cellular labelling is of great interest in biology, in particular
the nucleus, which is regarded as one of the main targets for
cancer therapeutics.16 Nuclear staining dyes (organic or peptidebased) are limited by poor photo-sensitivity, challenging
syntheses, and cost.11 Incubation experiments with HeLa cells
demonstrated that TTA–DFP CONs could be used for label-free
selective intracellular localization within the cellular nucleus
without hampering the cell architecture and viability, thus
making this intrinsically luminescent CON material a promising nuclear probe for bioimaging.

Results and discussion
The bulk material, denoted as TTA–DFP COF, was synthesized
by co-condensation of DFP (12 mg, 0.09 mmol, 3 equiv.) and
TTA (21.24 mg, 0.06 mmol, 2 equiv.) in 3 mL of anhydrous
1,4-dioxane in the presence of a catalytic amount of acetic acid,
sealed in a 10 mL glass microwave tube and heated under
microwave irradiation at 110  C for 30 min (Fig. 1). The formed
yellowish precipitate was collected by ltration, washed with
1,4-dioxane and ethanol, and dried at 110  C for 12 h. Aer
centrifugation and multiple washings with ethanol, the product
was completely insoluble in water and all organic solvents
tested, including THF, acetone, CHCl3, DMF and DMA, indicating the formation of a stable polymeric material.
The formation of imine (C]N) linkages for the as-synthesized material was rst conrmed by Fourier-transform infrared
(FT-IR) spectroscopy. The material displayed stretching modes
at 1625 cm1 as well as the disappearance of the TTA primary
amine stretches at 3420 cm1 and the DFP aldehyde stretch at
1700 cm1 (Fig. S1†). Thermogravimetric analyses (TGA)
revealed that the TTA–DFP COF exhibits excellent thermal
stability, maintaining more than 60% of its weight up to 500  C
(Fig. S2†).
The crystallinity of the as-synthesized material was demonstrated by powder X-ray diﬀraction (PXRD), which shows
a strong peak at 2q ¼ 5 that can be assigned to the (110) plane
of the regularly ordered lattice, as well as a broad peak centred
at 2q ¼ 25.6 , corresponding to the reection from the (003)
plane (Fig. 2a).

(a) PXRD patterns and simulated structures of the TTA–DFP
COF: experimental (red line), simulated (black line) and diﬀerence
(green line). TOP view: space-ﬁlling representation of the stacked
layers of the TTA–DFP COF. The simulated unit cell parameters are a ¼
b ¼ 33.0 Å and c ¼ 10.39 Å. (b) Nitrogen adsorption/desorption
isotherms at 77 K of the TTA–DFP COF.

Fig. 2
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The spacing between the p–p stacking planes was calculated
and found to be 3.5 Å, which matches the simulated structure.
Following reticular chemistry principles, crystal structure
models were built (Fig. 2a) based on the geometry of the
building blocks. Models based on distorted hcb layered structures were generated in the trigonal P3 space group and
geometrically optimized with universal force eld energy
minimizations. The best agreements between experimental and
simulated PXRD patterns were obtained for layer stacked
structures with an ABC sequence, resulting in unit cell parameters of a ¼ b ¼ 33.0 Å and c ¼ 10.39 Å (Rwp ¼ 2.07% and Rp ¼
0.76% aer Pawley renement). The structure is distorted
compared to regular hcb layers because the meta disposition of
the aldehyde groups in the pyridine linker imposes a non-linear
connection between the triangular nodes, which is, indeed, not
common in reported COFs. On account of the sheet-like layered
morphology of TTA–DFP COFs having an imperfect long-range
order, broadening of the wide-angle diﬀraction peaks was
observed. PXRD patterns of this sort are commonly reported for
other layered triazine-based covalent organic networks.17–20
The porosity of the TTA–DFP COF was evaluated by
measuring nitrogen gas adsorption/desorption isotherms at
77 K (Fig. 2b). The samples were activated at 85  C for 24 hours
prior to the measurements in order to remove solvent and
trapped gas. The TTA–DFP COF exhibits a sorption isotherm,
which is a characteristic of microporous materials.21 The Brunauer–Emmett–Teller (BET) surface area of the TTA–DFP COF
was found to be 900 m2 g1, while the pore size distribution of
the COF was calculated with a DFT tting of the adsorption
branch, based on a model with cylindrical pores. A narrow
distribution of pores with an average width of 1.7 nm (Fig. S3†)
was obtained which is in agreement with the proposed structural models, where hexagonal channels are formed upon
stacking of the layers. The calculated pore volume for the TTA–
DFP COF is 0.76 cm3 g1.
The morphology of the TTA–DFP COF was investigated by
high resolution transmission electron microscopy (HRTEM)
and atomic force microscopy (AFM). HRTEM images showed
transparent nanosheets, an indication of the thickness of TTA–
DFP COFs (Fig. 3a). AFM analysis of TTA–DFP COFs revealed
a 2D sheet-like morphology (Fig. 3b). The topological height
prole for the 2D sheets was found to be 1.5 nm. PXRD analysis
indicates an interlayer stacking distance of 0.35 nm, which is
consistent with the well-dened lattice fringes obtained from
HRTEM analysis (0.38 nm, Fig. 3a). Based on these microscopy
data, we determined that TTA–DFP COFs are comprised of
about four stacked layers.
Prior to their use for biomedical applications, it is important
to process these materials to nanometer sizes while also
imparting water solubility and stability.22 For these reasons,
liquid exfoliation processing (LEP)23–27 from bulk to submicronsized TTA–DFP CONs in water was performed using ultrasonication for 5 hours (Fig. 3, top). Exfoliation was conrmed by
TEM imaging of the sample which was comprised of large
quantities of 2D-nanosheets with an average size of z22 nm
(Fig. 3c, S4 and S5†). The clear distinct Tyndall eﬀect of TTA–
DFP CON solution (inset Fig. 3c) also indicates the presence of
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Fig. 4 UV-vis (a) and emission (b) spectra of bulk TTA–DFP COFs
(green line) and exfoliated TTA–DFP CONs (blue line) dispersed in
water at room temperature, lex ¼ 375 nm.

