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2D Covalent Organic Framework Direct Osteogenic
Differentiation of Stem Cells

Sukanya Bhunia, Manish K. Jaiswal, Kanwar Abhay Singh, Kaivalya A. Deo,
and Akhilesh K. Gaharwar*

2D covalent organic frameworks (COFs) are an emerging class of crystalline
porous organic polymers with a wide-range of potential applications.
However, poor processability, aqueous instability, and low water dispersibility
greatly limit their practical biomedical implementation. Herein, a new class of
hydrolytically stable 2D COFs for sustained delivery of drugs to direct stem
cell fate is reported. Specifically, a boronate-based COF (COF-5) is stabilized
using amphiphilic polymer Pluronic F127 (PLU) to produce COF-PLU
nanoparticles with thickness of ≈25 nm and diameter ≈200 nm. These
nanoparticles are internalized via clathrin-mediated endocytosis and have
high cytocompatibility (half-inhibitory concentration ≈1 mg mL−1).
Interestingly, the 2D COFs induce osteogenic differentiation in human
mesenchymal stem cells, which is unique. In addition, an osteogenic
agent—dexamethasone—is able to be loaded within the porous structure of
COFs for sustained delivery which further enhances the osteoinductive ability.
These results demonstrate for the first time the fabrication of hydrolytically
stable 2D COFs for sustained delivery of dexamethasone and demonstrate its
osteoinductive characteristics.

1. Introduction

2D materials have gained significant attention due to their
unique layered structure and property combination that have
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widespread application in electronics, catal-
ysis, sensing, and drug delivery.[1,2] Among
these, 2D covalent organic frameworks
(COFs), an emerging class of crystalline
porous organic polymers, have attracted
significant attention due to their crys-
tallinity, ordered and tunable porous struc-
ture, and high specific surface area.[3,4]

COFs are synthesized via reversible con-
densation of metal-free molecular building
blocks,[5] composed of light elements like C,
H, B, O, and N, which bestows biodegrad-
ability and biocompatibility characteristics
indicating their potential in biomedical
applications.[6,7] However, the difficulty in
processing COFs into nanosized[8] along
with their poor physiological stability[9,10]

limited their application in drug deliv-
ery and regenerative medicine. While a
great deal of interest is being invested to
produce “nano”-dimensional COFs, signif-
icant advancement has been made to en-
hance the chemical stability of COFs via

chemical linkage modification,[11,12] pore alkylation,[10] and sur-
face engineering.[13] However, many of these approaches result
in significant compromise of structural porosity of COFs.[10,13]

Thus, there is a need to devise new approaches which can impart
physiological stability to nanoscale COFs, while maintaining bio-
compatibility characteristics.

Polymers have widely been integrated with nanoparticles[14]

or porous materials[15,16] to impart dispersibility or stimuli
responsiveness. Integration of polymers with porous metal-
organic framework (MOF) via in situ encapsulation of poly-
mers in nanochannels of MOF or post-synthetic surface
modification,[17,18] often produces advanced functional compos-
ites exhibiting exciting properties that are superior to those of
the individual components.[19,20] Integrating polymers with COFs
has just begun majorly focusing on polymer-assisted exfolia-
tion of bulk COFs.[21,22] However, the strategy of enhancing hy-
drolytic stability of COFs via integrating colloidal COFs with
amphiphilic polymer has not been reported so far. Recently,
Ditchel and co-worker have developed a strategy of producing
colloidal COF-5 with a hexagonal, 2D-layered structures via ho-
mogenous polymerization[23] while amphiphilic polymers have
long been used as phase-transfer agent for dispersing hydropho-
bic nanoparticles in water.[24] To this end, we envisaged that post-
synthetic integration of a colloidal COF-5 with an amphiphilic
polymer may impart hydrolytic stability and water dispersibility,
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Figure 1. Schematic showing fabrication of hydrolytically stable COF-PLU nanomaterials for sustained delivery of therapeutics (Dex: dexamethasone)
for directing stem cell differentiation.

while maintaining their drug-loading efficacy and thereby, en-
abling biomedical exploration of such COF-based nanocarrier.

Several 2D nanomaterials have been explored for drug
delivery and tissue engineering including graphene,[25] syn-
thetic silicate clays,[26,27] transition metal dichalcogenides/oxides
(TMDs/TMOs),[28] hexagonal boron nitride (h-BN), ultrathin
black phosphorous (BP) monolayers, and graphitic carbon ni-
tride (g-C3N4) is developed in past decade.[29–31] However, only
few of these 2D nanomaterials are bioactive and can induce
stem cell differentiation.[32,33] In addition, very few of these
nanomaterials are able to deliver drugs without any chemical
modification.[34,35] As 2D COFs are new class of biomaterials, our
proposed approach will investigate their application for regenera-
tive medicine. In addition, 2D COFs have highly ordered porosity,
biodegradability, and cytocompatibility, which make them ideal
candidate for drug delivery.[6,36,37] Overall, this is the first report
to investigate 2D COFs for regenerative medicine.

