
Subscriber access provided by King Abdullah University of Science and Technology Library

ACS Applied Materials & Interfaces is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.

However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.

Article

Covalent Organic Framework Material bearing

Phloroglucinol Building Units as a Potent Anticancer Agent
Piyali Bhanja, Snehasis Mishra, Krishnendu Manna, Arijit Mallick, Krishna Das Saha, and Asim Bhaumik

ACS Appl. Mater. Interfaces, Just Accepted Manuscript • DOI: 10.1021/acsami.7b07343 • Publication Date (Web): 23 Aug 2017

Downloaded from http://pubs.acs.org on August 29, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1 

 

Covalent Organic Framework Material bearing Phloroglucinol Building 

Units as a Potent Anticancer Agent 

Piyali Bhanja,1,‡ Snehasis Mishra,2,‡ Krishnendu Manna,2 Arijit Mallick,3 Krishna Das Saha2 and 

Asim Bhaumik*,1  
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��������� Covalent organic frameworks (COFs) having periodicity in pores of nanoscale 

dimensions can be suitably designed for the organic building units bearing reactive functional 

groups at their surfaces. Thus, they are an attractive option as an anticancer agent to overcome 

the limitations of chemotherapy. Herein, we first report a new porous biodegradable nitrogen 

containing COF material, EDTFP01 (ethylenedianiline0triformyl phloroglucinol), synthesized 

using 4,4'0ethylenedianiline and 2,4,60triformylphloroglucinol via Schiff base condensation 

reaction. EDTFP01 exhibited 3D0hexagonal porous structure with average pores of ��# 1.5 nm 

dimension. Here, we have explored the anti0cancer potentiality of EDTFP01. Result 

demonstrated an enhanced cytotoxicity was observed against four cancer cells HCT 116, HepG2, 

A549, and MIA0Paca2 with significant lower IC50 on HCT116 cells. Additionally, EDTFP010

induced cell death was associated with the characteristic apoptotic changes like cell membrane 
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blebbing, nuclear DNA fragmentation, externalization of phosphatidylserine from the cell 

membrane followed by a loss of mitochondrial membrane potential as well as modulation of pro 

and anti0apoptotic proteins. Further, the result depicted a direct correlation between the 

generations of ROS with mitochondrial0dependant apoptosis through the involvement of p53 

phosphorylation upon EDTFP01 induction, suggesting this COF material is a novel 

chemotherapeutic agent for cancer treatment.   

�	
����� Covalent organic framework, apoptosis, polyphenolic porous framework, 

anticancer activity, ROS. 

����������������

Cancer is a major global problem and leading causes of mortality.1 In a recent study conducted to 

understand the epidemiology of cancer showing an increased death rate of about 8.2 million and 

14.1 million of new cases along with the 32.6 million people suffering and living with cancer 

according to the global follow0up report (GLOBOCAN 2012).2 In developed countries, lung 

cancer in male and breast cancer in the female population are among the leading causes of 

cancer0mortality. The statistics not only shows the gravity of the situation but the increasing 

trend of the disease is like a step ladder. Extensive researches are being carried out to find a cure 

through a full spectrum of ailment pathogenicity,3,4 but the involvement of several organs has 

made it harder to find a definitive cure till now.5 Although the conventional chemotherapeutic 

drugs used nowadays can decelerate the tumor cell growths to a certain extent, cost involved in 

the treatment, serious life threatening adverse effect and disruption of cellular equilibrium have 

motivated researchers to enlighten alternative way of effective treatment.  To overcome the 

limitations of the current chemotherapy researchers are always exploring new 

compounds/materials having anticancer activity.6,7  
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To explore the porous organic materials in nanotechnology, a wide range of COFs8010 

were synthesized through polymerization of biological building blocks �#�# enamine, imine, 

azine, hydrazine, β0ketoenamine, and boronate esters, bearing strong dynamic covalent bond 

with a pre0scripted nano0architectures.11 Due to the periodicity of the porous network, these 

materials have potential over related conjugated microporous polymers (CMPs),12 covalent 

triazine frameworks (CTFs),13 and porous organic polymers (POPs).14017 Further, inherent 

properties such as large accessible pore size, specific surface area, channel type0ordered 

structure, low density, crystallinity and high thermal stability are also important factors which 

can offer a unique advantage over metal organic frameworks (MOFs). 18 Other COFs, eolites,19 

functionalized mesoporous materials20and other porous graphene nanocomposites21 can also be 

used for biomedical applications as they are devoid of harmful/hydrolyzable metal/metal oxides. 

Thus, its specific features are desirable to cellular biology (e.g. nano cargo for cancer therapy 

and imaging)22 and chemical industry (e.g. heterogeneous catalysis,23 gas storage,24,25 proton 

conduction,26 Li0storage,27 photo responsive material28 and so on). Due to high internal void 

space, COFs can be treated as nano0carriers in some biomedical applications such as enzyme 

immobilization and drug delivery.29 Further, porous biomaterials bearing polyphenolic moieties 

in their framework are known for their theranostic potential in anticancer research.30  

Recent advancement in molecular and cell biology suggested that apoptosis31 is an 

efficient regulator of cellular homeostasis.32 Cell death can be achieved through apoptosis which 

bears characteristic features like nuclear DNA fragmentation, chromatin condensation, 

membrane blebbing following the cell shrinkage and modulation of pro0 and anti0apoptotic 

factors. There are two families of genes located in DNA; one promotes pro0apoptotic proteins 

