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A B S T R A C T   

We report a chitosan-based nanocomposite thermogel with superior shear modulus resembling that of cartilage 
and dual pro-chondrogenic and anti-inflammatory functions. Two therapeutic agents, kartogenin (KGN) and 
diclofenac sodium (DS), are employed to promote chondrogenesis of stem cells and suppress inflammation, 
respectively. To extend the release time in a controlled manner, KGN is encapsulated in the uniform-sized starch 
microspheres and DS is loaded into the halloysite nanotubes. Both drug carriers are doped into the maleimide- 
modified chitosan hydrogel to produce a shear modulus of 167 ± 5 kPa that is comparable to that of articular 
cartilage (50–250 kPa). Owing to the hydrogel injectability and relatively suitable gelation time (5 ± 0.5 min) at 
37 ◦C, this system potentially constitutes a manageable platform for clinical practice. Moreover, sustained linear 
drug release for over a month boosts chondro-differentiation of stem cells to eliminate the necessity for multiple 
administrations. Considering virtues such as thermogel strength and ability to co-deliver anti-inflammatory and 
chondro-inductive biomolecules continuously, the materials and strategy have promising potential in functional 
cartilage tissue engineering.   

1. Introduction 

Articular cartilage is a hydrated flexible connective tissue with a 
complex structure and exceptional load-bearing properties which enable 
smooth and painless joint movements. However, self-restoration of 
damaged cartilage is very challenging due to its aneural and avascular 
nature which is populated with low density of only one cell type that is 
chondrocytes. Chondrocytes are very specialized mature cell types 
which deposit ECM with very slow turnover rate. Chondrocytes in 
articular cartilage have several phenotypes across the cartilage depth, 
possessing different morphologies, densities and configurations along 
collagen fibrils leading to spatial variations in ECM composition. They 
are unstable in terms of phenotypes; once they de-differentiate into 
fibroblastic or hypertrophic forms, they will deposit a weak defective 
ECM with poor mechanical properties [1]. Although defective cartilage 

is not life threatening, the life quality of patients is compromised [2,3]. 
Moreover, cartilage injuries and related catabolic processes are irre-
versible leading to osteoarthritis, a common degenerative disease 
manifested as amplified inflammation and severe pain in the joints 
[4–7]. Usually, clinicians consider a combination of pharmacological 
(like administrating anti-inflammatory drugs, glucosamine, chondroitin 
sulfate, hyaluronic acid) and non-pharmacological therapies to manage 
osteoarthritis. If the therapy cannot adequately reduce pain and restore 
the joint functions, surgical treatments like replacement of damaged 
joints are called for [5]. As cartilaginous defects are one of the main 
extrinsic risk factors of osteoarthritis, they must be repaired in the early 
stage. This can be obtained by regenerative therapies such as allo/au-
tografts, cell-based surgical therapies, and stem-cell stimulation-based 
methods [5]. 

Tissue engineering is an important approach in which a biological 
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construct is designed to repair, maintain, or enhance the cartilage 
function. Despite recent breakthroughs in this field, there remain several 
challenges like poor integration, phenotypic instability, weak mechan-
ical properties, and inflammation, which must be addressed when 
transplanting/designing a substitute for cartilage defects [6]. In this 
work, we address those demands by developing a thermogel based on 
chitosan, a favorable biomaterial for cartilage repair because its chem-
ical structure is similar to that of cartilage glycosaminoglycans. The 
good cytocompatibility, low cost, availability, and potential of func-
tionalization by means of hydroxyl and amine groups are other advan-
tages of chitosan. Nonetheless, despite recent progress in chitosan 
hydrogels for cartilage tissue engineering, there is still the need to 
improve the physical/mechanical properties and clinical viability [8,9]. 

Although the mechanical properties of a chitosan hydrogel can be 
improved by chemical modification using N-(β-maleimidopropyloxy) 
succinimide ester (BMPS) (Fig. 1a) [10], the shear modulus (76.0 ± 2 
kPa) only spans a limited range within the human articular cartilage 
shear modulus (50–250 kPa). In the current work, we further boost the 
hydrogel shear properties by using halloysite nanotubes (HNTs) as re-
inforcements and diclofenac sodium (DS) carriers to suppress inflam-
mation at the damaged site (Fig. 1b). HNTs which are found naturally in 
nanoscale clay have been utilized in many biomedical and drug delivery 
applications because of the favorable tubular structure with an inner 

lumen of ~15 nm and outer diameter of 50–70 nm [11,12]. To address 
the limited healing capacity of cartilage, kartogenin (KGN), a chondro- 
inductive factor which promotes selective differentiation of mesen-
chymal stem cells (MSCs) into chondrocytes is introduced. KGN stimu-
lates RUNX1 by releasing the core-binding factor β from filament A, 
which later forms a complex when binding to this transcription factor in 
the nucleus. The complex triggers transcription of aggrecan and collagen 
type II which are important components of the cartilage matrix. Stim-
ulation of RUNX1 in MSCs plays a vital role in their differentiation into 
chondrocytes and their further proliferation [13,14]. Rapid clearance of 
KGN from the joint upon administration necessitates to develop a drug 
delivery system to deliver it gradually. Considering its hydrophobic 
nature and poor solubility, here starch is used as the drug carrier which 
has various food and pharmaceutical applications due to its availability, 
biocompatibility, biodegradability, low cost, processability and pos-
sessing hydroxyl groups for functionalization purposes [9,15]. Accord-
ingly, KGN is encapsulated in the hydrophilic monodispersed starch 
microspheres on a droplet microfluidic chip to improve the therapeutic 
efficacy (Fig. 1c) and droplet microfluidics provides the mechanism for a 
uniform drug distribution within the particles, consequently giving rise 
to more sustained drug delivery and less burst release compared to 
conventional techniques [16]. To the best of our knowledge, it is the first 
report on developing KGN-loaded starch microspheres by droplet 

Fig. 1. Schematic illustrations: (a) Modification of chitosan with BMPS, (b) DS-loaded HNTs, (c) Droplet microfluidic chip for preparation of KGN-loaded starch 
microspheres. The widths of the channels at locations i, ii, iii and iv are 400, 200, 200 and 500 μm, respectively and the height is 300 μm. (d) Current research 
strategy of cartilage tissue engineering. 
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microfluidics for cartilage regeneration. These microspheres are com-
bined with the hydrogel to provide a linear KGN release profile to 
further improve the chondro-inductiveness (Fig. 1d). In this way, a 
chondro-inductive, anti-inflammatory dual functional nanocomposite 
hydrogel with a shear modulus (167 ± 5 kPa) comparable to that of 
native articular cartilage is designed and demonstrated. In addition, this 
platform is injectable and can be administered to defects with any shape 
non-invasively. Also, its suitable gelation time (5 ± 0.5 min) at 37 ◦C 
improves the clinical viability compared to the previously developed 
hydrogels which presented gelation times of 10 to over 60 min 
[10,17–20]. Dual function scaffolds have been developed for simulta-
neous chondrogenesis using KGN and anti-inflammatory purposes by 
drugs like DS [21] and curcumin [22]. Despite of their encouraging 
outcomes in terms of chondrogenesis [21,22], our platform shows less 
burst release of both drugs with a more linear trend and higher me-
chanical performance. Based on the superior rheological properties and 
remarkable capability to continuously deliver biological cues to achieve 
simultaneous pain relief and chondrogenesis, this smart nanocomposite 
could be promising for effective management of cartilage defects 
[10,13,21,23,24]. 