Herein, we report a new 2D COF-polymer nanoparticle for
drug delivery by combining colloidal COF-5 and amphiphilic
polymer. COF-5 is boronate-based covalent organic framework[38]

which has not yet been explored in drug delivery due to their high
hydrolytic susceptibility. We have first synthesized colloidal COF-
5 and functionalized post-synthetically with Pluronic F127 (PLU)
to obtain hydrolytically stable 2D nanoparticles of COF-PLU (Fig-
ure 1). Interestingly, these 2D nanoparticles COF-PLU induce
osteogenic efficacy and sustained release profile of dexametha-
sone (Dex). The addition of Dex to COF-PLU nanoparticles sig-
nificantly enhances the osteogenic property of human mesenchy-
mal stem cells (hMSCs). Overall, this study demonstrates a facile
strategy for fabricating physiologically stable class of COF-based
2D nanoparticles for nanomedicine. To the best of our knowl-
edge, this is the first report demonstrating osteoinductive abil-

ity of COFs. In addition, COFs-based nanomaterials exhibit high
loading and thus can be used for wide range of applications in
regenerative medicine and drug delivery.

2. Results

2.1. Synthesis and Characterization of COF-PLU Nanoparticles

COF-PLU are prepared via complexation of colloidal COF-5 and
Pluronic F-127 (PLU) followed by their reconstitution in distilled
water. First, colloidal COF-5 are synthesized[23] via solvothermal
condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)
and benzene 1,4-diboronic acid (BDBA) in a mixed solvent con-
taining dry acetonitrile, dioxane, and mesitylene in appropriate
ratios (Figure 2A). 2D nature of colloidal COF-5 nanoparticles is
confirmed by dynamic light scattering (DLS) and atomic force
microscopy (AFM), indicating an average particle size ≈147 nm
with a narrow particle size distribution (PDI = 0.202) and height
of ≈15 nm (Figure S1, Supporting Information). Prior to exam-
ine their potential in drug delivery, stability of COF-5 in aqueous
solution is examined. Hydrolytic stability study of the colloidal
COF-5 evaluated by monitoring turbidity of colloidal suspension
over time in presence of added water indicated rapid degradation
of COF-5 (Figure 2B). Toward developing a hydrolytically stable
water dispersible formulation of COF-5, colloidal COF-5 is com-
plexed with amphiphilic polymer Pluronic F127 (PLU). PLU is
an amphiphilic block copolymer containing a hydrophobic block
of poly(propylene glycol)) at the center and hydrophilic chains of
poly(ethylene glycol) at edges. Addition of Pluronic F127 solu-
tion (in acetonitrile) to colloidal suspension of COF-5 (hydropho-
bic) results in the formation of COF-5-PLU composite due to
hydrophobic–hydrophilic interactions (Figure 2B, inset). Specif-
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Figure 2. Synthesis and characterization of 2D COF-PLU nanoparticle. A) Schematic showing solvothermal condensation of HHTP and BDBA producing
colloidal COF-5 which are unstable in physiological condition. Wrapping of COF-5 with an amphiphilic polymer (Pluronic F127 (PLU)) produces stable
COF-PLU nanoparticles. B) Hydrolytic stability of COF-5 indicating its rapid degradation in water. Inset shows complexation of colloidal COF-5 with
an amphiphilic polymer Pluronic F127 (PLU) forms self-assembly (COF-5 + PLU) which precipitated out. C) Dynamic light scattering profiles (blue
histogram) and transmission electron micrographs (inset) show size of COF-PLU nanoparticles. D) Atomic force micrographs of COF-PLU reveal the
thickness to be ≈20–25 nm. E) Transmission electron micrographs of COF-PLU nanoparticles at day 1, 3, and 7 indicating their stability in water. F) ATR-
FTIR profile of COF-PLU reveals presence of characteristic peaks for both COF-5 (1347 and 1332) and PLU (1100) in COF-PLU. G) Thermogravimetric
analysis profile of COF-PLU revealing presence of two consecutive weight loss events at ≈400 °C (characteristics of PLU) and ≈650 °C (characteristics
of COF-5). The differential temperature is then plotted against time and is shown as differential thermogravimetric (DTG) analysis.
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ically, poly(propylene glycol) wraps COF-5 to reduce the overall
surface energy, which renders poly(ethylene glycol) at edges. The
presence of poly(ethylene glycol) at edges provides steric stability
to these composite COF-PLU nanoparticles.

The hydrodynamic diameter of the COF-PLU 2D nanoparti-
cles is found to be ≈180 nm as indicated by DLS study and
transmission electron micrographs (Figure 2C). Atomic force mi-
crographs reveal that thickness of nanoparticle is ≈25 nm (Fig-
ure 2D). Stability of the COF-PLU nanoparticles over time is ex-
amined by monitoring the sizes of nanoparticles at different time
points using transmission electron microscopy (TEM; Figure 2E
and Figure S2, Supporting Information). No significant changes
in sizes are observed till day 7. The nanoparticles also exhibit
negative zeta potential values less than −10 mV with time in-
dicating their stability in aqueous suspension (Figure S2, Sup-
porting Information). It is worth mentioning that three mass ra-
tios of COF and PLU as COF:PLU (w/w) as 1:1, 1:5, and 1:25 are
examined and 1:5 ratio of COF:PLU shows smallest nanoparti-
cle. Although 1:1 w/w ratio of COF:PLU forms complex in the
mixed solvent, the nanoparticles do not exhibit stable behavior
in DLS study whereas the hydrodynamic diameter of COF-PLU
nanoparticles with 1:25 w/w of COF:PLU is much bigger in size
(≈383 nm) than that with 1:5 w/w of COF:PLU (Figure S2c, Sup-
porting Information). It is presumably because that 1:1 w/w ra-
tio of COF:PLU may not be enough to ensure the complete hy-
drolytic stability while 1:25 ratio of COF:PLU undergoes aggre-
gation due to high content of PLU. Collectively, DLS, TEM, and
AFM reveal that resuspension of aggregated composite in water
leads to the formation of disk-shaped stable 2D nanoparticle of
COF-PLU with diameter ≈200–300 nm and thickness of ≈25 nm.