(e.g. p53, Rb, Bad, Bim, Bid, PUMA, and NOXA) and another that inhibits apoptosis activates 
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anti0apoptotic proteins (Bcl02/Bcl0XL). Numerous reports revealed that apoptosis is triggered by 

the DNA damage0sensitive protein, p53, a redox0regulated transcription factor which transcribes 

plethora of genes that are essential for apoptosis induction.33035 Apoptosis is regulated by two 

signaling pathways, viz extrinsic (cytoplasmic) and another is intrinsic (mitochondrial). It is 

characterized by a gradual change in mitochondrial membrane potential followed by an alteration 

of Bax/Bcl2 ratio as well as an increased release of Cytochrome0c which ultimately triggers the 

cleavage of caspase 3/9.36038 Reactive oxygen species (ROS) plays an important role in 

triggereing a wide spectrum of celluar signaling system and act as a intra and extrac0cellular 

second massenger to initiate apoptosis mechanism.39 The balance ROS in physiological system is 

decisive for maintaining normal cell functions and any interference in the homeostatic balance 

leads to oxidative stress associated with a wide range of human disorders such as cancers and 

other associated inflammatory disorders. Thus, induction of apoptosis in cancer cells by any 

compound/materials can open a new therapeutic window for the nanobiotechnological approach. 

The above incidents have motivated us to explore the anticancer activity of a novel COF material 

EDTFP01 and to develop a molecular mechanism involved in the process. In this study we have 

demonstrated that porous polymer EDTFP01 acts as an apoptotic inducer in an �	 ����� system by 

enhancing the DNA fragmentation, altering the mitochondrial membrane potential and a 

significant change in apoptotic factors. 

���	��	���	������	������

������������� ��4,4’0Ethylenedianiline (M = 212.29 g/mol), phloroglucinol (M = 126.11 g/mol) 

and hexamine (M = 140.18 g/mol) were procured from Sigma Aldrich,  St. Louis, Missouri, 

USA. Trifluoroacetic acid (99.5%) was obtained from Alfa Aesar. Hydrochloric acid (HCl) and 

anhydrous dimethylformamide (DMF) was used without further purification.  
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����� �! "#$��!"�"�%!��A Bruker D8 Advance SWAX diffractometer using a fixed voltage (40 

kV) and current (40 mA) was employed to get the powder X0ray diffraction patterns of the 

EDTFP01 samples. The XRD machine was calibrated with a conventional silicon source 

employing Ni0filtered Cu Kα radiation with λ=0.15406 nm. Quantachrome Autosorb 10C  

surface area analyzer was employed for the nitrogen adsorption/desorption analysis at 77 K. 

Before the gas adsorption; briefly, the sample was initially degassed for 12 h at 403 K under high 

vacuum. NLDFT pore size distributions were determined from the N2 sorption isotherm using 

the silica/cylindrical pore model. For TEM analysis, 10 mg of the EDTFP01 sample was 

dispersed into absolute ethanol for 5 min. under sonication and this is followed by the coating of 

the sample on a copper grid followed by drying in air before analysis.  In order to analyze the 

morphology as well as the particle size of the EDTFP01 samples, JEOL JEM 6700 field 

emission0scanning electron microscope (FE SEM) was used. A series of high throughput 

biophysical spectral analysis mainly, FT0IR (Nicolet MAGNA0FT IR 750 spectrometer Series 

II), UV0visible diffuse reflectance spectroscopy (UV 2401PC), and 13C CP MAS NMR 

spectroscopic analysis (Bruker Advance 500 MHz NMR) of the samples were carried out. A TA 

Instruments thermal analyzer TA0SDT Q0600 was employed for the thermogravimetric (TG) and 

differential thermal analysis (DTA) of of EDTFP01 under air flow with a temperature ranp of 

10ºC/min. A Vario EL III CHNOS elemental analyzer was employed for the determination of 

carbon, hydrogen, and nitrogen contents in the EDTFP01 material. Additionally, 1H, together 

with 13C NMR spectra of the TFP monomer were taken on a Bruker DPX0300/500 NMR 

spectrometer. To check the stability of this COF in water we have treated 100 mg each of the 

EDTFP01 samples with three aqueous buffer solutions of pH= 5.5, 7.0 and 7.4. After these water 

treatments the nanostructure and compositions the samples were analyzed by XRD, FE SEM and 
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FT IR spectroscopy. Weight of EDTFP01 samples after pH treatments were 99, 98 and 98 mgs 

for the solution pH of 5.5, 7.0 and 7.4, respectively. Further, particle size distributions in these 

aqueous dispersions were analyzed through dynamic light scattering (DLS) experiment by using 

a Malvern, UK made Malvern zetasizer nano zs 90. 

��&�� �'!"�� � � %(� 	�)�*��� At first 2,4,60triformylphloroglucinol (TFP) was synthesized 

following a previously described protocol.40 Briefly, phloroglucinol and trifluoroacetic acid were 

mixed up with 250 mL round bottom flask containing hexamethylenetetramine. The solution 

mixture was stirring in preheated (100°C) oil bath for 2 h under inert atmosphere. Then HCl was 

added to reaction mixture very slowly with vigorous stirring at same temperature for another 1 h 

followed by a filtration in the cold celite bed. The filtrate part was subjected to extraction with 

dichloromethane for four times, and anhydrous sodium sulfate was used to soak moisture. After 

solvent evaporation using rotary evaporator, the off0white colored fluffy product was obtained 

and characterized by FTIR, 1H NMR, and 13C NMR spectroscopic techniques. 