2. Materials and methods 

2.1. Materials 

Starch (Cat. No. 03967), HNTs (Cat. No. 685445), trisodium trimeta 
phosphate (TSTMP, Cat. No. T5508), β-Glycerophosphate disodium salt 
hydrate (β-GP, Cat. No. G9422), and trichloro(1H,1H,2H,2H- 
perfluorooctyl)silane (PFOTS, Cat. No. 448931) were purchased from 
Sigma Aldrich, St. Louis, Missouri, USA. Waitrose brand sunflower oil 
was obtained from a grocery store. Tween-80 (Cat. No. 8.40123.1000) 
and Span-80 (Cat. No. 8.22187.0500) were bought from Merck, Kenil-
worth, N.J., USA. KGN (Cat. No. HY-16268) was purchased from Med-
ChemExpress and DS was obtained from a drug store (manufactured in 
India by Unique Pharmaceutical Laboratories, A div. of J. B. Chemicals 
& Pharmaceuticals Ltd). Oligochitosan (MW = 5–10 kDa, Cat. No. 
P312015) and BMPS (Cat. No. F01022) were provided by Dibo Chem-
icals Co., Ltd. (Shanghai, China) and Highfine Biotech (Suzhou, China), 
respectively. The RNA purification kits (PureLink®, Cat. No. 
12183018A), one-step quantitative real time polymerase chain reaction 
(qRT-PCR) kits (SuperScript® III Platinum® SYBR® Green, Cat. No. 
11736-051), and PCR primers were obtained from Thermo Fisher Sci-
entific and China Beijing Genomics Institute (Shenzhen, China), 
respectively. 

2.2. Preparation of KGN-loaded starch microspheres 

A droplet microfluidic chip (Fig. 1c) was fabricated using a Miicraft 
3D printer. The 3D printed structure was heated to 130 ◦C for 1 day and 
then coated with PFOTS. The PDMS precursor with a 10:1 weight ratio 
of prepolymer to curing agent was casted on the mold and incubated at 
80 ◦C for 3 h. Afterwards, the PDMS replica was peeled off from the mold 
and holes were created at its inlet and outlet using a punch. A thin layer 
of PDMS (26 μm) was spin-coated at 2000 rpm on a glass plate using the 
PDMS precursor (10:1) which was then cured at 80 ◦C for 3 h. The 
PDMS-coated glass plate and PDMS replica were irreversibly bonded by 
plasma treatment (PDC-32 G, Harrick Plasma) for 30 s at a power of 18 
W. Finally, the assembled chip was heated for 10 min at 80 ◦C. The 
widths of the channels shown in Fig. 1c at locations i, ii, iii and iv are 
400, 200, 200 and 500 μm, respectively and the height is 300 μm. 

Sunflower oil was used as the continuous phase together with 5 wt% 
surfactants (weight ratio of Span-80: Tween-80–84:16) to stabilize the 
generated droplets. A 3.5 wt% starch solution was mixed with the proper 
amount of NaOH (at 40 ◦C) to increase the solution pH required for 
crosslinking. A 5 wt% TSTMP solution was prepared as the crosslinker. 
The water phase, including the starch and crosslinking solutions and oil 

phase, were injected through the microfluidic inlets at flow rates of 750 
and 3000 μL/h, respectively, by means of syringe pumps. The crosslinker 
and starch solutions were mixed on the chip by a zigzag channel fol-
lowed by droplet formation with a flow-focusing geometry (Fig. 1c). The 
starch droplets were crosslinked on the chip and collected from the 
outlet afterwards to be separated from oil by centrifugation (10,000 
rpm, 15 min). After washing several times with ethanol and deionized 
water, they were freeze-dried for further investigations. 

To make the KGN-loaded microspheres, 20 mM KGN (in DMSO) was 
added to the starch solution (under basic condition) to reach a final 
concentration of 200 μg/mL and stirred for 3 h before introduction to the 
chip. After separation of the drug-loaded particles, the supernatant was 
stored for the encapsulation efficiency (EE) analysis. 

2.3. Preparation of DS-loaded HNTs 

The HNTs (4 g) were sonicated in 100 mL of Milli-Q water to remove 
impurities. The particles were collected by centrifugation and ultra-
sonically dispersed in 100 mL of HCl (1 M) for 30 min. The suspension 
was magnetically stirred at 50 ◦C for 2 days and the nanotubes were 
collected and rinsed with Milli-Q water. The HNTs were then dried in a 
vacuum oven at 40 ◦C [12]. For DS encapsulation, 6 mg of DS were 
dissolved in 25 mL of ethanol and 25 mL of Milli-Q water. 4 g of HNTs 
were sonicated for 30 min in the drug solution and magnetically stirred 
for 3 h. DS was then loaded into the nanotubes using three cycles of 
vacuum pumping (in/out, 30 min) to increase the EE by replacing the air 
trapped in the lumen of HNTs by the drug molecules [25]. The particles 
were collected (the supernatant was stored for the EE analysis), washed 
with Milli-Q water, and dried in a vacuum oven at 35 ◦C overnight. 

2.4. Preparation of thermosensitive chitosan-based hydrogels 

Oligochitosan was chemically modified with BMPS as described 
previously [10,26]. Briefly, chitosan was dissolved in hot PBS (~70 ◦C) 
by agitation (4 w/v%). After removing the impurities by centrifugation, 
the solution pH was adjusted to 7.0 with 1 M NaOH. It was blended with 
BMPS (1.3 g) and agitated at 25 ◦C for 6 h to produce 20% BMPS- 
modified chitosan [10,26]. Dialysis against ultrapure water was con-
ducted in the solution for 3 days using a dialysis bag (Spectra/Por® 3, 
MWCO: 3.5 kDa, Spectrum Laboratories Inc.) and the chitosan concen-
tration was adjusted to 5 w/v% by concentrating the solution using 
centrifugal filters (Ultracel®, Cat. No. 4302, 3 kDa NMWL, Millipore). 
After filtering the solution with 0.22-μm filters, it was frozen instantly in 
liquid nitrogen and kept at − 80 ◦C for further experiments. The chitosan 
concentration was calculated by measuring the weight of solid chitosan 
in the 1 mL solution after lyophilization. 

To produce the thermogels, β-GP (in Milli-Q water) was blended with 
BMPS-chitosan as a physical crosslinker to reach a concentration of 14.2 
wt% and incubation at 37 ◦C causes hydrogel gelation. To enhance the 
mechanical properties of the gel, HNTs (2, 4, 6 and 8 w/v%) were mixed 
with the hydrogel solution before incubating at 37 ◦C. To prepare the 
dual functional nanocomposite thermogel, DS-loaded HNTs (6 w/v%) 
and KGN-loaded starch particles (1.4 w/v%) were combined with the 
hydrogel solution and incubated at 37 ◦C. 

2.5. Scanning electron microscopy 

Field-emission scanning electron microscopy (FE-SEM, JEOL-6700F) 
was performed to examine the hydrogel morphology and the particle 
shape and size. 

2.6. Determination of starch particle size 

The dynamic light scattering (DLS) technique (Malvern Instruments, 
Malvern, UK) was utilized to measure the starch particle size and 
polydispersity indexes. 
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2.7. Dynamic mechanical analysis 

To investigate the mechanical behavior of the hydrogels, an 8 mm 
parallel plate fixture was mounted on a rheometer (ARES, TA In-
struments, New Castle, USA), where the hydrogel disks were placed and 
examined in the frequency sweep mode (1 to 100 rad/s frequency at 1% 
strain) and strain sweep mode (1% to 100% strain at 1 rad/s frequency). 
The experiments were conducted at 37 ◦C and the storage shear modulus 
at 1 rad/s shear frequency and 1% strain was considered in the data 
analysis. Oscillatory measurements were carried out to determine the 
hydrogel gelation time and temperature. Aliquots of the hydrogel pre-
cursor solutions were introduced between the concentric cylinders of the 
rheometer and to avoid sample evaporation, the system was shielded 
with mineral oil. To determine the gelation time, the evaluation was 
conducted at 1 Hz frequency and 37 ◦C. To measure the gelation tem-
perature, the frequency was adjusted to 1 Hz while the temperature was 
altered from 20 up to 60 ◦C with a rate of 1 ◦C/min. The time/temper-
ature where G′ and G′′ followed a power law (G′ ∝ ωn and G′′ ∝ ωn) with 
the same n exponent were chosen as the gelation time/temperature 
[7,10]. 

