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Abstract
Although cationic porous polymers have been widely used for gene and drug delivery, the delivering function of 
anionic porous polymers has rarely been explored. Herein, we prepare a polyanionic flexible organic framework 
(pa-FOF) through the quantitative formation of the acylhydrazone bond from a tetraanionic tetraaldehyde and a 
tetraanionic diacylhydrazine. Pa-FOF is highly water-soluble and has a size of 26 to 51 nm, which depends on the 
concentration of the monomers, and an aperture of approximately 3.8 nm. Fluorescence, zeta potential, confocal 
laser scanning microscopic and flow cytometric experiments reveal that pa-FOF can adsorb basic proteins, 
including lysozyme, trypsin and cytochrome c, which is driven by intermolecular ion-pairing electrostatic attraction 
and hydrophobicity, and realizes efficient intracellular delivery of the adsorbed proteins. Confocal laser scanning 
microscopic imaging experiments further illustrate that the delivery of cytochrome c can significantly increase its 
ability of causing cell apoptosis.
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INTRODUCTION
Porous polymers have attracted the attention of chemists for several decades owing to their great potential 
as separation, catalysis, environmental and delivery materials[1-6]. Three-dimensional (3D) polymers are 
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structurally ideal for generating intrinsic pores. Since the seminal theoretical study by Flory in the 1940s[7], 
many kinds of 3D polymers have been constructed from flexible multi-armed monomers as biomedical 
materials[8-13]. In this context, cationic polymers with inherent pores have been extensively used for 
intracellular delivery of DNA and proteins by utilizing the binding affinity of cationic materials with 
negatively charged cell membranes to potentiate cellular internalization[14-21]. However, their cytotoxicity and 
interaction with serum proteins greatly limit their clinical applications[22,23]. Modification on the surface of 
cationic carriers with anionic polymers, such as hyaluronic acid, can efficiently reduce the toxicity of 
cationic carriers and simultaneously maintain their capacity in intracellular internalization[24-26]. The 
efficiency of polymers for protein delivery can also be improved by modifying the surface of polymers 
through techniques such as fluorination, boronation, or guanidinylation[27]. Components that possess both 
hydrophobic and hydrophilic have also been revealed to be more conducive to promoting protein delivery. 
Related to this promotion effect, zwitterionic polymers can exhibit better binding ability to proteins and cell 
membranes, facilitating protein packaging and intracellular uptake of nanoparticles[28]. Nevertheless, the 
potential of utilizing anionic polymers for intracellular delivery of biofunctional molecules or drugs has 
rarely been explored[29].

Since the pioneering research on dynamers by Skene and Lehn[30], dynamic covalent polymers have been 
widely used for constructing thermodynamically controlled macromolecular and supramolecular 
targets[31-37]. We have recently constructed a kind of water-soluble flexible organic framework (FOF) through 
quantitative acylhydrazine or disulfide bond formation[38-43]. These water-soluble polymeric frameworks 
possess intrinsic nano-scale pores that can include proteins[38], DNA[39], endotoxin[40], porphyrin 
photodynamic agents[41], and residual neuromuscular blocking agents[42], driven by ion pairing electrostatic 
attraction and/or hydrophobicity. The polycationic FOFs have been revealed to display hydrodynamic 
diameters (DH) ranging from 50 to 120 nm, depending on the monomer concentrations, which enables 
intracellular delivery of acidic proteins[38]. It is expected that cationic porous polymers cannot efficiently 
adsorb basic proteins due to intermolecular electrostatic repulsion, while electrostatic attraction may 
facilitate their adsorption by anionic porous systems, which has not been reported yet. To explore this 
potential, we have designed and prepared a new acylhydrazone-based polyanionic FOF pa-FOF. Here, we 
report that this porous polyanionic framework can adsorb basic proteins, including lysozyme, trypsin, and 
cytochrome c, and realize their efficient intracellular delivery.