The chemical composition of COF-PLU nanoparticles is exam-
ined via attenuated total reflection (ATR)-Fourier transform in-
frared spectroscopy (ATR-FTIR) and thermogravimetry analysis
(TGA). The characteristics bands of functional boronic ester rings
(–B–O–)[38] at 1347 and 1332 cm–1, while for Pluronic F-127 at
1110 cm–1 are present in the FTIR profile of COF-PLU nanopar-
ticles, which indicates the presence of both COF-5 and PLUF-127
(Figure 2F). Similarly, TGA profiles of COF-PLU nanoparticles
(Figure 2G) reveal two consequent weight loss events at ≈400 and
≈650 °C corresponding to the weight loss events of Pluronic F-
127 and COF-5, respectively. The differential temperature is then
plotted against time and is shown as differential thermogravimet-
ric analysis curve. The extent of weight loss at ≈400 and at ≈650
°C observed for COF-PLU nanocomposite validates the weight
ratio of PLU and COF-5 (5:1) in COF-PLU nanoparticles. The
tiny depression at ≈100 °C in the TGA curves of COF-PLU and
COF is due to the evaporation of adsorbed water. Taken together,
the FTIR and TGA studies confirm chemical composition of the
new class of COF-based 2D nanomaterials. Overall, a water dis-
persible COF-based 2D nanomaterial (COF-PLU) is developed via
hydrophobic interaction-based post-synthetic integration of col-
loidal COF-5 with amphiphilic polymer Pluronic F-127.

2.2. Cellular Interactions of COF-PLU Nanoparticles

The cytocompatibility of 2D COF-PLU is evaluated using human
mesenchymal stem cells (hMSCs) using conventional 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

assay. More than 85% of hMSCs are alive till 0.1 mg mL−1 of
COF-PLU nanoparticles and half-inhibitory concentration (IC50)
is found to be ≈1 mg mL−1 (Figure 3A) indicating significantly
less cytotoxicity compared with other 2D nanomaterials such as
graphene (IC50 ∼100 μg mL−1).[32] To examine whether or not
treatment of COF-PLU nanoparticles at lower concentration in-
duces any cell cycle arrest, flow cytometry-based cell cycle anal-
ysis is performed. Cell cycle of hMSCs is first synchronized by
serum starvation. Then such hMSCs are treated with varying
concentrations of COF-PLU nanoparticles ranging from 0.015 to
0.3 mg mL−1. No significant changes in cell populations are ob-
served when the cells are treated with COF-PLU nanoparticles
(Figure 3B) which indicates that COF-PLU nanoparticles do not
influence any cell cycle event in hMSCs.

Next, to examine cellular internalization of COF-PLU nanopar-
ticles, a 4 h cellular uptake study is performed using FITC-tagged
COF-PLU nanoparticles. A significant cellular attachment and
uptake of FITC-tagged COF-PLU nanoparticles (green) are ob-
served (Figure 3C). As COF-PLU can interact with protein and ag-
glomerate, some of these nanoparticles are present on or around
cell membrane. We envisaged the 2D nanoparticles of COF-
PLU undergo surface-mediated endocytosis majorly via clathrin-
mediated pathway (Figure 3D) like other 2D nanoparticles.[39]

To validate this hypothesis, we performed pathway inhibition
studies. Specifically, we blocked cellular internalization pathway
using pathway-specific inhibitors and then monitor nanoparti-
cle uptake using flow cytometry (Figure 3E). We used inhibitors
for clathrin-mediated endocytosis, caveolae-mediated endocyto-
sis, and micropinocytosis. Interestingly, ≈53% of inhibition of
nanoparticle uptake was observed when hMSCs are treated
with clathrin inhibitor, indicating clathrin-mediated endocytosis
was the main pathway for cellular internalization of COF-PLU
nanoparticles. Only ≈3% of uptake of COF-PLU nanoparticles
was observed via caveolae-mediated endocytosis. Notably, ≈19%
of COF-PLU nanoparticles were internalized into hMSCs via mi-
cropinocytosis which may be due to some extent of nonspecific
interaction between hMSCs and larger COF-PLU nanoparticles.
Collectively, we observed that COF-PLU nanoparticles internal-
ized into hMSCs mainly via clathrin-mediated endocytosis.