2.8. Encapsulation efficiency and in vitro release tests 

To measure the %EEs of the drug-loaded particles, the absorbance of 
DS and KGN in the supernatants collected from the samples were 
determined at 275 and 278.4 nm, respectively, on the Varikosan™ LUX 
multimode microplate reader. The %EE was measured according to Eq. 
(1) [7,21]: 

EE(%) =
Drugtotal − DrugUnloaded

Drugtotal
× 100 (1) 

The drug release kinetics was determined by recording the absor-
bance of KGN and DS at 278.4 and 275 nm, respectively. 8 mg of the 
KGN-loaded starch microspheres and 33.6 mg of the DS-loaded HNTs 
were immersed in 2 mL of PBS (pH = 7.4) by transwell inserts. The 
nanocomposite thermogel (containing 8 mg of KGN-loaded starch mi-
crospheres and 33.6 mg of DS-loaded HNTs) was immersed in 2 mL of 
PBS. At certain time intervals, the released medium (at 37 ◦C) was tested 
and fresh PBS was added to each well until the final measurement. The 
standard absorbance calibration curves of KGN and DS were established 
to calculate the drug release percentage using Eq. (2) in which Mt is the 
quantity of the released drug at time t and Mi is the quantity of the initial 
drug in the sample [7,15]. 

Drug release (%) =
Mt

Mi
× 100 (2) 

Thermogel-KGN (non-reinforced hydrogel mixed with the same 
amount of KGN in the KGN-loaded starch particles) and thermogel-DS 
(non-reinforced hydrogel mixed with the same quantity of DS in the 
DS-loaded HNTs) were prepared and drug release was determined for 
comparison. 

2.9. Biological studies 

2.9.1. Cell culture 
Human adipose MSCs (hAMSCs, Cat. No. PCS-00-011, ATCC) were 

used in the biological studies. A basal growth medium (Cat. No. PCS- 
500-030, ATCC) supplemented with a growth kit (Cat. No. PCS-500- 
040, ATCC) was employed to culture the cells. The complete medium 
contained 2% FBS, 5 ng/mL rh FGF basic, 5 ng/mL rh FGF acidic, 5 ng/ 
mL rh EGF and 2.4 mM L-Alanyl-LGlutamine. The cells were incubated 
at 37 ◦C with 5% CO2 and the culture medium was changed every 2 days. 
After the cells reached 80% confluence, they were detached by trypsin 
(0.05 w/v%)/EDTA (0.53 μM) and sub-cultured until passage 8. The 
cells were seeded onto 24-well plates with the seeding density of 104 

cells per well and cultured for the in vitro cytocompatibility 

investigation. 

2.9.2. Cytocompatibility assays 
To evaluate the particles cytocompatibility, the DS-loaded HNTs 

(8.4 mg) or KGN-loaded starch microspheres (2 mg) were immersed in 2 
mL of the cell culture medium and incubated with hAMSCs using 
transwell inserts (Millicell Hanging Cell Culture Insert, Cat. No. 
MCHT24H48, Merck) (Fig. S1). After 48 h, live/dead staining was per-
formed by adding propidium iodide and fluorescein diacetate (10 μg/ 
mL) to the culture medium. After incubation for 30 min, the medium 
was removed and the cells were washed with the culture medium. Af-
terwards, fluorescence images were taken and the cell viability was 
determined as the percentage of live cells using ImageJ. To study the 
cytocompatibility, the cells were exposed to the hydrogel solution 
(concentration of precursor solution in culture media: 10 mg/mL) and/ 
or extract of ~150 μL hydrogel in 2 mL of the cell culture medium for 48 
h before conducting live/dead staining. 

2.9.3. In vitro chondrogenic differentiation 
In vitro chondrogenic differentiation was performed by micromass 

culturing of hAMSCs. The cells were expanded up to 5 × 106 cells per 
seeding and detached by trypsinization and centrifugation (5 min at 600 
rpm) was conducted on the cell suspension to produce a cell pellet. The 
pellet was resuspended in 500 μL of the chondro-inductive medium (Cat. 
No. PCS-500-051, ATCC) and 20 μL of the cell suspension (containing 
0.2 × 106 cells) were introduced to the middle of each well on a 24 well- 
plate, followed by incubation for 3 h at 37 ◦C (5% CO2). The chondro-
genic medium (2 mL) was supplemented to each well and refreshed 
every other day. To examine the effects of the microspheres on chondro- 
differentiation of hAMSCs, KGN-loaded particles (2 mg) were incubated 
with the cell pellets using transwell inserts. The particles were placed on 
the upper part of the insert and dispersed in 2 mL of the chondrogenic 
medium, while the medium in the lower part was changed every other 
day. 150 μL of the nanocomposite thermogel were submerged in 2 mL of 
the chondrogenic medium to prepare the nanocomposite extract. At 
certain time points, the medium containing the extract was collected to 
treat the cells and the nanocomposite was immersed in the fresh medium 
until the last time point. The cell pellets were cultured for 21 and 14 days 
to conduct PCR analysis and immunofluorescence staining (Supporting 
information, SI), respectively. The cell pellets were also exposed to pure 
KGN to compare with the gene expression results of the KGN-loaded 
starch particles. The KGN concentration in the cell culture medium 
was adjusted according to the drug release curve from the microspheres. 
The cells with no treatment served as the control. The GAG/DNA con-
tents in the cells were examined after treatment for 21 days. After 
digestion of the cell pellets with a papain solution, the DNA content and 
sulfated glycosaminoglycan (s-GAG) were quantified using a Picogreen 
assay (Cat. No. P11496, Thermo Fisher) and Blyscan kit (Biocolor, 
Carrickfergus), respectively (SI). Cell proliferation was examined after 
treatment for 1, 3, 5, and 7 days by the WST-1 cell proliferation assay kit 
(Cat. No. ab65473, Abcam) according to the manufacturer's protocol 
[7,10]. 

2.9.3.1. qRT-PCR analysis. RNA extraction was conducted on the 
hAMSC pellets treated with different samples by an RNA purification kit 
and a NanoVue Plus spectrophotometer (Bichrom) was employed to 
quantify the RNA concentrations. The gene expression levels were 
measured with a one-step qRT-PCR kit (SI) and PCR machine (Light-
Cycler® 480 Instrument II, Roche, Basel, Switzerland). The expressions 
of collagen type I (COL1A1), collagen type II (COL2A1), collagen type X 
(COL10A1), SOX9, and aggrecan genes were analyzed. Glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) was employed as an internal 
control. The delta-delta Ct method was adopted to estimate the relative 
normalization ratio of the PCR products resulting from each target gene 
and the values were normalized versus the non-treated sample (as 
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control) and shown as fold changes. The primer sequences are presented 
in Table S1. 

2.10. Statistical analysis 

All the experiments were conducted in triplicate and the results were 
presented as mean ± standard deviation. The results statistical signifi-
cance was determined by analysis of variance (ANOVA single factor) 
which was set at P < 0.05 (*). 