EXPERIMENTAL
Materials and measurements
All reagents and solvents are commercially available and used as received unless otherwise specified for 
purification. 1H and 13C nuclear magnetic resonance (NMR) spectra were recorded with an AVANCE III 
HD 400 MHz spectrometer (Bruker) in the indicated solvents at 25 °C. Ultraviolet (UV)-visible (Vis) 
spectra were tested by PerkinElmer LAMBDA 650 UV/Vis/near infra-red (NIR) spectrometer. Fourier 
transform infrared (FTIR) spectroscopic characterization was performed on a Nicolet iS10 FTIR 
spectrometer (ThermoFisher, USA). Dynamic light scattering (DLS) experiments were tested by Malvern 
Zetasizer Nano ZS90 using a monochromatic coherent He-Ne laser (633 nm) as the light source and a 
detector that detected the scattered light at an angle of 90°. The cells were observed by confocal laser 
scanning microscopy (CLSM) (Zeiss LSM880). Cell viability was measured by Microplate Reader (BioTek 
Epoch 2). The flow cytometry assay instrument model is a Gallios 3L 10C flow cytometry system (Beckman 
Coulter, USA). Fluorescein isothiocyanate (FITC), bovine serum albumin (BSA) and trypsin from porcine 
pancreas were purchased from Macklin. Myoglobin, CytC from equine heart and lysozyme from chicken 
egg white were purchased from Sigma-Aldrich. Hoechst 33342 and Lyso-Tracker Red (DND-99, Invitrogen) 
were purchased from Beyotime Biotechnology. Fetal bovine serum (FBS), 1640 medium, 0.25% Tryspin-
EDTA (1X) and Penicillin-Streptomycin (5,000 U/mL) were purchased from Thermo Fisher Scientific. Cell 
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Counting Kit-8 (CCK-8) was purchased from Beyotime Biotechnology. Ana-1 (BNCC338182), H9C2 
(BNCC337726) and RAW264.7 (BNCC354753) cell lines were purchased from BeiNa Culture Collection. 
Michigan Cancer Foundation-7 (MCF-7) cell line was purchased from Shanghai Meixuan Biology Science 
and Technology. The 1H and 13C NMR spectra of new compounds are provided in Supplementary Materials.

Cell line and cell culture[44]

MCF-7, H9C2, RAW264.7 and ana-1 cells were incubated in 1640 medium with 10% FBS and 1% penicillin-
streptomycin at 37 °C in a humidified atmosphere containing 5% CO2. L02 cells were incubated in 1640 
medium with 20% FBS and 1% penicillin-streptomycin at 37 °C. L929 and A549 cells were incubated in 
Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS and 1% penicillin-streptomycin at 37 °C. 
Before experiments, cells were cultured until they reached confluence.

Synthesis of pa-FOF
The solution containing compound T1 (375 mg, 0.36 mmol) and L1 (409 mg, 0.72 mmol) in water (10 mL) 
was adjusted to pH 6.5 by adding 1 M hydrochloric acid. The resulting solution was further stirred at room 
temperature for 24 h to afford the solution of pa-FOF. 1H NMR in D2O indicated that the reaction was 
complete in 24 h, and T1 and L1 reacted to yield pa-FOF quantitatively.

Synthesis of fluorescent dye-labeled proteins
BSA, myoglobin, lysozyme, cytochrome c and trypsin were dissolved in phosphate-buffered saline (PBS) 
buffer at pH 7.4. All proteins are fluorescently labeled with FITC at a FITC/protein molar ratio of 3:1. The 
reaction was carried out in the dark for 24 h at room temperature. After the reaction, the reaction fluid is 
transferred to a dialysis bag with a molecular weight of 10,000 Da to remove the excess FITC molecules 
using PBS and water, respectively. The purified products were subsequently lyophilized to yield FITC-
labeled proteins: FITC-BSA, FITC-myoglobin, FITC-lysozyme, FITC-cytochrome c, and FITC-trypsin.

Dialysis experiments
The solution containing pa-FOF (10 μg/mL) and FITC-lysozyme (8 μg/mL) (1.0 mL) was added to a dialysis 
bag (cutoff Mn = 50 kDa), immersed in 15 mL of PBS at pH 7.4. Dialysis was performed for 22 h at 37 °C. 
Subsequently, the fluorescence spectrum of the buffer was recorded, showing no lysozyme fluorescence. 
Similarly, the fluorescence intensity of the solution in the dialysis bag was also comparable with that of the 
pre-dialysis fluid.