For a typical synthesis of EDTFP01, 210 mg (1 mmol) of TFP was dissolved in a cleaned 

two neck round bottom flask containing anhydrous DMF (10 mL). Then the solution of 4,4’0

ethylenedianiline in anhydrous DMF was injected into the above solution using a syringe. The 

resulting solution mixture was kept in reflux condition under nitrogen containing atmosphere at 

150ºC for about 12 h to get the golden yellow colored solid product following a vigorous 

filtration and thoroughly washing with DMF as well as ethanol for several times to get rid of 

unreacted organic compounds. An advanced soxhlet extraction was employed to remove the 

impurity from the surface of the material where methanol was used as a washing solvent. Finally,  

the material was dried in 75 ºC oven for 2 h, and the resulting COF was designated as EDTFP01 

(Figure 1A).� To elucidate the structure of the COF and to calculate the unit cell parameters, 
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possible 2D models were optimized using the Material studio.41 Several stacking possibilities 

were considered following the reported literature data. 

��+������� ��!� ��!,��������� ��Human�hepatocellular carcinoma (Hep G2), Human colorectal 

carcinoma (HCT 116), Human small lung carcinoma (A549), and Human pancreatic carcinoma 

(MIA PaCa02) cell lines were procured from National Centre for Cell Sciences (NCCS), Pune, 

India. Components of cell culture media viz. Dulbecco’s Modified Eagle Medium (DMEM), 

Penicillin0Streptomycin0neomycin (PSN) antibiotic cocktail, Fetal bovine serum (FBS), trypsin 

and ethylenediaminetetraacetic acid (EDTA) were obtained from Gibco (Grand Island, NY, 

USA). Other raw and fine chemicals were purchased from Sisco Research Laboratories (SRL), 

Mumbai, India and Sigma0Aldrich, St. Louis, Missouri, USA, respectively. Antibodies were 

bought from Santa Cruz Biotechnology, Dallas, Texas, USA and eBioscience, San Diego, USA.  

��-������� �$�"$#��� Briefly,�Cells were cultured in DMEM containing 10% fetal bovine serum 

(FBS) and 1% antibiotic cocktail at 37°C in a humidified condition under constant 5% CO2. 

After 75080% confluency, cells were harvested with trypsin (0.25%), and EDTA (0.52 mM) in 

phosphate buffered saline (PBS) and plated at a necessary density to allow them to re0equilibrate 

before the experimentation.  

��.�������/��0���"'��For determining the cell viability, MTT [(4, 50dimethyl0thiazol020yl)02, 50

diphenyl tetrazolium bromide]�assay42 was carried out to initial screen the cytotoxic effects of 

EDTFP01. Cells at required density (2×106 cells/well) were seeded in 96 well plate and treated 

with different concentrations of EDTFP01 (5, 10, 20, 40, 80 and 100 Tg/ml). Soon after 

treatment, plates were kept in an incubator for 24 hrs at 37 °C in a humidified CO20rich condition 

(5%). After completion of the incubation period, cells were thoroughly washed with PBS 

followed by the addition of MTT solution (4 mg/ml) and kept it in an incubator for 4 hrs. The 
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absorbance of the DMSO0solubilized intracellular formazan salt was recorded at 595 nm using 

an ELISA reader (Emax, Molecular Device, USA). In all cases, the EDTFP01 samples were 

sonicated before treating in a cell line to get homogenized mixtures. The final reported biological 

data were represented after repeating the experiments in triplicate. 

��1�� )�$%#� ��!��� ���#% �%2'�� For the assessment of chromosomal damage as well as the 

qualitative discrimination between live and apoptotic cells upon EDTFP01 treatment, 

immunofluorescence techniques were obtained through single staining using DAPI (4’,60

diamidino020phenylindole0dihydrochloride) as well as a combinational staining using acridine 

orange/ethidium bromide (AO/EtBr). After the treatment, cells were briefly washed with PBS 

followed by the fixation (3.7% paraformaldehyde) at room temperature for 2 h. The fixed cells 

were stained with DAPI (10 µg/ml), AO (50 µg/ml), and EtBr (50 µg/ml) before the fluorescence 

microscopic observation under OLYMPUS IX70 fluorescence microscope (Olympus Optical Co. 

Ltd., Shibuya0ku, Tokyo, Japan).43,44 The images were acquired and analysed using Image J 

software. 

��3�����(#�4��!"�"�%!��  �'��Cells were treated with EDTFP01 at different concentrations (0, 

5, 10, 20, 40, 80 and 100 Tg/ml) for 24 h and the resultant fragmented DNA was measured using 

commercially available kits according to the manufacturer protocol. 

���5��6$�!"�(���"�%!�%(��2%2"% � ��!,�!��#% � �$ �!4�(�%7��'"%��"#'��Determination Apoptosis 

and necrosis were analyzed by flow cytometry using an Annexin0V FITC/PI apoptosis/necrosis 

detection kit (Calbiochem, CA, USA).45 Treated cells (1×106) were washed and stained with 

Annexin0V0FITC and PI in accordance with the manufacturer’s instructions. The percentages of 

viable, apoptotic (early and late) along with necrotic cells were evaluated by flow cytometry (BD 

LSRFortessaTM, San Jose, CA, USA).  
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���8�� ��� $#���!"� %(� ��"%��%!,#���� ���0#�!�� 2%"�!"���� $ �!4� (�%7� �'"%��"#'�� Treated 

cells were incubated with the cationic carbocyanine dye, JC01 (5,5′,6,6′0tetrachloro01, 1′, 3, 3′0

tetraethylbenzimidazolylcarbocyanine iodide) followed by flow cytometric analysis according to 

the manufacturer protocol. JC01 exhibit potential dependent accumulation in mitochondria and 

demonstrate a fluorescence emission shift from green (525 nm) to red (590 nm). The 

fluorescence change, therefore, allows determining the percentage of depolarized and 

hyperpolarized mitochondria on the basis of the resultant fluorescence of JC01 monomer and 

aggregate.46 

�������"�#��!�"�%!�%(��!"#�����$��#�����9����:��Mitochondria are the primary source of the 

amplification of reactive oxygen species (ROS) production in mammalian cells.47,48 and it plays a 

significant role in the stimulation of apoptosis in a variety of cells. To determine the intercellular 