3. Results and discussion 

3.1. Starch microspheres 

A zigzag channel is employed as a micro-mixer in the microfluidic 
device which is able to generate chaotic advection by recirculation 
around turns to produce efficient mixing of the reagents. Formation of 
uniform starch particles can be explained by the following mechanisms. 
A concentration gradient occurs at the interface of the TSTMP and starch 
solutions when they collide at high rates, leading to nucleation as a 

e) 

d) 

f) 

Fig. 2. (a) Optical microscopy (scale bar: 20 μm) and (b) FE-SEM images of the bare starch microspheres. (c) FE-SEM and (d) Chemical structure of KGN-loaded 
starch microspheres. (e) ATR-FTIR spectra of i-pure KGN, ii-pure starch, iii-crosslinked starch microspheres and iv-KGN-loaded starch microspheres. (f) Live/ 
dead staining of hAMSCs treated with KGN-loaded particles for 48 h (scale bar: 500 μm). 

D. Dehghan-Baniani et al.                                                                                                                                                                                                                     



International Journal of Biological Macromolecules 205 (2022) 638–650

643

result of the crosslinking reaction in a short time. The reaction time for 
seed formation is smaller than the growth time to develop larger parti-
cles. Thus, a stream carrying lots of seeds is formed and enters the oil 
phase through the orifice. High flow rates create a narrow jet regime in 
which a continuous thread of the water phase extends into the outlet 
channel and breaks downstream of the orifice. This narrow jet is un-
stable due to Rayleigh-Plateau instability and will further turn into 
droplets with dimensions significantly smaller than the orifice width. 
Each droplet is stabilized by the oil phase containing surfactants in the 
surrounding, which provides a uniform environment for the seeds to 
grow at similar rates leading to highly monodisperse particles [27–29]. 

The size of the bare particles is 2.8 ± 0.7 μm with a polydispersity 
index of 0.2 (Fig. 2a & b), which becomes 2.2 ± 0.4 μm (polydispersity 
index: 0.1) after KGN encapsulation (Fig. 2c) with EE of 80.49 ± 3%. 
The particles have a smooth surface and uniform spherical shape 
without pores. The compact surface morphology and x-ray diffraction 
(XRD) (SI, Fig. S2) confirm efficient crosslinking [9,15]. Fig. 2d illus-
trates the chemical structure of crosslinked starch microspheres loaded 
with KGN. Besides the physical entrapment of KGN molecules within the 
microspheres upon rapid crosslinking reaction on the chip, the carboxyl 
groups in KGN react with hydroxyl groups of the starch chains under the 
basic condition [30,31] and by further mixing this solution with TSTMP, 
phosphate groups react with free starch hydroxyl groups to produce 
crosslinked drug-loaded particles (Fig. 2e). The absorption peaks at 
3030 and 1714 cm− 1 of pure KGN are related to aromatic C–H and 
C––O stretching, respectively, which shift to 3018 and 1739 cm− 1 in the 
FTIR pattern of the KGN-loaded starch particles [21]. The peaks at 
1535–1595 cm− 1 are assigned to KGN aromatic C––C bending as shown 

in the FTIR spectra of the KGN-loaded particles. Typical stretching of 
P––O and P–O are seen from both the bare and KGN-loaded particles at 
1100–1200 cm− 1. However, the intensity is reduced in the KGN-loaded 
particles compared to the bare ones, indicating a smaller crosslinking 
density due to the reduction of free hydroxyl groups in starch (because 
of interaction with KGN). The intensity of the peak related to starch 
hydroxyl stretching vibration at 3400 cm− 1 is reduced in both bare and 
drug-loaded particles compared to pure starch on account of cross-
linking via hydroxyl groups [32]. The swelling percentage of the mi-
crospheres (Fig. S3) increases after drug loading probably due to the 
lower crosslinking densities of drug-loaded particles. Upon immersing 
the drug-loaded starch particles in PBS, they absorbed the liquid 
immediately and the rate of water uptake was high in the first 8 days. 
Following that, the swelling percentage did not change significantly in 
the next days, and the microspheres reached their swelling equilibrium 
(swelling percentage: ~450%) and finally a slight reduction in water 
uptake was seen after 13 days (Fig. S3). Live/dead staining of the 
hAMSCs treated with KGN-loaded starch microspheres for 48 h (Fig. 2f) 
indicates suitable biocompatibility of the particles with hAMSCs, con-
firming that the KGN release level (~470 nM) from the microspheres is 
safe for the cells [10,14]. 

3.2. DS-loaded HNTs 

The FTIR spectra of the pure HNTs, pure DS and DS-loaded HNTs are 
exhibited in Fig. 3a which reveals characteristic peaks of DS and HNTs 
(explained in SI) without significant shifting suggesting that there is no 
chemical interaction between DS and HNTs. Therefore, the DS molecules 

Fig. 3. (a) ATR-FTIR spectra of i-pure HNTs, ii-pure DS, and iii-DS-loaded HNTs. (b) Live/dead staining of hAMSCs treated with DS-loaded HNTs for 48 h (scale bar: 
500 μm). (c) FE-SEM image of DS-loaded HNTs. (d) ATR-FTIR results of i-pure and ii-BMPS-modified chitosan. 
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are mechanically entrapped within the hollow nanotubes by vacuum 
pumping [33]. The in vitro cytocompatibility tests (Fig. S4 & Fig. 3b) 
indicate that while HNTs are cytocompatible with hAMSCs, the DS 
release level (2.6 μM within 48 h) does not produce any cytotoxic effects 
[34]. The cells can internalize HNTs via clathrin and caveolae- 
dependent endocytosis. After HNTs enter the cells, they form aggre-
gates in the perinuclear cell region without any adverse effects on pro-
liferation. While HNTs can be transported by both Golgi apparatus and 
lysosomes, actin filaments and microtubules are also involved in the 
transport pathway [35–37]. Naumenko et al. [35] shave shown that not 
only the HNT-doped hydrogels have the suitable biocompatibility and 
biodegradability (excellent resorption within 6 weeks) in vivo, but also 
implantation in rats forms new blood vessels around the injury sites. 
Hence, HNTs are promising candidates for drug delivery and Fig. 3c 
indicates the morphology of the DS-loaded HNTs. 

3.3. Thermosensitive chitosan-based hydrogels 

Chitosan is chemically modified with BMPS and the hydrogel me-
chanical properties are improved significantly as verified by our previ-
ous experiments [10]. The successful reaction between the chitosan 
amino groups with BMPS maleimidyl groups through Michael-type 
addition is confirmed by FTIR (Fig. 3d). The absorption bands at 
1320, 1382, 1516, and 1633 cm− 1 from chitosan are related to amide III 
band, -CH2 bending, amide II and amide I bands, respectively. The -CH2 
and -CH3 aliphatic groups shows peaks at 2936 and 2890 cm− 1, 
respectively. The maleimide related absorption bands in BMPS-chitosan 
including alkenyl C–H out of plane bending, ring deformation, and 
imide I band at 833, 698, and 1703 cm− 1, respectively, indicate effective 
maleimide conjugation with the chitosan backbone [10,26]. 

To prepare the thermoresponsive hydrogel, we take advantage of the 
low critical solution temperature (LCST) when chitosan is combined 
with β-GP (a weak organic base). While the mixture is soluble at T <
LCST (which can be tuned near to 37 ◦C), it gelatinizes when heated due 
to development of physical junction moieties in the chitosan chains in 
the chitosan-chitosan hydrophobic interactions [9,10,38]. Although it 
has been shown [10] that the shear modulus of chitosan hydrogel can be 
improved to 76 ± 2 kPa by BMPS functionalization, it is not sufficient for 
defects in the deeper parts of the cartilage, considering the depth- 
dependence of articular cartilage mechanical properties [39]. Further-
more, this sample has a gelation time of 10 ± 0.6 min at 37 ◦C [10] 
which should be reduced to avoid unwanted leakage of the hydrogel 
solution outside the defect before gelation occurs [9]. Therefore, this 
formulation serves as the control (Table 1, sample No. 1) and is further 
reinforced by HNTs to produce better hydrogel rheological properties. 