Cytotoxicity text[44]

The in vitro cytotoxicity was assessed using the CCK-8 assay on H9C2, ana-1, L02, L929, and MCF-7 cell 
lines. Specifically, MCF-7 cells were seeded in 96-well plates at a density of 2 × 104 cells per well and 
incubated for 24 h at 37 °C in a 5% CO2 atmosphere. Once the cells adhered, they were treated with pa-FOF 
at concentrations ranging from 0 to 512 μM. For the negative control group, 100 μL of PBS was added per 
well. After a 24-hour incubation, the medium was replaced with 100 μL of fresh medium containing 10 μL of 
CCK-8 solution. Then, after incubating for 1 h, absorbance was measured at 450 nm using a microplate 
reader. Relative cell viability was calculated using: cell viability = [OD450 (samples)/OD450 (control)] × 
100%, where OD450 (control) represented the absorbance in the absence of pa-FOF, and OD450 (samples) 
indicated the absorbance in the presence of pa-FOF. Each value represents the mean from three 
independent experiments.

Hemolysis assay[44]

Fresh rats red blood cells (RBCs) and human red blood cells (HBCs) in Alsever’s solution were obtained 
from Guangzhou Hongquan Biological Science and Technology Co., Ltd (Guangzhou, China). These cells were
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centrifuged at 2,000 rpm for 10 min. The collected RBCs were then washed with an equal volume of saline 
to replace the Alsever’s solution. Subsequently, 0.63 mL of RBC and HBC suspensions were each incubated 
separately with 0.07 mL of pa-FOF at various concentrations, saline (negative control), and ultrapure water 
(positive control) at 37 °C for 1 h. After incubation, the mixtures were centrifuged at 3,000 rpm for 10 min. 
From each sample, 400 μL of the supernatant was transferred into a 96-well plate, and the absorbance at 
540 nm was measured using a microplate reader. The hemolysis rate was calculated according to:

Hemolysis (%) = (Asample - Anegative) / (Apositive - Anegative) × 100%

Where Asample represents the absorbance of the test samples. Apositive and Anegative denote the absorbance of the 
positive control and negative control, respectively.

CLSM[44]

For CLSM observations, ana-1 cells (1 × 105 cells per dish) were seeded in coverglass bottom dishes 
(35 mm × 35 mm). After culture for 24 h, the cells were incubated with DMEM/F12 medium containing 
FITC-lysozyme, FITC-cytochrome c, FITC-trypsin, FITC-lysozyme + pa-FOF ([FITC-lysozyme] = 12 µg/
mL; [pa-FOF] = 0-18 μg/mL), FITC-cytochrome c + pa-FOF ([FITC-cytochrome c] = 12 µg/mL; 
[pa-FOF] = 0-18 μg/mL), FITC-trypsin + pa-FOF ([FITC-trypsin] = 12 µg/mL; [pa-FOF] = 0-12 μg/mL) for 
16 h at 37 °C. After washing the cells by PBS twice to remove excessive pa-FOF and proteins, the cells were 
treated with 1 µg/mL Hoechst 33342 for 10 min and 75 nmol/L Lyso-Tracker Red for 1 h at 37 °C and then 
washed with PBS three times. The cells were imaged on CLSM on Zeiss LSM880.

For detection of apoptosis after treated with pa-FOF and cytochrome c, the supernatant of the treated cells 
(which contain floating apoptotic cells) was incubated with propidium iodide (PI, 50 μg/mL), followed by 
nuclear staining with Hoechst 33342.

Flow cytometry assay[38]

Ana-1 cells were seeded at 1 × 106 cells per well in a 12-well plate and further cultured for 24 h in a DMEM/
F12 medium. Free FITC-lysozyme, FITC-lysozyme + pa-FOF ([FITC-lysozyme] = 12 µg/mL; [pa-FOF] = 
0-20 µg/mL) were added to the cells, respectively. After incubating for 16 h, the semi-adherent cells were 
detached using 0.5 mL PBS and analyzed by flow cytometry in the FL1 or FL3 channel using a flow 
cytometry system.

Cellular uptake mechanism study[38]

Ana-1 cells were seeded at a density of 1 × 106 cells per well in a 12-well plate and further cultured for an 
additional 24 h. Then, the cells were incubated with 0.5 mL culture medium containing dynasore (100 µM), 
chlorpromazine (3 μg/mL), Nystatin (15 μg/mL), amiloride (3 mM), and β-CD (0.5 mM) at 37 °C for 1 h, 
respectively. The solution of FITC-lysozyme + pa-FOF ([FITC-lysozyme] = 12 µg/mL; [pa-FOF] = 9 µg/mL) 
was then added in the dishes and the cells were incubated at 37 °C for another 16 h. At the end of the 
experiment, the cells were harvested for flow cytometry assay.