ROS, the treated cells were incubated with 10 TM of H2DCFH0DA (2′, 7′0dichlorofluorescein 

diacetate) at 37°C  for 25 min before the analysis by flow cytometer (BD LSRFortessaTM, Becton 

Dickinson, Franklin Lakes, NJ, USA). The increment of DCF fluorescence directly reflects the 

generated ROS inside cells which were represented as mean fluorescence intensity of DCF. In 

this experimentation, 2 mM NAC (N0acetyl0cysteine) was also used before 1 h of EDTFP01 

treatment to confirm the ROS0mediated cell death mechanism where it served as a negative 

control.  

�������� 2� �*&��!,��� 2� �*5���"�;�"'��  �' ��Treated cells were subjected to caspase03 and 

caspase09 colorimetric assay using commercially available kits according to the manufacturer 

instruction (BioVision Research Products, Mountain View, CA) respectively. 

���&�� �� "�#!� 0�%"� �!��' � �� Immunoblotting is a widely used analytical technique used to 

identify specific proteins.49 Briefly, The cell lysate was separated by SDS0PAGE (10–15%) 
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followed by an optimized transfer to PVDF membranes (Millipore, Bedford, MA). Then the 

membranes were blocked using 5% bovine serum album (BSA) for 2 h and incubated overnight 

with respective anti rabbit/mouse primary antibodies (Bcl XL, Bak, Bim, Noxa, and Puma) at 

4°C. β0Actin was used as a loading control. Further, the membrane was washed before the 

incubation with alkaline phosphatise conjugated secondary antibodies for 2 h at room 

temperature. Finally, the resultant protein expression was visualized using chromogenic 

substrates, NBT0BCIP. The intensities of each immunoblot were measured using ImageJ 

software and represented as mean relative intensities of each protein. 

���+�� �  �  ��!"� %(� 2#%"��!� �<2#�  �%!� 0'� (�%7� �'"%��"#'�� Cells were fixed in 

paraformaldehyde (4%) in PBS (pH 7.4) for 20 min at room temperature followed by 

permeabilization (0.1% Triton X0100 in PBS) with 0.1% FBS for 5 min. Then, the permeabilized 

cells were washed twice using PBS with 3% FBS and incubated with respective anti 

rabbit/mouse primary antibody for overnight. Further, the primary antibody labeled cells were 

incubated with FITC0conjugated goat anti0rabbit/mouse IgG as a secondary antibody for 2 h on 

ice and the stained cells were subjected to flow cytometric analysis using a BD LSRFortessaTM 

flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) equipped with FlowJo software.50 

���-���"�"� "������!��' � ��

Results were represented as Mean ± SEM of the multiple data points. Statistical significance in 

the deference was calculated by the analysis of variance (ANOVA) using OriginPro (version 8.0) 

software where p<0.05 was considered as significant. 

&���	��������������������

&�����%7,�#��*��'�,�((#��"�%!� "$,'��The powder XRD pattern of EDTFP01 material is shown 

in Figure 1. The experimentally obtained 2θ values are well matched with the theoretical 
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simulated powder pattern (Figure 1B) of near0eclipsed stacking model. Hence we propose the 

structure close to hexagonal space group (+45�) for EDTFP01�by comparing the experimental 

and simulated PXRD patterns. As seen from the Figure 1B, the EDTFP01 displayed three broad 

peaks below 10 degrees of 2θ, centered at 5.7, 6.6 and 8.7 degrees of 2θ. Further, the observed � 

spacing between the 001 planes was 3.49 Å and this could be attributed to the distance between 

COF layers due to π−π stacking. An eclipsed structure with the hexagonal space group (P6/m) 

was constructed by using the Materials Studio software and this result suggested possible 2D 

hexagonal model for this COF material. The unit cell parameters were: �
6
* = 30.5 Å, � = 3.49 

Å, α = β = 90.0° and γ = 120.0°. Corresponding unit cell volume was 2813.14 Å3. Ball0stick 

model corresponding to the optimized crystal structure obtained from this powder XRD data 

revealed hexagonal crystal structure with unit cells as shown in Figure 1C and 1D. 

&�����%#% �"'��!,� $#(�����#������ $#���!"��The N2 sorption isotherm of EDTFP01 (Figure 2) 

features of both type I and IV isotherms without any hysteresis loop. The significant uptake at 

relatively low0pressure region (0 to 0.1 P/P0) represents good microporosity in the polymer 

matrix together with a steady raise in the N2 uptake for P/P0 range of 0.100.4 suggested the 

presence of a broad range of mesopores.51 The surface area of the material is found to be 223 

m2g01 with a pore volume of 0.107 ccg01. NLDFT method pore size distribution method was used 

to understand the size of micropore in EDTFP01 and this revealed the peak pore width of 1.5 nm. 

Pore size estimated from the COF crystal structure using Accelrys software agrees very well with 

this pore width.  