Table 1 shows that the shear modulus of the chitosan hydrogel 
(sample No. 1) is enhanced significantly with HNTs as reinforcements. 
There are also reduction effects on the hydrogel gelation time and 
temperature. HNTs have proper compatibility with chitosan hydrogels 
because of the negatively charged silicate outer surface which can 
interact with positively charged chitosan amino groups. Consequently, 
HNTs and chitosan can form complexes by electrostatic attraction and 
HNTs produce physical crosslinking effects for the hydrogel acting as 

crosslinking nodes in the gel network [40,41]. Therefore, hydrogels with 
a higher HNT content gelatinize faster and exhibit a lower gelation 
temperature [42]. However, the drop in the shear modulus at the highest 
filler concentration may stem from the nanotube agglomeration in the 
hydrogel acting as stress concentration points [9,43,44]. As 6 w/v% 
HNTs results in the highest shear modulus, this filler content is consid-
ered in subsequent DS-loading to be combined with the hydrogel for 
dual drug delivery purposes. 

3.3.1. In vitro drug release 
Rapid clearance of KGN from the synovial cavity limits the thera-

peutic effectiveness after direct injection into the joint at a high dosage. 
Therefore, a drug delivery system with controlled and prolonged KGN 
release is desired [7]. It is also preferable to modulate inflammation in a 
destructive joint with fewer injections of anti-inflammatory drugs. 
Herein, a chondro-inductive, anti-inflammatory dual functional nano-
composite thermogel (sample No. 6) is prepared by incorporating KGN- 
loaded starch particles (1.4 w/v%) and DS-loaded HNTs (6 w/v%) in the 
hydrogel. The KGN release profile from (i) Thermogel-KGN (non-rein-
forced gel mixed with the same amount of KGN in the microspheres for 
comparison) [10], (ii) KGN-loaded starch microspheres, and (iii) nano-
composite thermogel, are illustrated in Fig. 4a. Not only does KGN 
encapsulation in the starch microspheres hinder burst release signifi-
cantly, but also it provides much slower drug release kinetics over a 
month compared to Thermogel-KGN [10]. Swelling behavior of the 
drug-loaded microspheres which is mediated by their crosslinking 
density, significantly affects the ester bonds hydrolysis responsible for 
KGN release. Immersion of the particles in PBS and the subsequent fast 
water penetration into them within the first days helps the polymeric 
chains to loosen up which facilitates the KGN diffusion through the 
starch chains. Thus, the drug release is controlled by swelling in this 
stage. Once the particles' swelling reaches the equilibrium state, the 
KGN diffusion will be more steady and slower. Therefore, swelling and 
hydrolysis of the ester bonds responsible for KGN conjugation to the 
starch chains occurred at a slower rate (at neutral pH) in the following 
days. This could extend the KGN bioavailability and chondrogenic ef-
ficiency as it can be uptaken by the cells more gradually to regenerate 
cartilage. In this case, the hydrolysis, degradation and erosion of the 
particles from surface or a complex mechanism involving swelling and 
degradation govern the KGN diffusion and release [45]. Not only the 
particles' swelling ability regulates their chondro-inductiveness, but 
also, it can accelerate the tissue healing rate by providing a moist 
environment in the cartilage lesion similar to native tissue with efficient 
nutrition transfer for the host cells to attach and grow [45,46]. More 
importantly, the monodispersity of the particles with homogenous drug 
distribution within the network achieved by the droplet microfluidic 
approach causes more regulated KGN release than Thermogel-KGN. To 
the best of our knowledge, it is the first report on producing KGN-loaded 
starch microspheres by droplet microfluidics for cartilage repair. 
Considering the prolonged KGN release profile without significant burst 
release together with the small size, they have large potential for in-
jection into defects [16]. Further incorporation of the same quantity of 
KGN-loaded particles in the gel reduces burst release and the cumulative 
release profile is almost linear in this case (sample No. 6). This can be 
explained by that the hydrophobic KGN molecules should penetrate 
through the hydrophilic thermogel network when released from the 
incorporated starch particles giving rise to a longer transport time. As a 
result, KGN is released continuously in a more regulated manner from 
the nanocomposite gel for over a month to boost its therapeutic efficacy. 
Compared to reported KGN-loaded chitosan-based particles [13], scaf-
folds [47,48] or hydrogels [23,49], our nanocomposite thermogel de-
livers KGN in a more prolonged and controlled way with less burst 
release. 

Similarly, DS encapsulation in HNTs decreases burst release and 
retards dissolution compared to Thermogel-DS (non-reinforced gel 
mixed with the same content of DS in HNTs) (Fig. 4b). Incorporation of 

Table 1 
Rheological properties of hydrogels with different filler contents.  

Sample 
no. 

HNTs 
(w/v 
%) 

Starch 
microspheres 
(w/v%) 

Gelation 
time 
(min) 

Gelation 
temperature 
(◦C) 

Storage 
shear 
modulus 
(kPa)  

1  0  0 10 ± 0.6 37.9 ± 0.7 76.0 ± 2  
2  2  0 8 ± 0.5 36.8 ± 0.3 103 ± 7  
3  4  0 7.3 ± 0.6 36.5 ± 0.5 128 ± 6  
4  6  0 5.7 ± 0.3 36 ± 0.3 160 ± 8  
5  8  0 5 ± 0.5 35.8 ± 0.6 110 ± 12  
6  6  1.4 5 ± 0.5 36 ± 0.7 167 ± 5  
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the same quantity of DS-loaded HNTs in the hydrogel (sample No. 6) 
further reduces burst release and the release rate for over 40 days. This is 
because after DS molecules have migrated from the nanotube inner 
lumen, they penetrate the hydrogel network and are released to the 
medium. As this platform releases DS in a more gradual and extended 
fashion than previously developed DS delivery systems [50,51], it may 
overcome the limitation of DS rapid systemic clearance which usually 
necessitates several administrations per day for chronic inflammation 
[33]. However, further investigations are needed to verify its anti- 
inflammatory action. All in all, the nanocomposite gel co-delivers KGN 
and DS sustainably for more than 40 days thus eliminating the need for 
repetitive injections. 

3.3.2. Morphology, cytocompatibility, rheology, swelling and degradation 
evaluations 

The FE-SEM images (Fig. 5a–c) of the freeze-dried hydrogels indicate 
that the nanocomposite has smaller pores than the non-reinforced 
hydrogel due to the presence of the particles in the network acting as 
crosslinking nodes. The porous structure with interconnected porosities 
seems to be appropriate for nutrient transport. Suitable dispersion of 
both drug carriers in the nanocomposite is evident as shown in Fig. 5b & 
c suggesting homogenous drug release and mechanical properties. The 
in vitro results indicate that the nanocomposite thermogel is cytocom-
patible and has no adverse effect on hAMSCs (Fig. 5d). The release levels 
of KGN and DS from this platform are 100 nM and 1.8 μM, respectively. 

The nanocomposite shear modulus of 167 ± 5 kPa (Fig. 6a–b) spans a 
broader range of equilibrium cartilage shear modulus (50–250 kPa) 
compared to the chitosan-based gels developed previously [8,10,49]. 
Considering the spatial variations in cartilage shear properties [39], this 
hydrogel is beneficial to functional engineering of cartilages with defects 
in deeper parts, probably down to the middle zone to support loading 
after injection. The cartilage middle zones have complex composition 
and collagen fibril alignments rendering unique shear-resistant proper-
ties. The shear stress response from the cartilage stems from stretching of 
collagen fibrils with a random distribution [39,52]. 