Fig. 3 Schematic representation of the liquid exfoliation process (LEP)
in water (5 hours). HR-TEM (a and c) and AFM (b and d) images with line
proﬁles of the TTA–DFP COF and TTA–DFP CONs, respectively. Inset
of (c) shows the Tyndall eﬀect of TTA–DFP CONs in water.

highly monodisperse ultrathin nanosheets in water.10 AFM
conrmed the formation of ultrathin 2D-nanosheets with
smaller lateral diameters (Fig. 3d). Upon liquid phase exfoliation, the sheet thickness decreased from 1.5 to 1.0–1.3 nm
(Fig. 3d). Not only did the diameter of the nanosheets decrease
but also sheets of uniform thickness and shape were produced.
PXRD analysis showed that the intensity of the (110) peak gets
reduced upon exfoliation and the (003) peak gets broader
(Fig. S7†), which is consistent with the smaller number of
vertically stacked layers. Such peak broadening is also noted for
previously reported CONs.28 Aqueous solutions of exfoliated
nanosheets were found to be stable with excellent dispersibility
with no precipitation observed over time. At pH 7.4 in water, the
hydrodynamic diameter of TTA–DFP CONs was found to be
37.8 nm (Fig. S8†). The stability of TTA–DFP CONs was then
investigated in foetal bovine serum (FBS) to simulate the
physiological conditions in cells (Fig. S9†). The hydrodynamic
diameter of the TTA–DFP CONs was found to be 23.55 nm,
which is close to the size observed by TEM (22 nm). Additionally, when the mixture was stirred for twenty-four hours at room
temperature, the size remained unchanged (22.80 nm).
Together, these results conrm the stability and minimal
aggregation of TTA–DFP CONs under simulated physiological
conditions.
The electronic properties of the bulk material and the exfoliated nanosheets were studied by absorption and uorescence
spectroscopies. As shown in Fig. 4a, the UV-vis absorption
maximum for an aqueous dispersion of TTA–DFP CONs is blue
shied compared to the bulk material (lmax ¼ 387 nm versus
438 nm, respectively). In water, the TTA–DFP COF exhibited