&�&�� �2��"#% �%2��� �!��' � ��
13C CP MAS NMR spectrum of EDTFP01 (Figure 3) displayed 

resonance signals at 185, 175, 148, 138, 130, 117, 107, 101 ppm for different carbon atoms 

present in the polymer framework. The peaks at 185 and 175 ppm originated from the carbonyl 
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carbon and the carbon atoms present in the aromatic ring in the vicinity of the –N0H bond, 

respectively. 148 ppm signal is assigned to the enamine carbon atom. The peaks are appeared at 

138, 130, 117, 107, 101 ppm corresponding to the different aromatic carbon atoms of the 

EDTFP01 framework (Figure 1A). The peak at 107 ppm is observed due to sp2 carbons of the 

phloroglucinol moiety. The sharp signal at 38 ppm is assigned due to the presence of ethylene 

carbon atoms. On the other hand, 1H and 13C liquid NMR spectra of TFP (Figures S1 and S2) 

displayed characteristic signals of –CHO groups. The absence of a signal at 192.2 ppm in 

EDTFP01 suggested completion of the condensation reaction between TFP and 4,4’0

ethylenedianiline. In the FTIR spectrum of EDTFP01 (Figure 4), a broad peak appeared at 3419 

cm01 due to N–H stretching and a weak peak at 1513 cm01 could be assigned due to the N–H 

bending vibration in the polymer matrix. Further, the presence of two signature peaks centered at 

2926 and 2856 cm01 are ascribed for sp2 and sp3 hybridized carbon atoms in the organic 

framework. However, the absence of hydroxyl (–OH) and imine (C=N) stretching bands 

suggesting that the framework is not present in enol form. The strong FT IR band at 1580 cm01 

could be assigned due to the presence of C=C stretching band for enol to keto tautomerization.52 

The characteristic peak in the range of 124401294 cm01 was observed for newly formed C–N 

group. The peak centered at 1622 cm01 could be attributed to the α,β0unsaturated ketone in the 

polymer matrix in the enol tautomer.52 Further, the two well0defined peaks were noticed at 3437, 

and 3372 cm01 for stretching vibration of primary amine (NH2) group and another strong band at 

1619 cm01 due to in0plane bending vibration of NH2 in 4,4’0ethylenedianiline part was observed 

(Figure 4c). On the other hand, the UV0visible adsorption band of EDTFP01 suggested π→π* 

and σ→σ* transitions and the band gap of 2.1 eV (Figure S3). 
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&�+�����#% �%2��� �!,� "��#�%4#�;���"#��� �!��' � ��FE0SEM images of EDTFP01 (Figure 5) 

suggested nanofibre like morphology having a diameter of ��# 22030 nm and length of ��# 200 

nm, and these are randomly distributed throughout the whole specimens to form a bundle of wire 

like a network. The high0resolution transmission electron microscopic images of EDTFP01 (Fig. 

6a and 6b) further revealed nanofibre type particle morphology with uniform micropores of 

��.1.5 nm. TGA/DTA plot of EDTFP01 in air flow (Figure S4) indicated first weight loss due to 

the desorption of the adsorbed water molecules from the COF, and this is followed by two 

further weight losss in 3100500 ºC. The latter could be ascribed for the C–C and C–N bond 

cleavage along with the the burning of remaining organic moieties of polymer framework. Thus, 

TGA analysis revealed its considerably high thermal stability up to 300 ºC. Further, CHN 

analysis data showed C= 66.5, H= 4.76 and N= 7.25 %, which agrees very well with the model 

structure of EDTFP01 illustrated in Figure 1A. 

&�-�����������,#$4�#���� �� The �	
����� drug release experiments were conducted at different pHs 

5.5 and 7.4 with 10 µg/ml of EDTFP01 loaded into a dialysis bag. 0.01 mg of EDTFP01 was 

dispersed in a known amount (1 ml) of PBS of 7.4 and 5.5 solutions, transferred to dialysis bag 

and kept at 37ºC. The resulting suspension was immersed into 10 ml of PBS and pH 5.5 

solutions and incubated at 130 rpm for a definite time period (4 h 30 min). 500 µl aliquots were 

drawn from the above dispersions after 30 min intervals, this was replaced by equal volume of 

the fresh PBS solution and pH 5.5 buffer for retaining the release medium same. EDTFP01 

released amount was studied through the UV spectrophotometic analysis at 420 nm. In Figure 7 

we have shown the drug release pharmacokinetics with time on EDTFP01. The pharmacokinetics 

plot suggested almost no effect of pH in �	
 �����
 drug delivery. The drug release was 
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simultaneously increasing upto 200 min (around 60% of EDTFP01 COF) and after 200 min it 

became plateau.  

&�.����������� "�0���"'�%(�	�)�*���!�7�"�#� To understand the stability of the COF material 

under aquatic conditions in the cells we have treated EDTFP01 samples after treating at pH = 5.5 

(acidic pH), 7.0 (neutral) and 7.4 (PBS buffer) under 104 days stirring. We have carried out the 

DLS studies of the suspended EDTFP01 particles after treatments at different aqueous buffer 

solutions. As seen from the DSL studies (Figure 8) with the increase in pH from 5.5 to 7.4 

average particle size increases. The increase in the average particle size (length of the nanorods) 

from 135 nm to 171 nm could be attributed to more favorable aggregation due to deprotonation 

from mildly acidic to neutral and then to mildly alkaline conditions (as pH increased from 5.5 to 

7.4). However, the nanostructure and the composition of the COF remained unaltered as seen 

from the powder XRD (Figure 8D) and FT IR spectra (Figure 8E), respectively. Weight of the 

samples before and after water treatments remained almost same, suggested no leaching from the 

framework. Further, we have sonicated the samples before introducing into the cell line, and the 

XRD pattern (Figure S6) and FT IR spectrum (Figure 8F) of EDTFP01 suggested retention of 

framework bonding of the COF.  