The gelation time and temperature (Fig. 6c–d) are 5 ± 0.5 min and 
36 ± 0.7 ◦C, respectively, thereby offering a more manageable system 
for clinical practice compared to other hydrogels [10,19,20,49]. It also 
provides sufficient time for operation while obviating the need to keep 
tissues immobilized for a long time after injection. The swelling coeffi-
cient of the nanocomposite increased considerably (~12% after 7 days) 
compared to the non-reinforced hydrogel due to the high swelling ability 
of the embedded starch microspheres. Thus, we should consider the 
particles' swelling percentage and its impact on the overall nano-
composite swelling to roughly estimate the initial volume of the needed 
hydrogel depending on the lesion size to avoid any probable inflam-
mation [45,46]. 

Adjusting the scaffolds degradation rate to the healing rate of the 
target tissues is of a great importance to design scaffolds with better in 
vivo stabilities and avoid their catastrophic and immediate failure upon 

Nanocomposite 

thermogel

a)

b)

Fig. 4. (a) KGN release profile from i-Thermogel-KGN (non-reinforced gel mixed with the same KGN amount in particles) [10], ii-KGN-loaded starch microspheres, 
and iii-nanocomposite thermogel. (b) DS release profile from i-Thermogel-DS (non-reinforced gel mixed with the same quantity of DS in HNTs), ii-DS-loaded HNTs, 
and iii-nanocomposite thermogel. 
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b) a) 

c) d) 

Fig. 5. FE-SEM images of (a) Non-reinforced hydrogel and (b) & (c) Nanocomposite thermogel. The green and red arrows display dispersion of DS-loaded HNTs and 
KGN-loaded starch particles in the nanocomposite, respectively. As shown in (c), both particles act as crosslinking nodes in the thermogel. (d) Live/dead staining of 
hAMSCs treated with the nanocomposite thermogel for 48 h. 

Fig. 6. Dynamic mechanical properties of the nanocomposite thermogel: (a) Frequency sweep mode (at 1% strain) and (b) Strain sweep mode (at 1 rad/s frequency). 
Determination of gelation: (c) Temperature and (d) Time (at 37 ◦C). 
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implantation. Limited degradability of HNTs makes them attractive to 
be used as nanofillers in polymeric scaffolds with the aim of slowing 
down their enzymatic degradation rate. Other than limited degradabil-
ity of HNTs, they act as physical crosslinkers in hydrogels and decrease 
their water uptake which causes less exposure of the polymeric chains to 
the degradation medium. Consequently, less hydrolysis and degradation 
of the hydrogels will occur [53,54]. Therefore, although HNTs are non- 
degradable at a neutral pH and 37 ◦C, their combination with chitosan 
and starch which degrade enzymatically when exposed to lysozyme 
(available in human cartilage ECM) and α-amylase (existing in human 
fluids), respectively provide us a suitable biodegradable platform 
[10,35,36,55,56]. The in vitro degradation trend of the nanocomposite 
thermogel (SI, Fig. S5) implies that it is not likely to degrade entirely in 
one month and degradation arises mainly through the surface [10]. It 
should be noted that, the rates of the nanocomposite swelling and 
enzymatic degradation also influence the KGN release profile and bio-
efficacy which directly regulates cartilage regeneration rate besides 
governing the hydrogel volume change over time. All in all, the rate of 
nanocomposite enzymatic degradation should match the rate of tissue 
regeneration in vivo to achieve optimal cartilage healing and eliminate 
the risk of further inflammation in the cartilage lesion in long periods 
[46]. 

3.3.3. In vitro chondrogenic differentiation 
Fig. 7a presents the qRT-PCR results related to mRNA of hAMSCs 

exposed to pure KGN, KGN-loaded starch microspheres and nano-
composite thermogel for 21 days. All the samples upregulate the 

expressions of the chondrogenic marker genes including COL2A1 (pri-
mary ECM element in articular cartilage), SOX9 (an essential factor of 
chondrogenesis which directly transactivates COL2A1), and aggrecan 
(the main articular cartilage proteoglycan provides load-bearing prop-
erties due to the highly hydrated structure) [14,23,57]. KGN encapsu-
lation in the starch microspheres enhances the expression levels of 
COL2A1, SOX9 and aggrecan in hAMSCs significantly compared to the 
pure KGN sample in which the cells are treated with a similar KGN 
concentration released from the microspheres. Since KGN is a hydro-
phobic small molecule with weak bioavailability, the therapeutic effi-
ciency is governed by the release profile. Accordingly, KGN produces 
superior chondrogenic effects on hAMSCs after conjugation with the 
starch microspheres. The water solubility and permeability are elevated 
and delivery is gradual. Further incorporation with a similar quantity of 
KGN-loaded particles in the hydrogel enhances the gene expression 
levels of COL2A1, SOX9, and aggrecan considerably, because the more 
controlled/linear release profile of KGN from the nanocomposite boosts 
the KGN bioavailability and therapeutic efficacy more than the starch 
microspheres. As a result, the KGN regenerative effectiveness improves 
substantially when delivered linearly in a continuous manner [13]. 
Moreover, the relative expressions of COL1A1 and COL10A1 (biomarker 
of hypertrophic chondrocytes) remain unchanged under all conditions. 
Therefore, although the cells treated with each KGN containing samples 
display better chondrogenic differentiation than the control, the nano-
composite thermogel is the most powerful in promoting chondrogenesis 
in hAMSCs. Besides the upsurge in expression of chondrocyte markers, 
the GAG/DNA content increases up to 2 times when the cell pellets are 

Fig. 7. (a) qRT-PCR results of COL1A1, COL2A1, COL10A1, SOX9 and aggrecan (results displayed in fold-change relative to control) and (b) GAG per DNA content 
after cell culturing for 21 days. (c) Cell proliferation after 1, 3, 5 and 7 days for hAMSCs untreated (control) or treated with pure KGN (with similar drug con-
centration released from starch particles), KGN-loaded microspheres, and nanocomposite thermogel (*p < 0.05, **p < 0.001, ***p < 0.0001). 
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exposed to the nanocomposite compared to the pure KGN or control 
(Fig. 7b). Although GAG deposition in the cells cultured with KGN- 
loaded microspheres is lower than that treated with the nano-
composite, it was still noticeably higher than that cultured with pure 
KGN. Fig. 7c shows the positive impact of KGN on cell proliferation up to 
7 days. KGN encapsulation in the microspheres enhances cell prolifer-
ation and integration with the hydrogel produces the best results. 
Enhancement effect of KGN on cell proliferation has been seen on 
different cell types including MSCs and chondrocytes previously 
[7,10,58,59]. Liu et al. [58] revealed that, exposure of cartilage stem/ 
progenitor cells (CSPCs) to KGN elevates the cell growth and reduces the 
apoptosis percentage. To investigate the underlying mechanism, they 
performed comprehensive transcriptomics investigations on KGN- 
treated CSPCs. It was indicated that, KGN enhances the secretion of 
IL-6 by which the phosphorylation of Stat3 is activated. Other than IL-6/ 
Stat3 signaling pathway, activation of TGFβ pathway by KGN during 
chondrogenic induction of MSCs mediates cell proliferation and 

cartilage regeneration. Decker et al. [59] demonstrated that, upregula-
tion of genes encoding TGFβ and hedgehog by KGN plays vital role in 
development of cartilage nodules. Both hedgehog and TGFβ boost the 
chondrocytes proliferation through crosstalk with PTHrP during mouse 
limb development [58,59]. Our results indicate that once KGN is 
delivered more gradually by being encapsulated in the particles or 
nanocomposite hydrogel, a significant higher proliferation rate can be 
achieved than supplementing the cell culture media with similar KGN 
contents immediately. This suggests that, the hydrophobic nature of 
KGN along with its low bioavailability might be responsible for low 
activation efficiency of the responsible signaling pathways for cell pro-
liferation once the drug releases rapidly in the environment. Conse-
quently, the linear release profile of KGN in the most controlled manner 
from the nanocomposite resulted in the highest cell proliferation. 