RESULTS AND DISCUSSION
Synthesis and characterization of pa-FOF
Previous work confirmed that multi-armed acylhydrazines and aldehydes can react quantitatively to form 
acylhydrazone in water under weak acid conditions[38]. We, thus, prepared preorganized tetracationic 
tetraaldehyde T1 and biacylhydrazines L1 to build a new water-soluble porous framework [Scheme 1]. For 
the synthesis of T1, compound 1 first reacted with tetrabromide 2 to produce tetraaldehyde 3 in a 67% yield. 
Treatment of 3 with LiOH in water and tetrahydrofuran afforded T1 in an 85% yield. For the preparation of 
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Scheme 1. The synthesis of pa-FOF. Pa-FOF: Polyanionic flexible organic framework.

L1, compound 4 was first coupled with 5 to produce 6 in a 93% yield. Treating 6 with bromide 7[45] with 
potassium carbonate as a base to afford compound 8 in a 68% yield. This intermediate was treated with 
trifluoroacetic acid to obtain diacylhydrazine L1 in an 80% yield. The 1:2 mixture of T1 and L1 in dilute 
hydrochloric acid was stirred at 80 °C for 24 h to afford the porous framework pa-FOF. The 1H NMR 
spectrum of their 1:2 mixture ([T1] = 5.0 mM) in D2O showed that, after 24 h at 80 °C, the diagnostic signal 
of the O=CH group of T1 at 9.7 ppm disappeared completely [Supplementary Figure 1]. The 1H NMR 
spectra of the resulting products were all considerably broad, suggesting the formation of hydrazone-based 
polymeric species. The solution gave a comparable spectrum after standing at room temperature for 12 
days, supporting that the resulting framework was stable.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
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Figure 1. (A) DLS profile of T1 and pa-FOF of different concentrations in water; (B) Zeta potential of pa-FOF (10 µg/mL), lysozyme 
(8 µg/mL) and their mixtures of varying ratios; (C) Fluorescence spectra (λex = 490 nm) of FITC-lysozyme (7 µM) in the presence of the 
increasing amount of pa-FOF ([T1] = 0-36 µM) in water [Inset: I/I0 vs. Wpa-FOF/Wlysozyme (λem = 520 nm)]. DLS: Dynamic light scattering; 
pa-FOF: polyanionic flexible organic framework; FITC: fluorescein isothiocyanate.

DLS experiments of the solution of pa-FOF revealed a DH of 51 nm at [T1] = 3.5 mM. The DH value 
decreased with the concentration, but even at [T1] = 0.1 mM, it still reached 26 nm [Figure 1]. Comparable 
results could be obtained after the solutions were left at room temperature for one week [Supplementary 
Figure 2], which supported its high stability. In contrast, the solution of T1 afforded a DH value of 2.3 nm, 
consistent with its size as a single molecule. Molecular modeling revealed that, by assuming that the 
condensation reaction to form the acylhydrazone bond is an ideal process and linkers that connect the 
tetraphenylmethane nodes are completely stretched, pa-FOF would form a dynamic 3D diamondoid 
framework, with the aperture calculated to be 3.8 nm [Supplementary Figure 3].