2.3. Therapeutic (Dexamethasone)-Loaded COF-PLU
Nanoparticles

After gaining an insight on cytocompatibility of COF-PLU
nanoparticles in hMSCs, we proceed to explore their potential
as delivery vehicle in hMSCs. The hydrophobic cores of COF-5
prompt us to explore loading of a hydrophobic drug, dexametha-
sone (Dex). First, Dex-loaded COF-PLU nanoparticles are pre-
pared by co-incubation of Dex with colloidal COF-5 in a vary-
ing ratio (0.1:1, 0.25:1, 0.5:1, 1:1, w/w) followed by addition with
Pluronic F127 and resuspension of the precipitate in sterilized
deionized (DI) water. TEM of the Dex-loaded COF-PLU nanopar-
ticles reveals that their hydrodynamic diameter (≈200 nm) does
not alter significantly upon loading of Dex (Figure 4A). Dex load-
ing in COF-PLU nanoparticles are confirmed by ATR-FTIR spec-
troscopy (Figure 4B). The co-existence of all the characteristics
bands for Dex, COF, and PLU in Dex-loaded COF-PLU such as
bands at 1660 cm–1 for the carbonyl group conjugated to alkene
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Figure 3. Cellular interaction of COF-PLU. A) Cytocompatibility of COF-PLU is evaluated by subjecting hMSc with varying concentration of COF-PLU
nanoparticles. Half-maximal inhibitory concentration (IC50) was determined by concentration of COF-PLU nanoparticles to inhibit cell viability by half.
B) Cell cycle analysis of hMSCs treated with COF-PLU nanoparticles (15, 200, and 300 𝜇g mL−1) indicating no significant changes in cell cycle upon
treatment with COF-PLU nanoparticles. C) Fluorescence micrographs of hMSC treated with FITC-tagged COF-PLU nanoparticles indicate their cellular
internalization. D) Schematic for proposed cellular internalization pathway of COF-PLU nanoparticles. e) Flow cytometry profiles of FITC-tagged COF-
PLU nanoparticles confirming clathrin-mediated endocytosis as major cellular internalization pathway of COF-PLU (n = 3 in each case).

(characteristics band for Dex), bands at 1347 and 1332 cm−1 for
the functional boronic ester rings (characteristics bands for COF-
5) and bands at 1110 cm–1 (that for Pluronic F-127) indicate the
presence of Dex in COF-PLU nanoparticle.

Next, Dex loading and release behavior of COF-PLU nanopar-
ticles are evaluated. High Dex loading efficiency (>80%) and
drug loading capacity (≈14%) are observed up to COF-5:Dex ra-
tio (w/w) of 0.5:1, w/w (Figure 4C) which falls sharply at COF-
5:Dex 1:1 weight ratio presumably due to overcrowding of dex-
amethasone molecules in porous network of COF-5. The internal
regular porosity of COF-5 as well as their low density may con-
tribute to the high drug loading efficiency. Dex release from COF-
PLU nanoparticles was evaluated over a period of 7 days using

COF-PLU nanoparticles containing 25% of Dex (COF:Dex 1:0.25,
w/w). A biphasic release profile with an initial burst release fol-
lowed by sustained release for an extended period of time is ob-
served (Figure 4D). The initial burst release may be attributed to
the loosely attached Dex molecules on the surface of COF-PLU
nanoparticles, while sustained release of Dex can be attributed
to strong interaction with inner pores of COF-5. As expected, the
Dex release rate is higher at lower pH (pH ≈5) than that at physi-
ological condition (pH ≈7.4) presumably due to the acid-sensitive
boronate linkage at the core of 2D COFs. Similar release profiles
were observed for other polymeric drug carrier.[40–42]

We then proceed toward evaluating the effect of Dex-loaded
2D COF-PLU to direct stem cell differentiation. Dexamethasone
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Figure 4. Synthesis and characterization of therapeutic-loaded COF-PLU nanoparticles. A) Transmission electron micrograph of dexamethasone (Dex)-
loaded COF-PLU (COF-PLU/Dex). B) FTIR profile of COF-PLU, dexamethasone, dexamethasone-loaded COF-PLU nanoparticles (COF-PLU/Dex). C)
Entrapment efficiency as well as loading capacity of dexamethasone on COF-PLU nanoparticles. D) Release profile dexamethasone from COF-PLU/Dex
at different pH to mimic extracellular (pH ≈7.4) and intracellular microenvironment (pH ≈5 (endosome/lysosome)). E) COF-PLU nanoparticles induce
osteogenic differentiation of hMSCs and sustained delivery of dexamethasone (Dex) from Dex-loaded COF-PLU (COF-PLU/Dex) further enhances the
osteogenic differentiation. hMSCs are cultured in osteoconductive (OC) media and treated (n = 3) with COF-PLU, Dex (exogenous), and COF-PLU/Dex.
hMSCs in OC media are used as control. ALP expression (staining) and activity is measured at day 7 and 14 using BCIP/NBT staining and ALP kinetic
assay. COF-PLU/Dex show strong ALP expression and activity on both day 7 and 14. F) Treatment with COF-PLU/Dex enhances the expression of RunX2,
a key osteogenic protein as indicated by western blot analysis. G) Significantly higher production of mineralized matrix is observed in hMSCs treated
with COF-PLU/Dex compared to control or dexamethasone-treated hMSCs. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, and ****p-value
< 0.0001.
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is a synthetic glucocorticoid that, in optimum concentration, can
stimulate differentiation of hMSCs toward osteogenic lineage in
the presence of ascorbic acid and 𝛽-glycerophosphate. To main-
tain the optimum concentration at site of bone regeneration,
many biodegradable sustained drug delivery platforms have been
explored.[43–45] Also, stem cell differentiation is a complex de-
velopmental phenomenon which is often controlled by several
biochemical and biophysical cues including chemicals, stiffness,
and topology of the microenvironment. To this end, we envisaged
that sustained release of Dex from Dex-loaded 2D COF-PLU may
enhance the efficacy of osteogenic differentiation in hMSCs com-
pared to exogenous addition of Dex. To investigate this, hMSCs
are divided into four treatment groups: COF-PLU nanoparticles,
Dex-loaded COF-PLU (COF-PLU/Dex), positive control of exoge-
nous addition of 100× 10−9 m of Dex (Dex), and untreated hMSCs
(negative control). All the treatments for differentiation study are
performed in osteoconductive media (in absence of dexametha-
sone or bone morphogenic protein -2 (BMP-2)).