Respective FE SEM images of the water treated samples are shown in Figure 9. SEM 

image analysis suggested that after acidic and neutral pH treatments there is no significant 

change in particle morphology. However, treatment in PBS buffer at 7.4 the nanofibers are 

somewhat fragmented to form smaller nanofibers with similar agglomerated particle 

morphology. To check the stability of this EDTFP01 COF in water, the sample treated at pH 7.0 

for 24 h has been continuously stirred in this condition for another 3 days. This sample after 

treatment at pH 7.0 for 96 h showed similar nanofiber like morphology. There is no change in 
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the diameter of the nonofibers after these treatments. This result suggested that EDTFP01 COF is 

stable in water, and its composition and structural integrity have been retained after the 

introduction of this COF into the cell lines. Thus, EDTFP01 can be internalized into the cells for 

prolonged period. 

&�1�� 	�)�*�� �!,$��,� �2%2"% � �� Zhang ��
 ��53 and Gao ��
 ��54

 have observed that 

nanoparticles having radius of ca. 25 nm have the shortest internalization time (20 min.) when 

they are introduced in cell. The rate of cellular uptake for the nanoparticles reached this optimum 

limit at this size range as observed Zhang et al. and thus this result suggested that this EDTFP01 

COF can be suitable for intercellular delivery. The EDTFP01 nanofiber has a particle size of 220

30 nm diameter. So EDTFP01 can efficiently internalize by endocytosis.�The cytotoxic effect of 

EDTFP01 was evaluated on A549, HepG2, HCT116 and MIA PaCa02 cells by MTT assay to 

determine the cellular death response. Treatment with different concentrations of EDTFP01 (0 to 

100 µg/ml) for 24 h reduced the cell viability significantly and this is dependent on the dose with 

a lower IC50 value of 9.89 ± 1.16 µg/ml for HCT116 and 11.88 ± 1.82 µg/ml for A549 cells 

when compared with the standard chemotherapeutic drug, 50fluorouracil (10.24 ± 2.14 µg/ml for 

HCT116 and 12.30 ± 3.18 µg/ml for A549 cells).55 On the other hand, the IC50 value for EDTFP0

10treated HepG2 (14.38 ± 2.01 µg/ml) and MIA PaCa02 (14.30 ± 1.32 µg/ml) cells was 

significantly higher when compared with the 50fluorouracil0treated cells. Thus, the concentration 

of 10 µg/ml was selected for the entire experimentation using HCT116 cells. We have checked 

the cell viability of the monomer units TFP and DEA as controls for HCT116 cell line under 

controlled experiments. Our experimental results suggested building block monomer units of the 

COF do not have any activity for inducing apoptosis at 10 µg/mL concentration (Figure S5). 

These monomers have some cytotoxicity above 40 µg/mL concentration. The dosing amount of 
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the monomers present in the COF is significantly less than the cytotoxic level. So the monomers 

do not have any effect at 10 µg/mL concentration in apoptosis.�

In order to evaluate whether the cytotoxic effect of EDTFP01 was directly correlated with 

apoptosis, morphological analysis of treated cells was determined using immunofluorescence 

microscopy as apoptotic cells have some characteristic of changes like cell shrinkage, rounding, 

nuclear condensation and DNA fragmentation.55 The morphological changes of treated cells 

(A549 and HCT116) were assessed using AO/EtBr and DAPI staining (nuclear staining dye). 

The number of dense bright fragmented nuclei was markedly increased in EDTFP010treated 

condition after DAPI staining, and double positive cells (AO+/EtBr+) were higher in EDTFP01 

treated cells when compared to the untreated control (Figure 10B) as evidenced by yellowish, 

orange0red or their combination colored nuclei upon AO/EtBr staining. This data was further 

confirmed by the analysis of DNA fragmentation assay (Figure 10C). 

To explore whether the EDTFP01 was involved in apoptosis/necrosis, flow cytometric 

assessment was conducted using Annexin0V0FITC/PI staining by studying the exposed level of 

serine phosphatidyl in the outer membrane of cells. Our result indicated that the % of apoptotic 

(early and late) cells has been enhanced by time0dependant manner (14.2% EA/14.7% LA for 6 

h, 22.3% EA/ 16.3% LA for 12 h and 31.1% EA/4.78% in LA for 24 h) with respect to the 

control cells (2.66% EA and 0.35% LA) (Figure 10D). These results suggested that EDTFP010

induced cell death was directly correlated with cytotoxicity followed by apoptosis.    

�Apoptosis can proceed through the mitochondrial0dependant pathway (intrinsic) or 

extrinsic pathway (mitochondrial0independent pathway) or both.56,57 Mitochondria is the power 

house of cell because of ATP synthesis. A regulated induction of apoptosis has been associated 

with the mitochondrial dysfunction that suggested to be central to the apoptotic response. That is 

Page 16 of 43

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17 

 

why we have shown the mitochondrial membrane potential loss in Figure 10A as a major step of 

apoptosis signaling pathway. Here we explored whether the EDTFP010induced apoptosis in 

