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High drug-loading capacity is the most advantageous property of
porous nanocarriers for cancer therapy. Covalent organic frame-
works (COFs) are a novel class of porous nanocarriers that have
been explored for drug delivery because of their tuneable textural
properties and pore-surface functionalization. The primary focus of
this study is to determine the dominant factor influencing drug
loading in COFs. These results highlight the importance of pore-wall
functionalization over the surface area to achieve a high drug-loading
capacity and better drug—COF interaction. In vitro biological studies
confirmed the biocompatibility of bare COFs and the efficacy of
doxorubicin-loaded COF in killing cancer cells. In essence, the findings
of this study suggest focussing on drug—COF interactions rather than
high crystallinity and surface area for enhanced drug loading.

The drug-loading capacity (DLC) is a crucial aspect of chemo-
therapeutic drug delivery. Porous anticancer drug nanocarriers®
have been designed and used for this purpose.>? In this regard,
COFs are gaining attention owing to their organic backbones,
excellent biocompatibility, and design flexibility.*> COFs offer
advantages®” in terms of pore size, shape, volume, surface area,
linkages,® and functionality, making them favourable for drug
encapsulation and release.”™"" Moreover, by controlling the size
and morphology of COFs,"” they can be made more suitable as
drug carriers. While the influence of pore size™ and topological
design'*"® on DLC is well-established in the literature, the role
of surface area remains unclear. Some COFs with high surface
areas demonstrated low DLC, while those with low surface
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areas exhibited impressive DLC. For instance, CF-25 COF,
which possesses a BET surface area of 1791 m” g, exhibited
a low DLC of only 3 wt% for camptothecin."® Similarly,
PCOF@PDA with a BET surface area of 520 m> g~ " could load
only 5.3 wt% of the Gamboic acid drug.'” In contrast, Fe;0,@-
COF'® despite having a negligible BET surface area of
~52 m* g, achieved remarkable DLC of 33.3 wt% for doxor-
ubicin (DOX). This discrepancy calls for further investigation of
other key factors influencing DLC in COFs, particularly pore-
surface functionalization, and linkage design. Two major
approaches for pore-wall modulation in COFs are considered:
side-unit decoration'*'® and heteroatomic doping.”® The
choice between maximizing the surface area or implementing
pore surface functionalization is central to achieving a higher
DLC in COFs. To address this issue, the present study aims to
unravel the intertwined role of the surface area and pore
functionality in COFs to optimize DLC.

Herein, two isoreticular COFs linked with f-ketoe-
namine®””> bonds were synthesized and named TzCOF
(triazine-based COF) and NTzCOF (triazine-based COF doped
with pyridyl heteroatoms). The synthesized COFs differ in
terms of their backbone composition. NTzCOF exhibited
slightly improved crystallinity, surface area and pore volume
compared to TzCOF. These COFs were further loaded with the
anticancer drug DOX to investigate the impact of pore-wall
functionalization on DLC. Additionally, TzCOF was synthesized
with enhanced crystallinity and surface area, named CTzCOF
(triazine-based COF with high crystallinity), and loaded with
DOX. The heteroatom-doped NTzCOF demonstrated a higher
DLC than the TzCOF and CTzCOF. This study also addressed
the often-overlooked issue of loaded drug-loss during the
washing steps. This emphasized the actual strength of the
interaction between the drug and nanocarrier. Furthermore,
biocompatibility tests on non-cancerous human embryonic
kidney cells (HEK 293T) were performed for bare nanocarriers.
Cytotoxicity evaluation of human lung cancer cells (A549) was
also performed for the DOX-loaded NTzCOF [DOX@NTzCOF]. A
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time-dependent increase in cellular uptake of the nanocarrier
by A549 cells was observed.

Tritopic aldehyde and amine were first synthesized in the
laboratory following reported procedures (ESL 1 S2.1 and S2.2).
Subsequently, B-ketoenamine linked organic polymers,
TzCOF,” and NTzCOF,>* were synthesized via a Schiff-base
condensation reaction using a solvothermal synthetic proce-
dure with slight modifications (ESI,¥ S2.3). The isoreticular
COFs differed only in terms of the heteroatomic pyridyl nitro-
gen doping (Scheme 1). The characteristic peaks for C=0,
C=C, and C-N stretching in the FTIR spectra confirmed the
successful synthesis of organic polymers (Fig. S3a, 3b and 3c,
ESIY). In addition, disappearance of the characteristic peaks of
-N-H and -CHO confirmed the absence of any residual mono-
mers or oligomers.