The osteogenic differentiation of treated hMSCs is investi-
gated by monitoring the alkaline phosphatase (ALP) activity of
hMSCs and the production of mineralized matrix as measured
by alizarin red staining (ARS). ALP is one of the major early
osteogenic marker and upregulation of ALP activity is a key
event occurring during the early time points of osteogenesis. The
production and activity of ALP are evaluated at day 7 and 14
post-culture by using nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP) staining as well as ALP activity
assay. Importantly, two-fold enhancement of ALP activity is ob-
served at day 7 in COF-PLU/Dex compared with Dex-treated and
-untreated groups as indicated by BCIP/NBT staining and ALP
kinetic assay (Figure 4E). Interestingly, a significant ALP activity
is also observed at day 7 and day 14 when the hMSCs are treated
with empty nanoparticles of COF-PLU. To elucidate stimulatory
effect of COF-PLU 2D nanoparticles, the expression level of a key
osteogenic gene, Runx2, is measured (Figure 4F). As compared to
the control group, the expression level of RunX2 is significantly
enhanced in hMSCs treated with empty nanoparticles of COF-
PLU supporting their osteogenic effect.

To assess the production of mineralized extracellular matrix,
which is a late osteogenic event, ARS is performed on day 14. Sig-
nificantly enhanced matrix mineralization is observed in hMSCs
treated with COF-PLU/Dex nanoparticle compared to that treated
with exogenous Dex (Figure 4G). Interestingly, a significant ma-
trix mineralization is also observed when hMSCs are treated with
empty COF-PLU nanoparticle compared to the untreated group
indicating distinct osteogenic activity of COF-PLU. Although the
bioactivity of COF-PLU is lower compared to Dex only group,
which warrants further mechanistic investigating on bioactivity
of COF-PLU nanoparticles. Collectively, COF- PLU/Dex shows
enhanced osteogenic potential compared to positive control (Dex)
presumably via combined osteogenic effect of dexamethasone
and 2D COF-PLU.

2.4. Mechanistic Insight about Inherent Bioactivity of COF-PLU
Nanoparticles

To examine whether the osteogenic activity of COF-PLU
nanocomposite is mediated via biochemical or biophysical in-

teraction with hMSCs, ALP activity is assessed using COF-PLU
nanoparticles as well as its individual ingredients COF-5 and
PLU. hMSCs are separately treated with COF-PLU nanoparticles,
equivalent amount of COF-5 and PLU for day 7. As expected,
much enhanced ALP activity is observed for COF-PLU treatment
group compared to positive control (Figure 5A). However, no sig-
nificant ALP activity is observed in hMSCs treated with only COF-
5 or only PLU at this concentration. This indicates that the ob-
served osteogenic activity of COF-PLU nanoparticles in hMSCs
is mediated via biophysical interaction. Next, plausible pathways
associated with the osteogenic activity of COF-PLU nanoparticles
are determined by measuring ALP activity of hMSCs treated with
COF-PLU in the presence of inhibitors of major osteogenic path-
ways Wnt, TGF-𝛽, and MAPKs (particularly ERK, JNK, and p-38).
No noticeable difference in ALP activity is observed at day 4 (Fig-
ure 5B). However, a significant reduction of ALP activity is ob-
served when hMSCs are co-treated with COF-PLU and inhibitors
of JNK-pathway for day 8 and day 12 (Figure 5B) compared with
hMSCs treated with only COF-PLU. This observation indicates
the association of JNK pathway in the biophysical interaction-
based osteogenic activity of COF-PLU 2D nanoparticles as de-
picted in the schematic (Figure 5C).

3. Discussion

Despite the significant advances in biomaterials, there is still
need for developing new material that not only can act as
drug delivery system but also can actively intervene tissue re-
generation. For instance, liposomes,[46] dendrimers,[47] silica
nanoparticles,[48] etc., have been used for delivering dexametha-
sone to induce osteogenic differentiation in stem cells. With the
tremendous advances in materials science, recent research fo-
cusses on developing bioactive materials that can actively in-
tervene the tissue regeneration. For instances, silica nanopar-
ticles, graphene, or synthetic soft polymers, e.g., dendrimer
are being explored as bioactive materials to induce osteogenic
differentiation.[33,49–51] However, some of them are raising con-
cern in their biocompatibility, biodegradability, size-dependent
cytotoxicity, and genotoxicity.[33,49] To this end, COF which is the
latest member of porous organic polymer, although in its nascent
state, may hold significant promise as drug carrier because of
its cytocompatibility and biodegradability,[52] while its inherent
bioactivity can further enhance the efficacy. For example, IC50
value of COF-PLU nanoparticles in hMSc is approximately ten
times higher than that of graphene.[33] Similar to other nanocar-
riers mentioned above, COF-PLU nanoparticles are water dis-
persible which may find its clinical use as injectable solution or
for localized drug delivery when loaded in hydrogel.