Other than KGN, TGFβ1 is one of the famous growth factors being 
exploited in cartilage tissue engineering as it significantly boosts chon-
drogenesis of MSCs and induces lubricin accumulation to protect 

a) Control                           b) Pure KGN                           c) KGN-loaded

starch

d) Nanocomposite 

Fig. 8. Confocal laser scanning microscopy images of collagen type II (COL II), SOX9 and Hoechst staining of cell pellet sections: (a) Untreated control and samples 
treated with (b) pure KGN, (c) KGN-loaded starch microspheres and (d) Nanocomposite thermogel for 14 days (Scale bar: 100 μm). 
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cartilage [60]. Generally speaking, growth factors cause immunogenic 
reactions and have limited stability and short half-lives when used in 
vivo which hamper their applications. Consequently, small biomolecules 
like KGN have attracted scientists' attention since they are cheaper, 
stable, and small enough to bypass immune responses with little risk of 
cross-species contamination. Not only KGN elevates the chondrogenic 
differentiation of MSCs by regulating the CBFb-RUNX1 transcriptional 
programme, but also it has chondroprotective impacts on chondrocytes 
experiencing pathological situations while protecting the cartilage ECM 
from damage [58,60]. To compare the chondro-inductive effect of KGN 
with TGFβ1, Decker et al. [59] treated limb-bud mesenchymal cells for 
24 h with 100 nM KGN or 2.5 ng/mL recombinant human TGFβ1. Re-
sults indicated that, these factors had quite similar chondrogenic effects 
in terms of GAG deposition and expression of TGFβ1, SOX9, MSX2 and 
TGFBI. Indeed, both stimulated overlapping downstream pathways such 
as Smad2/3 phosphorylation, hedgehog signaling, and SOX9 expression. 
Exposure of MSCs to TGFβ1 resulted in enhancing Smad1/5/8 (BMP 
Smads) phosphorylation other than Smad2/3 (TGFβ Smads). Such pro-
cess led to upregulation of RUNX2 and consequently chondrocyte hy-
pertrophy. On the contrary, KGN elevated Smad2/3 phosphorylation 
without any considerable impact on Smad1/5/8 phosphorylation which 
limits chondrocyte hypertrophy. Accordingly, KGN possesses a signifi-
cant chondroprotective property [59]. 

The immunofluorescence images in Fig. 8 confirm increase in the 
expression of SOX9 (red) and COL II (green) when hAMSCs are treated 
with the KGN-containing samples compared to the control. Although the 
expression of these proteins by the cells exposed to KGN-loaded micro-
spheres increases compared to pure KGN, the nanocomposite hydrogel 
produces the most prominent chondrogenic differentiation of hAMSCs 
due to the ability to deliver KGN in a more prolonged and regulated 
manner. Considering that MSCs in an osteoarthritic synovial fluid are 
beneficial targets in regenerative tissue engineering, our nanocomposite 
offers a potential injectable acellular “off-the-shelf” solution for carti-
lage regeneration [28]. Not only does extended, linear KGN release 
trigger chondrogenesis of MSCs in the osteoarthritic synovial fluid, but 
also prolonged DS release could modulate joint inflammation while the 
favorable shear-resistance properties can mechanically support cartilage 
defects. Despite of the promising in vitro results, further in vivo evalua-
tions are needed to verify its potential clinical application. 

4. Conclusion 

A nanocomposite thermogel based on chitosan with unique proper-
ties is designed and demonstrated. This injectable scaffold possesses an 
exceptional shear modulus in addition to dual pro-chondrogenic and 
anti-inflammatory functions, rendering it suitable for cartilage tissue 
engineering. To produce better mechanical properties, HNTs are utilized 
as reinforcements in the chemically-modified chitosan hydrogel. KGN 
and DS are employed as therapeutics to stimulate chondrogenesis and 
suppress inflammation at the injured site, respectively. To accomplish 
prolonged drug release, KGN is encapsulated in the monodispersed 
starch microspheres by a droplet microfluidic chip and DS is loaded into 
the inner lumens of the HNTs. Drug carriers are then embedded into the 
gel to achieve extended and continuous dual drug release to improve the 
therapeutic efficacy and obviate the need for multiple injections. The 
nanocomposite hydrogel has an outstanding shear modulus of 167 ± 5 
kPa that is comparable to that of native articular cartilage and a suitable 
gelation time of 5 ± 0.5 min at 37 ◦C boding well for clinical imple-
mentation. Improved chondrogenesis of hAMSCs is achieved when KGN 
is encapsulated in the starch microspheres compared to pure KGN and 
the nanocomposite thermogel is most effective in inducing chondro- 
differentiation of hAMSCs. Based on the superior rheological proper-
ties, thermo-responsiveness, and long-term release of biological cues for 
chondrogenesis and pain reduction, this unique nanocomposite offers a 
feasible injectable acellular “off-the-shelf” solution for cartilage 
restoration. 
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1. Cytocompatibility assays on drug-loaded particles 

 

 

 

Figure S1. Schematic illustration of the cytocompatibility assays using transwell inserts with 0.4-

µm pore size membrane. 

 

2. Immunofluorescence staining 

The cell pellets untreated or treated with pure KGN, KGN-loaded starch microspheres, 

and nanocomposite thermogel were assessed by immunofluorescence staining after cell 

culturing for 14 days. The primary antibodies in the experiments included anti-collagen-II 

(Cat. No. ab185430) and anti-SOX9 antibodies (Cat. No. ab185966) obtained from 

Abcam. The cell pellets were washed with PBS and incubated with paraformaldehyde (4 

wt.%) for 15 min. After fixation, the samples were washed with PBS and permeabilized 

with Triton X-100 (0.1% in PBS) for 45 min (at 25 ºC). The cell pellets were washed 

again and incubated with 1 wt.% bovine serum albumin (in PBS) for 1 h at 25 ºC to 
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minimize non-specific binding of the primary antibodies in the cells. Subsequently, the 

samples were incubated with primary antibodies of SOX9 (5 µg/ml) and collagen-II (2 

µg/ml) at 4 ºC overnight. After washing the cell pellets with PBS, Goat Anti-Rabbit IgG 

(Alexa Flour 594, Invitrogen, Cat. No. A-11012) and Goat Anti-Mouse IgG (Alexa Flour 

488, Invitrogen, Cat. No. A32723) as the secondary antibodies were added to the samples 

and kept at 25 ºC for 2 h. The concentration of the secondary antibodies was adjusted to 2 

µg/ml. The pellets were washed with PBS three times and treated with Hoechst at room 

temperature. Finally, immunofluorescence staining was performed and observation was 

made under a confocal laser scanning microscope (CLSM, TCS SP5 II, Leica). 