This journal is © The Royal Society of Chemistry 2018

a broad emission band centred at lmax of 538 nm when excited
at 375 nm (Fig. 4b). Aer the exfoliation of the bulk material
into TTA–DFP CONs, the uorescence emission spectrum is
wider with a maximum that is blue shied from 538 nm to
435 nm, with an intensity enhancement by a factor of
6 (Fig. 4b), which is the result of reduced interlayer p–p
interactions in the nanosheets. Such a change in the p–p
interactions induces a sharp increase of the optical band gap,
from 2.45 eV in the bulk sample to 2.7 eV in the nanosheets and
explains the observed increase in intensity.4,5,10,29–31 The photoluminescent nature of both the TTA–DFP COF and TTA–DFP
CONs can be explained by intramolecular donor/acceptor
charge transfer from the phenyl groups (donors) to the central
triazine moieties (acceptors). A control experiment, in which the
luminescence of the TTA monomer condensed with pyridinemonoaldehyde was measured, revealed that the monomer was
not luminescent in water (Fig. S10†). The less emissive character of the bulk material could be explained by the aggregationinduced quenching mechanism resulting from the p–p layered
structure of the COF.21
To gain more insight into the band structure of the TTA–DFP
COF, plane wave density functional theory (PW-DFT) calculations were performed for bulk and single layers following
optimization of the calculated crystal structures to determine
their electronic and optical properties, and diﬀerences between
bulk and single layers. The density of states (DOS) shows (Fig. 5)
an increase of states at the edge of the conduction band in the
bulk sample, indicating a blue shi in both the wavelengths of
light absorbed and subsequent emission. As expected, the TTA–
DFP COF displays semiconducting behaviour, with a Valence
Band (VB) and a Conduction Band (CB) formed by hybridized C
2p and N 2p states as depicted in the charge density plots
(Fig. 5). In addition, the energy gaps obtained from HSE06
calculations are 2.45 eV for the bulk sample and 2.7 eV for
a single layer nanosheet (Fig. S11†). These results are in
agreement with the optical measurements obtained from UV-vis
diﬀuse reectance spectroscopy (UV-vis DRS) which reveal
a broad absorption band with an indirect band gap of 2.55 eV
(Fig. S12†). Time dependent density functional theory (TD-DFT)
calculations were used to determine the optoelectronic properties of the materials and indicate that the electronic transitions mainly occur with UV excitation and are associated with
intramolecular charge-transfer processes from several highest
occupied molecular orbital (HOMO) degenerate orbitals centred
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Fig. 5 Total density of states (DOS) (black) and atom-projected
density of states (PDOS) for C (black dash) and N (grey) and schematic
representation of the isosurfaces of a section of charge density for:
bulk and single layer nanosheets. Atom colors: brown for C, blue for N,
and white for H. Shadow part clearly indicates an increase of states at
the edge of the conduction band in the bulk sample.

Edge Article

in the imine moieties to the lowest unoccupied molecular
orbital (LUMO) degenerate orbitals (Fig. S13†). Finally, we
calculated the surface energy of the monolayer from DFT energy
calculations. The calculated surface energy is 98.8 mJ m2,
which is comparable to the value reported for other twodimensional structures10 and also similar to the surface energy
of water (102 mJ m2) suggesting a potentially high dispersibility of the TTA–DFP COF in this solvent.
The enhanced luminescence properties of the exfoliated
TTA–DFP CONs, their nanometer size and their high dispersibility in biological media compelled us to use them as
a uorescent probe to perform cellular labelling on HeLa cells.
Cells treated with the exfoliated nanosheets (100 mg mL1) for
30 minutes up to 24 hours exhibited a strong blue signal (lex ¼
360 nm) which increases in intensity with time demonstrating
the ability of the material to internalize and accumulate into
cells. Time-dependent incubation experiments (Fig. 6 a–c and
S14–S17†) revealed that TTA–DFP CONs could enter the cell