Biomedical exploration of COF-based material has just begun.
The major obstacle of biomedical exploration of COF is their
poor aqueous stability and difficulty of processability in nano-
size. Here, we achieve hydrolytically stable 2D nanoparticles of
COF-PLU by post-synthetically functionalized colloidal COF-5
with Pluronic F127 (PLU). PLU is a biocompatible amphiphilic
tri block-co-polymer widely used in pharmaceuticals. In water, it
forms micelles of hydrodynamic diameter of ≈8–12 nm above
its critical micelle concentration (CMC) of 0.26–0.8 wt% which
have long been used in drug delivery.[53,54] Other than that, PLU
has also been widely used to coat or noncovalently functional-
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Figure 5. Mechanistic insight of osteogenic activity of COF-PLU nanoparticles. A) Relative ALP activity of hMSC treated with COF-PLU, COF-5, and
PLU at day 7. hMSCs treated with and without dexamethasone are used as positive and negative controls respectively (n = 3 in each group, **p-value
< 0.01, ***p-value < 0.001). B) To investigate the mechanism of osteoinductive characteristics of COF-PLU, hMSCs are treated with inhibitors of major
osteogenic pathways (Wnt, TGF-𝛽, JNK, p-38, and ERK) in presence and absence of COF-PLU. ALP activity of hMSCs was determined at day 4, 8, and
12 (n = 3 in each group, **p-value < 0.01, ***p-value < 0.001). C) Schematic showing ability of COF-PLU trigger JNK pathway leading to osteogenic
differentiation via upregulation of RunX2.

ize nanoparticles including poly(lactic-co-glycolic acid) (PLGA),
silica, graphene, etc., via a strong hydrophobic interaction of
the PPO segment and the nanoparticle.[53,55,56] A study by Yang
et al. has shown that the hydrophobic interaction-based coat-
ing of the nanoparticles with PF127 or other Pluronics with the

PPO MW ≥ 3 kDa are as strong as covalent polyethylene gly-
col coating.[55] Also, Li et al. have demonstrated that PF127 at
lower concentration (0.05 mg mL−1) form stable mono-layer in
the air–water interface via anchoring of the hydrophobic PPO
groups which disappear upon addition of graphene oxide (GO)
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nanoparticles. The strong interactions of PPO group with the hy-
drophobic parts of GO surface result in loss of the anchors at
the air–water interface and drag the complex PLU/GO into the
bulk subphase.[56] In our study, we have used the mixed solvent-
containing acetonitrile:1,4-dioxane:mesitylene (20:4:1, v/v) for
post-synthetically integrating PLU and colloidal COF-5 which im-
mediately (20 s) forms an aggregate and then produces nanopar-
ticles of ≈200 nm diameter upon resuspension of the aggregate
in water which avoids possibility of mono-layer formation un-
less it dissociates in water. Also, the effective concentration of
F127 in aqueous suspension of COF-PLU nanoparticle is 0.125
wt% which is much less than CMC value of PLU. In addition,
in DLS and TEM study, we did not observe significant popula-
tion of 8–12 nm hydrodynamic diameter corresponding to mi-
celles of PLU indicating stability of the COF-PLU nanoparticle
over time. However, we observed increase in hydrodynamic di-
ameter of the COF-PLU nanoparticle with a higher concentration
of PLU (COF:PLU; 1:25 w/w) indicating aggregation at its higher
concentration.

Other biocompatible polymer like PLGA, which is approved
by FDA for clinical use, is also explored for delivering dex-
amethasone. Although PLGA nanoparticles exhibit good drug-
loading behavior, the acidic degradation of by-products in-
duces severe local inflammation which negatively regulates bone
regeneration.[57] Moreover, with the breakthrough advances in
material science, there is search for bioactive materials that can
actively intervene in tissue regeneration process in the absence
of drug. Some 2D nanomaterials including laponite, graphene
can induce osteogenic differentiation in stem cells in the absence
of any osteoinductive agent. Such 2D nanomaterials induce bio-
physical stimuli to influence cytoskeletal dynamics of adjacent
stem cells, which promotes the osteogenic events.[39,58] Interest-
ingly, 2D nanoparticle of COF-PLU also exhibits osteogenic activ-
ity which is not mediate via biochemical process as its ingredients
components fail to induce any such ALP activity in hMSC (Fig-
ure 5). Furthermore, when hMSC are treated with 2D nanoparti-
cles of COF-PLU in the presence of inhibitors of different plausi-
ble osteogenic pathways, significant reduction of ALP activity is
observed when hMSCs are treated with inhibitor of JNK pathway
indicating it might be plausible pathway of osteogenic activity of
the nanoparticles (Figure 5B,C). Clearly, further in-depth studies
need to be carried out in future toward obtaining further mech-
anistic insights. Importantly, studies aimed at developing COF-
based biomaterials for bone tissue engineering has just begun
and this study holds distinct promise toward developing COF-
based bioactive nanomaterial.

4. Conclusions

In summary, we have developed a new class of hydrolytically sta-
ble 2D COF-based nanomaterial for sustained delivery of thera-
peutics to direct stem cell fate. Specifically, a boronate-based cova-
lent organic framework (COF-5) is stabilized using amphiphilic
polymer (Pluronic F-127). Interestingly, 2D COF is able to induce
osteogenic differentiation of hMSCs in the absence of osteoin-
ductive agent, which is unique. In addition, we are able to load
osteoinducing agent—dexamethasone within the porous struc-
ture of COF to further enhance the osteoinductive ability. Our
results demonstrate a new fabrication strategy for developing hy-

drolytically stable 2D COF-nanocomposite and for the first time,
advocates importance of exploring such materials in regenerative
medicine.