Materials Studio software was used to simulate the crystal
structures of the COFs by optimizing the lattice parameters in
P1(1) space groups with AA and AB stacking. The simulated X-
ray diffraction (XRD) patterns of the slipped AA stacking model
(Fig. 1a—c) closely matched the experimental XRD patterns,
indicating a strong resemblance between the two. Intense
peaks at 20 = ~5.65-5.7° and a minor peak at 9.75-9.95° can
be attributed to the presence of (100) and (110) reflection
planes, respectively (Fig. 1b).>®> The broad peak at 20 =
~26.5-27.1° corresponds to the (001) reflection plane
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(Fig. 1b). As shown in Fig. la-c, CTzCOF had the highest
crystallinity among the polymers (Fig. 1b). Further, the crystal-
linity of NTzCOF (Fig. 1c) was better than that of TzCOF
(Fig. 1a). Additionally, the experimental PXRD patterns were
successfully refined using Rietveld analysis, showing excellent
agreement with theoretically simulated models of slipped AA
stacking. The corresponding datasets are listed in Table S1
(ESIY).

Both the TzCOF-based nanocarriers showed Type-I iso-
therms while the NTzCOF showed a Type-IV isotherm due to
the presence of mesoporous defects in the structure®®?”
(Fig. 1c). CTzCOF exhibited the highest BET surface area of
1205 m*> g~ whereas NTzCOF and TzCOF exhibited surface
areas of 768 and 644 m® g ', respectively (Fig. 1d). The
microporous nature of the isoreticular COFs with a pore size
of ~1.4 nm was evident from their QSDFT pore size distribu-
tion (Fig. 1e). The micropore volumes of TzCOF, CTzCOF
and NTzCOF were 0.14, 0.37 and 0.18 cc/g respectively
(Table S2, ESIY).

Furthermore, the particle size of a nanocarrier is an impor-
tant factor that affects its biodistribution and uptake by the
cells.”® Transmission electron microscopy (TEM) images
revealed that TzCOF and NTzCOF exhibit a nanofibrous struc-
ture (depicted in Fig. 1f), displaying average particle diameters
of 16 + 4.2 nm and 50 £ 7.2 nm, and lengths of 110 & 19 nm
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Scheme 1 Schematic representation of isoreticular COFs with different backbone compositions.
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Fig. 1 XRD patterns of (a) TzCOF, (b) CTzCOF, and (c) NTzCOF along with their simulated slipped AA stacking patterns. (d) N, adsorption isotherms of
COFs along with their (e) statistical pore-size distribution (QSDFT method, cylindrical pore, and N, on carbon at 77 K). (f) TEM images.

and 81 + 15 nm, respectively (Fig. S6, ESIt). However, CTzCOF
possessed sheet-like morphology with larger particle sizes as
shown in Fig. 1f. Hence, the nanofibrous TzCOF and NTzCOF
are in a suitable size range for enhanced permeable retention
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(EPR) effect.” Surface charge also plays a significant role in the
biodistribution and cellular uptake of drug-delivery systems.>
ZP measurements of the bare and drug-loaded nanocarriers
were performed in water (25 °C), PBS (25 °C), and Dulbecco’s
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Fig. 2 Bar graphs showing (a) ZP of bare and drug-loaded COFs, (b) DLC and DEE comparison of three nanocarriers, (c) biocompatibility of bare
nanocarriers for HEK 293T cells and (d) comparative cytotoxicity of bare nanocarriers, only DOX (1.4, 7 and 14 ug mL™* as per the DLC of NTzCOF) and

DOX@NTzCOF for A549 cells.
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modified Eagle’s medium (DMEM) (37 °C).>' The mean ZP
values of TzCOF, NTzCOF and DOX@NTzCOF in DMEM
(37 °C) were —17.2, —18.37 and —17.27 mV, respectively
(Fig. 2a), indicating the stability of nanocarrier dispersion for
in vitro cell culture experiments. The n-conjugation in the COF
structure provides a fluorescence nature to COFs.*”> Both the
nanocarriers showed fluorescence emission in water at excita-
tion wavelengths of 472 nm for NTzCOF and 425 nm for TzCOF
(Fig. S7, ESIt).

DOX was loaded into the nanocarriers using a post-synthetic
drug-loading strategy (ESI,T $3).>*** The drug-loaded nanocar-
riers were then collected by centrifugation followed by several
washings, and DLC was quantified by UV-Vis spectroscopy
(ESLt Scheme S3). The UV-visible absorbance spectra of DOX
before and after loading are shown in Fig. S8a-c (ESIf). The
DLC was calculated to be 13.04, 17.19 and 21.99 wt% for
TzCOF, CTzCOF and NTzCOF, respectively. However, the DLC
decreased to 6.16, 9.12 and 14.08 wt% for TzCOF, CTzCOF and
NTzCOF, respectively after three subsequent washings with
distilled water. Fig. S9 (ESIt) shows the change in the DLC of
the three COFs with the subsequent washings. A comparison of
the DLC and drug encapsulation efficiency (DEE) of the three
COFs with other materials for DOX delivery is given in Table S3
(ESIY).