Fig. 6 In vitro study. Overlay of bright ﬁeld and ﬂuorescence images of HeLa cells incubated with the TTA–DFP CONs (100 mg mL1) for (a) 0, (b)
60 and (c) 180 minutes of incubation, showing that accumulation of the TTA–DFP CONs in the nucleus does not hamper the cell integrity (lex ¼
360 nm; scale bars ¼ 10 mm). Confocal images of HeLa cells incubated for 4 hours with the exfoliated TTA–DFP CONs (50 mg mL1) and (d)
a plasmic membrane marker, (e) an actin marker and (f) a nucleus marker, showing that after internalization in cells, the exfoliated TTA–DFP
CONs speciﬁcally target the nucleus (blue channel (lex ¼ 405 nm), red channel (lex ¼ 633 nm), green channel (lex ¼ 561 nm), and scale bars ¼
20 mm). (g) Quantitative comparison of ﬂuorescence intensity in HeLa cells incubated with TTA–DFP CONs (50 mg mL1) at 4  C versus 37  C as
well as in the presence of endocytotic inhibitors. (h) Viability assessment of HeLa cells after 48 h incubation with increasing concentrations of
exfoliated TTA–DFP CONs up to 500 mg mL1.
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nucleus aer 30 min. It is worth noting that TTA–DFP CONs are
stable under acidic conditions with no hydrolysis of the imine
bond observed. Also, the monomers are not uorescent. We
conclude that the uorescence observed cannot come from
fragmentation of the TTA–DFP CONs but from their presence in
the nucleus. Few aggregates can be seen outside cells but are
not uorescent and therefore cannot be considered as aggregated nanosheets but are actually due to a small fraction of nonexfoliated material which is not uorescent at this excitation
wavelength.
To further conrm the localization of the nanosheets in the
cells, the nucleus, the membrane, and the cytoplasm of the cells
were specically labelled using organelle markers and colocalized with the exfoliated TTA–DFP CON signal (Fig. 6d–f).
The blue emission in the cells arising from the nanosheets does
not overlap with the emission of either the membrane (Fig. 6d)
or the actin in the cytoplasm (Fig. 6e). However, the blue
emission does overlap with the uorescence staining from the
red labelled nucleus (Fig. 6f), with also accumulation in the
endoplasmic reticulum (ER). The accumulation of the TTA–DFP
CONs in the ER is particularly interesting because the lumen of
the ER is contiguous with the space between the inner and outer
nuclear membranes.32 Recently, Mal et al.6 reported the interactions of self-exfoliated ionic covalent organic nanosheets with
DNA, which might explain the accumulation of the TTA–DFP
CONs into the nucleus.
In order to determine the relative amounts of active versus
passive mechanisms involved in TTA–DFP CON internalization,
we compared the relative intensity of uorescence in cells
incubated with TTA–DFP CONs for 1 h at either 4  C or 37  C
(Fig. S21†). The uorescence intensity in the cells incubated at
4  C is considerably diminished compared to the cells' uorescence intensity at 37  C, indicating that the active mechanisms of internalization, such as endocytosis, are predominant.
To understand the TTA–DFP CON cellular uptake mechanism,
HeLa cells were pre-treated with diﬀerent inhibitors of various
endocytotic mechanisms (Fig. S21†). For amiloride and lipintreated cells, the uorescence intensity did not change much
aer 1 hour of incubation, suggesting that macropinocytosis
and caveolae-mediated endocytosis are not involved in the
internalization process.33 In contrast, the uorescence intensity
of the chlorpromazine-treated cells was signicantly less
pronounced, implying that clathrin-mediated endocytosis may
be the major pathway for TTA–DFP CON internalization
(Fig. 6g).33 Clathrin-mediated endocytosis is one of the pathways
that sorts molecules to organelles such as the Golgi, the ER and
the nucleus.34,35 This result is consistent with the observation of
TTA–DFP CON accumulation in the ER and nucleus. In order to
assess if the intensity of the uorescence arising from TTA–DFP
CONs diminishes over time inside the cells, HeLa cells were
incubated with TTA–DFP CONs for 4 h and then subsequently
incubated for 24 h with fresh media without TTA–DFP CONs
(Fig. S18†). Fluorescence images showed that the cells' uorescence intensity does not fade and remains strong and
localized within the nucleus. It is worth noting that aer 24
hours of incubation with TTA–DFP CONs, cells were present in
the ER and nucleus demonstrating that even aer prolonged
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exposure of cells to TTA–DFP CONs up to 24 hours, the sheets
continue accumulating into the cells without hampering the
cell integrity. We conclude that aer internalization through
clathrin-mediated endocytosis within the HeLa cells, the exfoliated TTA–DFP CONs specically target and label the nucleus
in a relatively short time of 30 minutes. A similar phenomenon
was observed for graphene quantum dots with a diameter below
100 nm.13
The exfoliated TTA–DFP CONs did not weaken cell activity
and the cells maintained their normal morphology up to 24
hours of incubation (Fig. S15†), which encouraged us to assess
the biocompatibility of this material. Overall the exfoliated
TTA–DFP CONs elicit no cytotoxic eﬀects on HeLa cells aer 48
hours of incubation with concentrations up to 500 mg mL1
(Fig. 6h).

Conclusions
In summary, we have successfully synthesized a crystalline,
porous and luminescent triazine-based COF (denoted as TTA–
DFP COF) using a facile microwave-assisted method. Liquidexfoliation of the bulk TTA–DFP COF in water gave rise to
nanometer-sized 2D-nanosheets whose luminescence emission
was considerably blue shied and enhanced compared to the
bulk material. Our in vitro results following the incubation of
the nanosheets with HeLa cells conrmed that the exfoliated
materials did not aﬀect the cell architecture and viability, which
constitutes a preliminary demonstration of biocompatibility
and nontoxicity. Two commercially available blue-emitting dyes
are commonly used in biology to stain DNA. One of these two,
DAPI, is used to stain dead cells or cells with compromised
membranes and has high toxicity. The second is Hoechst 33258,
which is less toxic and suitable for staining both live and dead
cells. Hoechst enters the cell by an unmediated diﬀusion
transport mechanism through the cell membrane prior to DNA
binding.36,37 The exfoliated TTA–DFP CONs function as nuclear
probes for bioimaging without the additional assistance of
external capping or targeting agents, penetrating the cell
nucleus through clathrin-mediated endocytosis in less than 30
minutes. Considering that very few nuclear labelling commercial dyes are available for cellular imaging, TTA–DFP CONs are
a novel and cost-eﬀective alternative. Research on further
biomedical applications such as targeted delivery of drugs to
the nucleus is ongoing.
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