Adsorption of pa-FOF for lysozyme
Lysozyme is a positively charged protein that has an isoelectric point of 10.6 to 10.9 and a dimension of 
3 nm × 3 nm × 4.5 nm. Thus, we first studied the adsorption of pa-FOF for lysozyme. At 8 µg/mL, lysozyme 
has a zeta potential of +8.51 mV, while the zeta potential of pa-FOF at 10 µg/mL was determined to be 
-32.1 mV, well reflecting the negative surface character of the framework. Adding lysozyme to the solution 
of pa-FOF caused a continuous decrease of the zeta potential [Figure 1B]. However, even with the addition 
of two equivalents of lysozyme, the zeta potential remained negative (-4.43 mV). These results suggested 
that pa-FOF could adsorb lysozyme to its interior. If the adsorption of lysozyme to the surface of pa-FOF 
was the main interaction mechanism, it would cause the overturn of the zeta potential to positive values[38]. 
Dialysis experiments using a dialysis membrane with cutoff Mn of 50 kDa also showed that pa-FOF (10 µg/
mL) could prevent the dialysis of FITC-lysozyme (8 µg/mL), which further supported the inclusion and 
retainment of the protein by pa-FOF. The apparent binding constant, defined for the 1:1 complexation 
between the T1 unit of pa-FOF, and lysozyme, was then determined to be 6.0 × 105 M-1 using fluorescence 
titration experiments by adding pa-FOF to the solution of FITC-labeled lysozyme [Figure 1C][38]. Using the 
same method, we determined the apparent binding constant between pa-FOF and myoglobin, which has an 
isoelectric point of 7.07, to be 7.15 × 103 M-1 [Supplementary Figure 4A]. In contrast, acidic BSA, which has 
an isoelectric point of 4.7, was not adsorbed by pa-FOF, since adding the polymeric framework to its 
solution did not cause observable change of its fluorescence [Supplementary Figure 4B]. These results 
showed that the adsorption of pa-FOF for lysozyme should be driven by both intermolecular electrostatic 
attraction and hydrophobicity.

Intracellular delivery of basic proteins by pa-FOF
The ability of pa-FOF for intracellular delivery of FITC-lysozyme was first studied. For this aim, we first 
chose the ana-1 cell line by staining the nuclei and lysosomes with Hoechst 33342 and Lyso-Tracker Red. In 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf


Liu et al. Chem Synth 2024;4:37 https://dx.doi.org/10.20517/cs.2023.52 Page 7 of 14

order to determine the optimal concentration of FITC-lysozyme, the cells were subjected to CLSM after 
incubation with FITC-lysozyme (4, 8, and 12 µg/mL) and pa-FOF (12 µg/mL) for 16 h. It can be found that 
for the sample prepared with FITC-lysozyme of 12 µg/mL, the fluorescence intensity varied most after pa-
FOF was added and highly colocalized with lysosomes stained with Lyso-Tracker Red [Supplementary 
Figure 5]. Since in neutral media, pa-FOF could include and retain FITC-lysozymes, it is rational to propose 
that this release took place due to the internal acidity of lysosomes which caused the hydrolysis of the 
hydrazone bonds and decomposition of pa-FOF. The colocalization analysis for ana-1 cells, which were 
treated with FITC-lysozyme (12 µg/mL) and pa-FOF (12 µg/mL) for 16 h, between the signal of the protein 
and lysotracker afforded the Pearson’s correlation coefficient of 0.75 [Supplementary Figure 6], indicating 
that the delivery of pa-FOF enhanced the targeting of FITC-lysozyme lysosomes. Therefore, subsequent 
experiments were conducted with the concentration of FITC-lysozyme kept at 12 µg/mL. The delivering 
ability of pa-FOF for FITC-lysozyme was then evaluated. CLSM studies showed that adding pa-FOF 
continuously increased the fluorescence intensity of FITC-lysozyme [Figure 2], supporting its delivering 
ability for the protein. At the concentration of 9 µg/mL, pa-FOF could cause 19 times the fluorescence 
intensity increase of FITC-lysozyme in ana-1 cells [Supplementary Figure 7]. Further increasing the 
concentration of pa-FOF to 18 µg/mL did not further enhance the fluorescence intensity, indicating that pa-
FOF of 9 µg/mL already adsorbed FITC-lysozyme completely. Further CLSM experiments revealed that pa-
FOF could also deliver lysozyme into other cells, such as L929 and RAW264.7 cells, and cancer cells, such as 
MCF-7 and A549 cells [Supplementary Figure 8]. Moreover, CLSM experiments also showed that other 
basic proteins, including trypsin and cytochrome c with an isoelectric point of 11 or 9.5, could also be 
transported by pa-FOF into ana-1 cells [Supplementary Figures 9 and 10].

Flow cytometric experiments were then conducted to quantitatively evaluate the delivery of FITC-lysozyme 
by pa-FOF into ana-1 cells [Figure 3]. In the absence of pa-FOF, the percentage of transfected cells was 
determined to be 14%, reflecting that basic lysozyme has moderate electrostatic interaction with the 
negatively charged surface of the cells, facilitating its endocytosis. With the delivery of pa-FOF of 6.0, 9.0, 12 
and 15 µg/mL, the percentage of transfected cells increased to 61%, 72%, 78% and 82%, respectively. Since 
the above results confirmed that lysozyme was included into the interior of pa-FOF, these substantially 
increased transfections supported that pa-FOF possesses important delivering ability.