5. Experimental Section
Materials: HHTP (catalog no TCH0907-005G) and dexamethasone

(catalog no D1961) were purchased from TCI America. BDBA (catalog
no. 417130-5G) and FITC-BSA were procured from Sigma Aldrich. Ace-
tonitrile (catalog no 42311) and 1,4-dioxane (catalog no 39118) were pro-
cured from Alfa Aesar. PluronicF-127 was purchased from BioVision (Cat-
alog #: 2730). Mesitylene (catalog no. 134435) and 4 Å Molecular sieves
(MX1583G-1) were obtained from Beantown Chemical and EMD Milli-
pore, respectively. hMSCs were purchased from ATCC and maintained in
alpha minimal essential media (MEM) medium supplemented with 16.5%
fetal bovine serum (FBS) and 1× penicillin–streptomycin solution in a hu-
midified 5% CO2 incubator at 37 °C.

Synthesis and Characterization of Nanoparticles: COF-5, a boronate-
based covalent organic framework, was synthesized in its stable colloidal
form following prior report.[5,23] Briefly, solvothermal condensation of
HHTP and BDBA (2 × 10−3 m HHTP and 3 × 10−3 m BDBA) in a mixed
solvent containing dry acetonitrile:dioxane:mesitylene as 20:4:1 v/v) at
90 °C under homogenous conditions for 18 h produced translucent col-
loidal solution of COF-5. Addition of 200 μL of PluronicF-127 (PLU) dis-
solved in dry acetonitrile (25 mg mL−1) to 1 mL of colloidal COF in room
temperature followed by vortex for 20 s led to immediate aggregation of
colloidal COF to form COF-PLU composite. Centrifugation (5000 rpm,
30 s) followed by the removal of mixed organic solvent and resuspension
of COF-PLU composite precipitate in 4 mL of water resulted in the for-
mation of 2D nanoparticles of COF-PLU. Three mass ratios of COF:PLU
(w/w) as 1:1, 1:5, and 1:25 were examined and it was found that 1:5 ra-
tio showed smallest nanoparticle and exhibited stable behavior in DLS
with time. It was presumably because that 1:1 might not be enough to
ensure the hydrolytic stability while 1:25 ratio being heavy in PLU under-
went aggregation. Hydrolytic stability of colloidal COF-5 was monitored
by monitoring turbidity of the colloidal samples added with 5.5 m water
(v/v) using an UV-Vis spectrophotometer.[9] ATR-FTIR (Bruker Vector 22
FTIR spectrophotometer) and TGA were performed to confirm the chemi-
cal composition of COF-PLU nanoparticles. The hydrodynamic diameters
and surface potentials of COF-PLU nanoparticles and their drug-loaded
formulations were measured at 25 °C using Zetasizer Nano ZS (Malvern
Instrument, U.K.) equipped with a He−Ne laser. TEM images of those
nanoparticles were recorded using JEOL 2010 TEM instrument. Thickness
of COF-PLU nanoparticles was measured via AFM tapping mode using
Bruker Nanoscope 9.1 instrument and analyzed with Nanoscope Analysis
software.

Drug Loading and Release Study: Drug loading and release studies
were performed following prior reports.[59] Briefly, varying amounts of Dex
(10–100% of Dex with respect to 1 mg of COF) were added to 1 mL of col-
loidal COF (1 mg mL−1) from a stock solution of Dex (22 mg mL−1) in
60% aqueous 1,4-dioxane and incubated for 30 min at 37 °C. PLU taken
in acetonitrile was added to it (COF:PLU 1:5, w/w) followed by vortex
and centrifugation to obtain Dex-loaded COF-PLU composite as precip-
itate. Removal of solvent supernatant followed by resuspension of Dex-
loaded COF-PLU composite in 4 mL of DI water and subsequent dialysis
against DI water produced Dex-loaded COF-PLU nanoparticle (Dex-COF-
PLU). The Dex entrapment efficiency of COF-PLU nanoparticles was calcu-
lated by measuring absorbance of unentrapped Dex at 241 nm using UV-
Vis spectrophotometer (Infinite 2000 Pro). Encapsulation efficiency (%) =
(drug added initially− unentrapped drug)*100%/Drug added initially. Dex
release study was performed at 37 °C at two different pH conditions (pH
= 7.4 and pH = 5.5) in phosphate-buffered saline (PBS) by dialysis bag
method[60] and Dex release rate at predefined time points was monitored
by measuring UV absorbance at 241 nm.

Cell Viability and Cell Cycle Analysis: The cell viability of hMSCs treated
with nanoparticles of COF-PLU was determined by conventional MTT as-
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say. Briefly, hMSCs were seeded (1000 cells per well) in 96-well plates
12−18 h before treatment and treated with increasing concentration of
COF-PLU nanoparticles (across the range of 0.001 to 5 mg mL−1) for 24
h. Cells were then incubated with MTT solution (10 μL from 5 mg mL−1

stock in PBS) for 4 h at 37 °C and cell viability was determined by reading
absorbance of formazan at 550 nm using a microplate reader. Results were
expressed as percent viability = [A550 (treated cells) − background/A550
(untreated cells) − background] × 100. For cell cycle analysis, hMSCs were
seeded in flask (25 cm2), following whichcells were starved for 16 h to syn-
chronize cell populations and then treated with nanoparticle of COF-PLU
in different concentrations for 72 h. Following this treatment with nanopar-
ticles, cells were trypsinized and fixed in ice cold 70% ethanol for 8 h at 4
°C. Cells were then washed with PBS, incubated in a PI staining solution
at 37 °C for 20 min, and analyzed under flow cytometer(BD accuri C6).