Overall, NTzCOF showed better DOX-loading capacity than
the other two COFs (Fig. 2b). Thus, the pyridyl heteroatoms
seem to be the dominant factor determining DLC in the COFs
rather than crystallinity, surface area and pore volume. The
molecular dimension of DOX is 1.46 x 1.0 x 0.69 nm.*
Therefore, it is possible for the drug molecules to enter the
pores of COFs (~1.5 nm) through the smallest dimension
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and get absorbed on the internal surface of COFs. FTIR
(Fig. S10, ESIt) and XPS (Fig. S11 and S12, ESIT) were also
performed to confirm DOX-loading. The emergence of FTIR
peaks at 1414 and 987 cm ™' in the DOX-loaded NTzCOF
confirms the presence of the drug molecule inside the
pores.”® XPS spectra showed signals associated with the C-O
and C-NH;" functionalities of DOX. These signals appeared at
binding energies of ~531 (Fig. S11, ESIf) and ~401 eV
(Fig. S12, ESIf), respectively, which were absent in the case of
pristine COFs.*” Moreover, the change in the surface charge of
NTzCOF from +5.66 to —26.6 mV for DOX@NTzCOF (Fig. 2a)
also supports successful drug-loading.*®*® The change in the
surface charge of the COFs after drug loading could be attributed
to the interaction between the cationic DOX and the Lewis basic
pyridinic nitrogen present in NTzCOF.*>*! FTIR, XPS and ZP also
provide insight into the dominance of pyridyl heteroatoms for
high DLC (Fig. S10-S12 (ESIt) and Fig. 2a).

After completing the assessment of DLC and the necessary
characterization, TzCOF and NTzCOF were employed for
in vitro biological studies. The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay was performed to
evaluate the biocompatibility of bare nanocarriers and the
cytotoxicity of DOX@NTzCOF (ESI, T S4.1-S4.3).*> CTzCOF was
not used for biological studies as it is similar to TzCOF, except
for crystallinity, surface area and pore volume. Moreover, it had
a completely different morphology and a larger particle size.
The biocompatibilities of bare TzCOF and NTzCOF were
studied in HEK 293 cells. Both nanocarriers showed non-
significant cell death at concentrations up to 100 pg mL .
However, NTzCOF exhibited considerable cytotoxicity at
150 pug mL ' (Fig. 2c). Further, the cytotoxicity of TzCOF,

Merged

(a) Confocal images showing the uptake of bare NTzCOF by A549 cells. (b) Bar graph showing time-dependent fluorescence intensity of NTzCOF
in A549 cells. (c) Confocal images of A549 cells treated with DOX@NTzCOF.
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NTzCOF, DOX@NTzCOF and DOX was analysed in A549 cells
(Fig. 2d). Similar to the results in HEK 293 cells, the bare COFs
did not show any significant cytotoxicity against A549 at concentra-
tions ranging from 10 to 100 pg mL™'. However, DOX@NTzCOF
reduced the cell viability up to 46% even at its lowest concentration
of 10 pg mL™". Further, the cytotoxicity of DOX@NTzCOF was
compared with that of DOX as a control. Dosage amount of DOX
were chosen according to the DLC of the NTzCOF. The cell-killing
ability of DOX@NTzCOF was much higher than that of DOX at
equivalent concentrations confirming the efficient drug delivery
into the cells. Furthermore, confocal laser scanning microscopy
(CLSM) was performed to determine the relevance of the MTT assay
results to the cellular uptake of DOX@NTzCOF.

A549 cells were treated with the pristine fluorescent NTzCOF
nanocarrier, and CLSM images were captured at different time
points (Fig. 3a). Details of the treatments and sample prepara-
tion for imaging are provided in the ESIf (Section S4.4).
Additionally, quantitative fluorescence intensity measurements
were conducted, and the results indicated the increasing
uptake of NTzCOF nanocarriers with time (Fig. 3b).

Images were captured at different z-heights to confirm the
cellular uptake of the nanocarriers (Fig. S13, ESIt). After con-
firming the uptake of NTzCOF, the drug-delivery efficacy of the
nanocarrier was visualized using CLSM. Confocal images of
A549 cells treated with DOX@NTzCOF were obtained at differ-
ent time intervals (Fig. 3c). The results were further compared
with those of DOX-treated A549 cells (Fig. S14, ESIt). It was
observed that the NTzCOF nanocarrier efficiently delivered the
drug into the cells within 3 h. This was evident from the
fluorescence intensity of DOX inside the cell nucleus, which
was observed using the TRITC emission filter.>*** The fluores-
cence intensity of DOX inside the nucleus increased with time.
This can be related to the continuous delivery of DOX by
DOX®@NTzCOF as their uptake by the cells increased with time.

In conclusion, this study sheds light on the significance of
pore-interface tuning in COFs, which is more significant than
their surface area and crystallinity for achieving enhanced
drug-loading capacity. The present study also underscores the
crucial role of the interactions between drugs and nanocarriers
in preventing drug loss from the loaded system. Moreover, the
synthesized COF-nanocarriers exhibited promising efficacy in
anticancer drug delivery, as corroborated by in vitro biological
studies. In short, these results highlight the potential advan-
tages of using purposefully modified amorphous covalent
organic polymers over traditional COFs. The results of the
in vitro biological studies of NTzCOF indicate the possibility
of assessing its potential for in vivo studies. However, it is
essential to precisely control the particle size, morphology, and
linkage design, and, most significantly, ensure superior
dispersibility.
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