Mechanisms underlying pa-FOF-mediated protein uptake
Cationic porous frameworks have been established to enter cells by facilitating interactions with inherently 
negatively charged cellular membranes. For nano-scaled anionic porous polymers, this process may be 
driven by hydrophobicity between their surfaces followed by endocytosis. To get insight into the 
transmembrane process of protein-included pa-FOF, we performed several intracellular experiments in the 
presence of a panel of inhibitors that inhibit different intracellular internalization pathways[46]. pa-FOF 
displayed moderate fluorescence, which was used to evaluate its uptake by ana-1 cells after incubating for 
16 h. The fluorescence of pa-FOF (blue) could be clearly observed in the cell [Supplementary Figure 11], 
proving that pa-FOF entered the cell. Stepwise incubation experiments were also conducted to test the 
delivering efficiency of pa-FOF. To do this, pa-FOF (12 µg/mL) was first incubated with ana-1 cells for 16 h. 
Then, FITC-lysozyme (12 µg/mL) was added, and incubation was continued for another 16 h. CLSM 
imaging showed that the fluorescence intensity of FITC-lysozyme in the ana-1 cells was much weaker than 
that of the above samples obtained by co-incubation of pa-FOF and FITC-lysozyme of the identical 
concentration [Figure 4], further confirming the delivering function of pa-FOF for lysozyme. We further 
conducted CLSM and flow cytometric experiments for the solution of pa-FOF and FITC-myoglobin 
[Supplementary Figures 12 and 13], which showed that pa-FOF could also encapsulate and deliver the 
protein. Since myoglobin has an isoelectric point of 7.07, it is reasonable to propose that this encapsulation 
and delivery should be driven mainly by hydrophobic interaction and weak electrostatic interaction.
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Figure 2. CLSM images of ana-1 cells after incubation for 16 h with FITC-lysozyme (12 µg/mL) in the presence of pa-FOF (0-18 µg/mL). 
The lysosomes and nuclei were stained with Lyso-Tracker Red (red) and Hoechst 33342 (blue), respectively. Scale bar: 20 µm. CLSM: 
confocal laser scanning microscopy; FITC: fluorescein isothiocyanate; pa-FOF: polyanionic flexible organic framework.
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Figure 3. Flow cytometric experiments for the delivery of FITC-lysozyme (12 µg/mL) into ana-1 cell lines by pa-FOF (0-15 µg/mL). The 
cells were tested after incubation in an F12/DMEM medium at 37 °C for 16 h. FITC: Fluorescein isothiocyanate; pa-FOF: polyanionic 
flexible organic framework; DMEM: Dulbecco’s modified Eagle’s medium.

Figure 4. CLSM images of lysozyme (12 µg/mL) in ana-1 cells. (A) incubation alone for 16 h; (B) incubation simultaneously with pa-FOF 
(12 µg/mL) for 16 h; and (C) incubation for 16 h with pa-FOF (12 µg/mL) after pa-FOF was incubated with ana-1 cells for 16 h. Scale bar: 
20 µm. CLSM: Confocal laser scanning microscopy; pa-FOF: polyanionic flexible organic framework.

We then studied the inhibition effect of endocytosis inhibitors, including chlorpromazine and dynosore 
which inhibit clathrin-mediated endocytosis, nystatin which inhibits caveolae-mediated endocytosis, 
amiloride which inhibits micropinocytosis, and β-CD which inhibits lipid raft-mediated endocytosis, for the 
delivery of pa-FOF for FITC-lysozyme[47]. For doing these, ana-1 cells were pretreated with the endocytosis 
inhibitors, and then pa-FOF and FITC-lysozyme were incubated with the cells for 16 h. The counts of 
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Figure 5. The endocytosis mechanism of pa-FOF for intracellular transport of basic proteins. pa-FOF: Polyanionic flexible organic 
framework.

positive cells were gained for these pretreated cells and, for comparison, untreated ana-1 cells 
[Supplementary Figure 14]. It can be found that, except that dynosore did not impose observable inhibition, 
amiloride, chlorpromazine, nystatin and β-CD reduced the delivering ability of pa-FOF by 45.9%, 22.7%, 
60% and 57.8%, respectively. These results indicated that the delivery of pa-FOF for the basic proteins 
proceeds through different endocytosis pathways [Figure 5].