HCT116 cells was involved via the mitochondrial0dependent route, a plethora of indices like loss 

of mitochondrial membrane potential, changes in the axis of pro0/anti0apoptotic proteins were 

assessed. Result showed that a significant increase in mitochondrial membrane potential loss in a 

time0dependent manner (4.74% for 6 h, 8.40% for 12 h and 14.7% for 24 h) due to the 

enlargement of mitochondrial membrane pore as observed from increased level of JC1 green 

fluorescence intensity in EDTFP01 treated cells (Figure 11A). Following death signaling, a 

significant (p<0.05) time0dependent enhancement of Bax and Cytochrome C expressions were 

found in EDTFP010treated cells followed by a marked decrease in Bcl2 expression when 

compared with the control cells as seen from the median fluorescence analysis. As we have 

observed that ROS has been increased by the introduction of EDTFP01 into the cell there is a 

subsequent change in Bcl2 and Bax.. On the other hand, the immunoblot analysis demonstrated a 

marked (p<0.05) time0dependent increase in Bak, Bim, Noxa and Puma expression was found 

upon EDTFP01 treatment when compared with the control cells, suggesting that EDTFP010

induced loss of MMP was correlated with the alteration of pro0and anti0apoptotic protein 

expression (Figure 11B). FlowJo and Western blot analysis of different apoptosis regulatory 

proteins are shown in Figures 11C and 11D. The apoptotic fate was also confirmed using caspase 

3 and 9 activity assessment in HCT116 cells as the data indicated that EDTFP010treatment was 

significantly augmented caspase 3 and 9 activity concerning the control cells (Figure 11E). The 

above data suggested that EDTFP01 treatment triggered the release of pro0apoptotic protein as 

well as suppress the anti0apoptotic proteins in the mitochondria which were interacted with the 

increase in caspase activity.33   

Page 17 of 43

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18 

 

Apoptosis is triggered by elevated ROS either independently or dependently through the 

p53 phosphorylation.58 EDTFP01 is made of phloroglucinol as an integral part of the framework. 

As reported by Zhang et al the phloroglucinol species present in Dryofragin is responsible for 

ROS generation inside the cell.59 In this present study, the level of ROS, p53 expression, and 

their interplay was analyzed using flow cytometry (Figure 12A and 12B).�The mean fluorescence 

intensity of DCF was significantly (p<0.05) increased in a time0dependent manner upon EDTFP0

1� treatment. However, the increased level of ROS was markedly suppressed with the 

pretreatment of standard ROS scavenger, NAC (2 mM). On the other hand, EDTFP01*treated 

reduction in cell viability (45.32 ± 1.21) was reversed using NAC (2 mM) treatment (80.35 ± 

3.21), and this result suggested that the EDTFP010induced cytotoxicity was directly involved 

with the generation of ROS. To confirm the indirect relation of ROS with the p53 

phosphorylation upon EDTFP01 treatment, flow cytometric analysis was conducted. Figure 9C�

suggested the time0dependent increase in p53 phosphorylation was significantly suppressed with 

the treatment of NAC (2 mM) and potent p53 inhibitor, PFT0α (20 µM) as reflected in cell 

viability analysis. Upon the pre0treatment with PFT0α and NAC on HCT116 cells, the EDTFP010

induced suppression in cell viability was significantly (p<0.05) restored when compared with 

control cells. Thus, EDTFP01 induces mitochondrial dependence apoptosis through the 

modulation of pro0 and anti0apoptotic proteins (Figure 13).  

+��������������

We have synthesized a novel microporous covalent organic framework material EDTFP0

1 via Schiff base condensation of 4,4’0ethylenedianiline and 2,4,60triformylphloroglucinol. The 

porous COF material showed very good BET surface area and 3D0hexagonal crystal structure 

with abundant polyphenolic network in the polymeric backbone. Our cell culture studies 
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revealed that EDTFP01 induced cell death is associated with characteristic apoptotic changes like 

nuclear condensation, DNA fragmentation, externalization of phosphatidylserine followed by 

loss of mitochondrial membrane potential, upregulation of pro0apoptotic proteins and 

downregulation of anti0apoptotic proteins. Thus, EDPTA01 has huge potential to be employed as 

an anticancer agent to overcome the epidemiology of cancer in future.  

��������	�����	���

�$22%#"�!4��!(%#��"�%!  

The Supporting Information is available free of charge on the ACS Publications website at DOI:  

1H and 13C NMR of TFP, UV0visible spectrum, TG/DTA profile, cell viability tests and powder 

XRD of EDTFP01 after sonication (PDF).  
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��2"�%!�(%#�(�4$#� �

)�4$#���� A: Schematic representation for formation of EDTFP01 COF material. B: Powder 

XRD pattern of EDTFP01 (black) and corresponding energy minimized simulated 

pattern (red). C: Repeating unit cell and D: hexagonal structure of EDTFP01 COF 

viewed along pore axis.  

)�4$#���� Nitrogen adsorption0desorption isotherm of EDTFP01 material where filled circle 

and empty circle represents the adsorption and desorption isotherm, respectively. 

The pore size distribution plot has been shown in the inset of Figure 2.  

)�4$#��&� Solid state 13C CP MAS NMR spectrum of EDTFP01 material. Different signals are 

assigned corresponding to the carbon atoms of the framework. 

)�4$#��+� FT IR spectra of EDTFP01 (a), 4,4'0ethylenedianiline (b) and TFP (c).  

)�4$#��-� FE*SEM images of EDTFP01 material at two different magnifications: 18000 (a) 

and 30000 (b).  

)�4$#��.� HR0TEM images of EDTFP01 material.  

)�4$#��1� �	
 ������ time dependent�pharmacokinetics of EDTFP01 drug release at pH of 5.5 

and 7.4. 

)�4$#��3� Particle size distribution of EDTFP01 material estimated from the DLS experiment 

after treatments at different pHs (A0C). Powder XRD (D) and FT IR (E) spectra of 

EDTFP01 after treatments in water at different pHs. FTIR spectrum of EDTFP01 

after sonication for 10 min (F). 