Cellular Uptake Study: FITC-tagged COF-PLU nanoparticles were used
to examine cellular internalization in human mesenchymal stem cells.
FITC-BSA (8 μL from 20 mg mL−1 stock) was added in 500 μL of colloidal
COF, incubated for 10 min at 37 °C, and added with PLU (100 μL from a
25 mg mL−1 stock in acetonitrile) followed by vortex for 30 s, centrifuga-
tion, and resuspension of the precipitate to obtain nanoparticles of FITC-
tagged COF-PLU. hMSCs were seeded in 96-well plate (seeding density of
≈1000 per well) and incubated with FITC-tagged COF-PLU (6 μL) for 4 h.
Cells were fixed with 2% formaldehyde and stained for Actin (Rhodamine
Phalloidin) and 4′,6-diamidino-2-phenylindole. Images were recorded un-
der Leica SP8 confocal microscope.

Cellular Internalization: hMSCs were seeded in 6-well plate (25 000 per
well). Cells were divided into five groups. First, second, and third groups
were separately treated with inhibitors of clathrin-mediated endocytosis
(35 × 10−6 m of Choloropromazine.HCl), calveolar-mediated endocyto-
sis (10 × 10−6 m of Nystatin), and macropinocytosis (400 × 10−9 m of
Wortmannin), respectively, for 1 h followed by incubation with ≈50 μL of
FITC-tagged COF-PLU for additional 4 h. Fourth group was treated with
only ≈50 μL of FITC-tagged COF-PLU for 4 h and fifth group remained un-
treated. Subsequently, the cells were washed with PBS, trypsinized, sus-
pended in cell culture medium, and analyzed under flow cytometer.

In Vitro Osteogenic Differentiation: Osteogenic differentiation poten-
tial of the Dex-loaded COF-PLU nanoparticles was evaluated using 2D cul-
ture of hMSCs. All the cells used were within passage 5. hMSCs were
cultured in growth media composed of 𝛼-modified MEM added with
16.5% FBS and 1% penicillin/streptomycin whereas all the differentiation
studies were performed in osteoconductive media which was composed
of growth media supplemented with 10 × 10−3 m 𝛽-glycerophosphate
(Sigma-Aldrich) and 50 × 10−6 m ascorbic acid (BDH Chemicals). hMSCs
were seeded in a 24-well plate at a density of 4000 cells cm−2 in growth
media, replaced with osteogenic media next day, and divided into four
treatment groups: i) First group was incubated with Dex-loaded COF-PLU
nanoparticle (containing 100 × 10−9 m of Dex and 6 μg mL−1 of COF-
PLU), ii) second group was incubated with equivalent amount (6 μg mL−1)
of empty COF-PLU nanoparticle, iii) third group was exogenously added
with 100 × 10−9 m of dexamethasone (positive control), iv) fourth group
remained untreated (negative control). hMSCs were treated for 7 days and
14 days. Media was replenished twice a week. Conventional osteogenic
assays, specifically, alkaline phosphatase (ALP) staining and kinetic assay,
ARS were performed to analyze osteogenic differentiation. Both of the ALP
assays (staining as well as kinetic assays) were performed at day 7 and day
14 whereas ARS was performed at day 14. For ALP staining, hMSCs were
first fixed with 2.5% glutaraldehyde for 15−20 min and then stained for ALP
using NBT/BCIP 1-steps solution (Thermo Fisher) for 30−60 min at room
temperature. For ALP kinetic assay, cultures were incubated with ALP yel-
low (Sensolyte pNPP ALP assay kit, AnaSpec). ALP activity as a function
of pNPP metabolism (ΔOD405) was measured using an automated plate
reader and activity was normalized to DNA content (PicoGreen, Thermo
Fisher). For ARS, hMSCs were also similarly fixed with 2.5% glutaralde-
hyde and treated with staining solution for 30–60 min on shaker. Bound
ARS which was proportional to the matrix mineralization was extracted by
cetylpyridinium chloride method and spectrophotometrically quantified by
measuring absorbance at 405 nm. Both ALP and ARS staining were visu-
alized with a stereomicroscope (Zeiss).

Inhibition Assays: Inhibitors were added to cell culture media at the
following concentrations that were determined empirically to allow com-
plete spreading with no visually apparent changes to morphology. Cells
were treated (every 3 days) with COF-PLU in the presence or absence of
the inhibitors; Wnt inhibitor Cardamonin (8 × 10−6 m), TGF-𝛽 inhibitor
SB-431542 (8 × 10−6 m), ERK inhibitor Selumetinib (9 × 10−9 m), JNK in-
hibitor SP600125 (5 × 10−6 m), p-38 inhibitor SB202190 (5 × 10−6 m). ALP
assays (kinetic assays) were performed at day 4, 8, and 12.

Statistical Analysis: All the results were expressed as the mean ± de-
viation (n = 3) as well as statistical analysis was performed via a one-way
analysis of variance with post hoc Turkey analysis using GraphPad Prism
software. The statistical significance was presented as *p-value < 0.05,
**p-value < 0.01, ***p-value < 0.001, and ****p-value < 0.0001.
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