Increased activity of delivered cytochrome c for inducing cell apoptosis
Cytochrome c, a basic mitochondrial protein, has been well-known as a key mediator of apoptosis[48]. In 
addition to endogenous release from mitochondria to cytoplasm to cause cell apoptosis, exogenous delivery 
of cytochrome c into cellular cytoplasm also promotes this process[49]. Therefore, we further studied the 
promoting effect of pa-FOF-mediated intracellular delivery of cytochrome c for ana-1 cell apoptosis. CLSM 
imaging experiments revealed that pa-FOF alone could not induce the apoptosis of ana-1 cells. However, its 
delivery significantly enhanced the apoptotic effect of FITC-cytochrome c [Figure 6].

CLSM experiments revealed that ana-1 cells that were not treated and incubated with pa-FOF were more 
consistent in size. The cell membranes were intact; there were no obvious protrusions on the surface, and 
fluorescence staining was uniform, whereas cells treated with pa-FOF and cytochrome c were 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
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Figure 6. CLSM images of ana-1 cells after incubation for 16 h with FITC-cytochrome c (5 µg/mL), pa-FOF (12 µg/mL), and FITC-
cytochrome c (5 µg/mL)/pa-FOF (12 µg/mL). The lysosomes and nuclei were stained with Lyso-Tracker Red (red) and Hoechst 33342 
(blue), respectively. Scale bar: 20 µm. CLSM: Confocal laser scanning microscopy; FITC: fluorescein isothiocyanate; pa-FOF: polyanionic 
flexible organic framework.

morphologically irregular, with buds on the cell surface and dendritic irregular protrusions. Similar results 
were also observed for L929 cells [Supplementary Figure 15]. Apoptotic cells undergo chromatin 
condensation, which allows the dye to bind to DNA more efficiently. The p-glycoprotein on the membrane 
of apoptotic cells is impaired and does not efficiently exclude Hoechst 33342 from the cell, which increased 
intracellular accumulation of Hoechst 33342, leading to significant fluorescence enhancement in apoptotic 
cells than normal cells [Supplementary Figure 16]. These results also supported that, after being 
encapsulated by pa-FOF, the dye-labeled cytochrome c maintained its 3D conformation and, thus, its 
bioactivity.

Biocompatibility of pa-FOF in vitro
Finally, we evaluated the biocompatibility of pa-FOF. Its cytotoxicity was assessed in normal cell lines, 
including H9C2, L02, ana-1, and L929 cells, along with MCF-7 cancer cells using the CCK-8 assay 
[Figure 7A and B, Supplementary Figure 17]. The results showed that within the concentration range of 
512 µg/mL for pa-FOF, all the cells had a survival rate of > 70%. Hemolysis tests with rats RBC and HBC 
revealed that pa-FOF displayed low hemolysis activity. In the presence of 512 µg/mL for pa-FOF, the 
hemolysis ratios of the cells remained as low as < 5% [Figure 7C and D].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/cs3052-SupplementaryMaterials.pdf
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Figure 7. Cell viability values (%) of (A) H9C2 and (B) MCF-7 cell lines assessed by CCK-8 proliferation tests versus incubation 
concentration of pa-FOF represented by [T1]. The cells (~2 × 104 per well) were incubated with the pa-FOF at 37 °C for 24 h. Error bars 
represent the s.d. of uncertainty for each point. Hemolysis rates of pa-FOF in (C) human and (D) rats red blood cells. MCF-7: Michigan 
Cancer Foundation-7; CCK-8: Cell Counting Kit-8; pa-FOF: polyanionic flexible organic framework.

CONCLUSION
We demonstrate that pa-FOF can adsorb basic proteins, driven by intermolecular electrostatic attraction 
and hydrophobicity. The FOF has a nano-scale size and enables intracellular delivery of the adsorbed 
proteins. The delivery of cytochrome c significantly increases its ability of causing apoptosis, which 
reversely supports the delivering ability of the FOF. The internalization of the pa-FOF into cells opens the 
possibility of utilizing this kind of intrinsically porous polymer for delivering cationic drugs. Thus, in the 
future, systems with varying charge densities and pore sizes will be constructed for this purpose and for 
exploring their confinement effect for modulating the activity of adsorbed proteins.
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