)�4$#��5� FE SEM images of EDTFP01 after treatments at pH 5.5 (acidic) for 24 h (a), pH 7.0 

(neutral) for 24 h (b), pH 7.4 (PBS buffer) for 24 h (c) and pH 7.0 for 96 h (d).  

)�4$#���8� A: Effect of increasing doses (00100µg/ml) of EDTFP01 on different cancer cell 

lines in 24h. B;   Morphological and nuclear changes of A549 cells (upper panel) 

and HCT116 cells (lower panel).  Morphological change of normal and EDTFP01 

treated (for 24h) cells (left column of both panels).   EtBr/A.O. staining of normal 

and treated cells (middle column of both panels) for nuclear changes.  DAPI 

staining of normal and treated cells (right column of both panels) for nuclear 
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changes. C; DNA fragmentation status of A549 and HCT116 cells with increasing 

doses of the DP. D; Annexin V –FITC /PI positive cells with time of treatment of 

10ug/ml of EDTFP01 by flow cytometry.  

)�4$#����� A: Change in mitochondrial membrane potential with time following treatment by 

10µg/ml of EDTFP01. B: Level of Bax, Bcl02 and Cytochrome C positive cells. C: 

FlowJo analysis of B. D: Western blot analysis of different apoptosis regulatory 

proteins (left column). Right column is the FlowJo analysis of the same. E: Left 

column is the level of active caspase03 and right column is that for Caspase09 with 

time of EDTFP01 (10µg/ml) treated HCT116 cells.  

)�4$#����� A: Left column is the ROS level with time in 10µg/ml of EDTFP01 treated cells. 

Middle column is the level of ROS in presence of ROS inhibitor, NAC (N0acetyl 

cysteine). Right column is the level of p53 in presence of NAC, pifithrin (PFT0α). 

B: FlowJo analysis of the results of A. C: Cell viability in presence of NAC, PFT0α 

with or without the EDTFP01 (10µg/ml) for 24 h.  

)�4$#���&� Schematic diagram of apoptotic pathway induced by EDTFP01.  

�  

�  

�  
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)�4$#�� �� A: Schematic representation for formation of EDTFP01 COF material. B: Powder 

XRD pattern of 	�)�*� (black) and corresponding energy minimized simulated pattern (red). 

C: Repeating unit cell and D: hexagonal structure of EDTFP01 COF viewed along pore axis. 
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)�4$#���� Nitrogen adsorption0desorption isotherm of EDTFP01 material, where filled circle and 

empty circle represents the adsorption and desorption isotherm, respectively. The pore size 

distribution plot has been shown in the inset of Figure 2. 
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�

)�4$#��&��Solid state 13C CP MAS NMR spectrum of EDTFP01 material. Different signals are 

assigned corresponding to the carbon atoms of the framework. 
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�

)�4$#��+� FT IR spectra of EDTFP01 (a), 4,4'0ethylenedianiline (b) and TFP (c).  
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�

)�4$#��-��FE*SEM images of EDTFP01 material at two different magnifications: 18000 (a) and 

30000 (b).  
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�

)�4$#��.��HR0TEM images of EDTFP01 material. 
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)�4$#��1���	
������time dependent�pharmacokinetics of EDTFP01 drug release at pH of 5.5 and 

7.4. 
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)�4$#�� 3� Particle size distribution of EDTFP01 material estimated from the DLS experiment 

after treatments at different pHs (A0C). Powder XRD (D) and FT IR (E) spectra of EDTFP01 

after treatments in water at different pHs. FTIR spectrum of EDTFP01 after sonication for 5 min 

(F). 
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)�4$#��5��FE SEM images of EDTFP01 after treatments at pH 5.5 (acidic) for 24 h (a), pH 7.0 

(neutral) for 24 h (b), pH 7.4 (PBS buffer) for 24 h (c) and pH 7.0 for 96 h (d).�
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�

)�4$#���8��A: Effect of increasing doses (00100µg/ml) of EDTFP01 on different cancer cell lines 

in 24h. B;   Morphological and nuclear changes of A549 cells (upper panel) and HCT116 cells 

(lower panel).  Morphological change of normal and EDTFP01 treated (for 24h) cells (left 

column of both panels).   EtBr/A.O. staining of normal and treated cells (middle column of both 

panels) for nuclear changes.  DAPI staining of normal and treated cells (right column of both 

panels) for nuclear changes. C; DNA fragmentation status of A549 and HCT116 cells with 

increasing doses of the DP. D; Annexin V –FITC /PI positive cells with time of treatment of 

10ug/ml of EDTFP01 by flow cytometry.�

Page 39 of 43

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



40 

 

�

)�4$#�� ����A: Change in mitochondrial membrane potential with time following treatment by 

10µg/ml of EDTFP01. B: Level of Bax, Bcl02 and Cytochrome C positive cells. C: FlowJo 

analysis of B. D: Western blot analysis of different apoptosis regulatory proteins (left column). 

Right column is the FlowJo analysis of the same. E: Left column is the level of active caspase03 

and right column is that for Caspase09 with time of EDTFP01 (10µg/ml) treated HCT116 cells.�
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)�4$#�� ����A: Left column is the ROS level with time in 10µg/ml of EDTFP01 treated cells. 

Middle column is the level of ROS in presence of ROS inhibitor, NAC (N0acetyl cysteine). Right 

column is the level of p53 in presence of NAC, pifithrin (PFT0α). B: FlowJo analysis of the 

results of A. C: Cell viability in presence of NAC, PFT0α with or without the EDTFP01 

(10µg/ml) for 24 h. 
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�

)�4$#���&��Schematic diagram of apoptotic pathway induced by EDTFP01.�

�
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