3. DNA and GAG contents 

After cell culturing for 21 days, the contents of DNA and sulfated glycosaminoglycan (s-

GAG) in the cell pellets were determined. A papain solution (25 µg/ml in 50 mM sodium 

phosphate, 2 mM EDTA, and 2mM N-acetyl cysteine pH 6.5) was utilized as the 

digesting reagent. 1 ml of the digesting solution was added to each cell pellet and 

incubated at 65 ºC overnight. The DNA amount of each digest was determined by a 

Quant-iT PicoGreen dsDNA assay kit (Cat. No. p11496) according to the manufacturer’s 

protocol.  Fluorescence from the samples was recorded by a fluorescence microplate 

reader (excitation ~ 480 nm, emission ~ 520 nm). To quantify the s-GAG content in the 

digests, a Blyscan kit (Biocolor, Carrickfergus, UK) was used according to the 

manufacturer’s suggested protocol. The kit technique was based on specific binding of 

the proteoglycans s-GAG chains and protein-free s-GAG chains to a cationic dye (1,9-

DMMB). The dye reagent was mixed with the digests for 30 min to generate the s-GAG-

dye complex. In the next step, the samples were centrifuged at 12,000 rpm for 10 min and 
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the supernatants were discarded from the created complexes. The s-GAG-dye complexes 

collected were blended with a dissociation buffer for 10 min and the absorbance of the 

released dye was measured at 656 nm by a microplate reader. Bovine tracheal chondroitin 

4-sulfate was utilized to draw standard curves for the quantitative analysis. The 

experiments were repeated three times for each set of conditions [1–4]. 

4. qRT-PCR analysis 

The gene expression levels were studied with a one-step qRT-PCR kit using the 

following protocol:  

1. cDNA synthesis at 50 ºC for 3 min, 

2. Denaturation at 95 ºC for 5 min, 

3. Amplification (45 cycles at 95 ºC for 15 s and 60 ºC for 30 s), 

4. Melting (95 ºC for 5 s, 65 ºC for 1 min and 0.11 ºC/s to 97 ºC),  

5. Cooling (40 ºC for 30 s).  

The primer sequences used in the experiments are presented in Table S1. 

Table S1. Primer sequences used in qRT-PCR experiments 

Gene symbol Forward primer (𝟓′ − 𝟑′) Reverse primer (𝟓′ − 𝟑′) 

COL2A1 AACCAGATTGAGAGCATCCG ACCTTCATGGCGTCCAAG 

COL1A1 CCCCTGGAAAGAATGGAGATG TCCAAACCACTGAAACCTCTG 

COL10A1 CAGTCATGCCTGAGGGTTTT GGGTCATAATGCTGTTGCCT 

Aggrecan TCGAGGACAGCGAGGCC TCGAGGGTGTAGCGTGTAGAGA 

SOX9 ACCTTTGGGCTGCCTTATATT TCCCTCACTCCAAGAGAAGAT 
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GAPDH CACATGGCCTCCAAGGAGTAA GTACATGACAAGGTGCGGCTC 

5. X-ray diffraction 

X-ray diffraction (XRD) was conducted on TSTMP, pure starch and crosslinked starch 

microspheres on the Philips PW1830 at 40 kV and 30 mA with copper tube (wavelength 

1.54060 Å) radiation. The samples were scanned from 5◦ to 40◦ (2θ) with a scanning 

speed of 0.25 min−1 and sampling interval of 0.02◦ [5]. The XRD patterns of pure starch, 

pure TSTMP and crosslinked starch microspheres are displayed in Figure S2. Figure S2a 

shows that the crosslinker (TSTMP) has a highly crystalline structure as reflected by the 

strong peaks between 2θ = 10˚ and 40˚. There are several sharp peaks at 2θ = 6˚, 15˚, 17˚, 

23˚, 24˚ and 38˚ indicating the existence of some crystalline regions in the pure starch 

sample (Figure S2b). However, the XRD pattern of the crosslinked starch microspheres is 

smooth showing a broad peak at 2θ = 20˚ (Figure S2c), implying that the microspheres 

have a mainly amorphous structure with limited crystallinity. These mentioned peaks 

from pure starch and TSTMP cannot be observed from the crosslinked microspheres, 

indicating that starch is successfully crosslinked and no TSTMP with a crystalline 

structure remains in the crosslinked microspheres. These results are consistent with 

results reported previously on the preparation of starch particles [5,6]. 
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Figure S2. XRD patterns of (a) Pure TSTMP, (b) Pure starch and (c) Crosslinked starch 

microspheres. 

 

6. Swelling measurements 

6.1. Swelling studies of starch microspheres 

In order to investigate the swelling behavior of the starch microspheres, 30 mg (W0) of 

the starch microspheres (bare or loaded with KGN) were soaked in 2 ml of PBS at 37 ºC. 

At the designated time points, the excess PBS was removed and the weight of the swollen 

particles was determined (Wsw). The swelling percentage was calculated by the following 

equation:[7] 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝑊𝑠𝑤−𝑊0

𝑊0
× 100       .                      (1) 

The swelling percentages of the bare and KGN-loaded starch microspheres are given in 

Figure S3. 
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Figure S3. Swelling percentages of the bare and KGN-loaded starch microspheres. 

 

6.2. Swelling studies of chitosan hydrogels 

Hydrogels (⁓150 µl) made in 2-mL plastic tubes (Axygen®, Cat. No. MCT-200-C, 

Corning Life Sciences) were kept at 37 °C overnight to attain full mechanical stability. 

After measuring the initial weight (Wi), 1.5 ml of PBS were added to each tube and at the 

designated time points, PBS was discarded and the weight of the swollen gel was 

determined (Ws). After each measurement, fresh PBS was added to each sample until the 

last time point. The hydrogels swelling coefficients (Q) were estimated by the following 

equation:[5]  

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =
𝑊𝑠

𝑊𝑖
   .            (2) 
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7. Attenuated Total Reflectance-Fourier Transform Infrared measurements 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) was performed on 

chitosan, BMPS-modified chitosan, pure KGN, pure starch, crosslinked starch 

microspheres, KGN-loaded starch microspheres, pure HNTs, pure DS and DS-loaded 

HNTs using a Bruker FTIR (Vertex 70 Hyperion 1000, USA).  Each sample was 

examined in the wavenumber range of 400 – 4000 cm-1 and at 32 scans. 

The ATR-FTIR spectra of pure HNTs, pure DS, and DS-loaded HNTs are shown in 

Figure 3a. The absorption peaks at 3694 cm−1 and 3622 cm−1 are related to O–H 

stretching vibration of Al–OH on the inner surface and inner Al–OH groups between the 

interface of the Al–O octahedron and the Si–O tetrahedron in HNTs, respectively. There 

are two other peaks at around 910 cm−1 and 1000 cm−1 which can be assigned to Si-O 

stretching and O-H deformation in the inner hydroxyl groups, respectively [8,9]. The 

peaks at 1280 cm−1 and 1300 cm−1 of DS are related to C-N stretching, whereas the DS 

peaks at 1507 cm−1 and 1579 cm−1 are assigned to C=C stretching and C=O stretching of 

the carboxyl groups, respectively. The distinct peak at around 3320 cm−1 corresponds to 

amino peak (NH-stretching) in DS [10,11]. In the FTIR spectra of the DS-loaded HNTs, 

various characteristic peaks of DS and HNTs can be distinguished without significant 

shifting, suggesting that there is no chemical interaction between DS and HNTs. In other 

words, the DS molecules are simply entrapped mechanically within the hollow nanotubes 

by means of the vacuum pump [12]. 
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Figure S4. Cell viability of hAMSCs incubated with pure HNTs for 48 h (scale bar: 100 µm). 

8. In vitro degradation 

The hydrogel precursor solutions (⁓0.7 g) with different formulations including (a) 

chitosan hydrogel (sample No. 1), (b) hydrogel containing 6 w/v% HNTs (sample No. 4), 

and (c) nanocomposite thermogel (sample No. 6) were incubated at 37 ºC. The gel 

weights were determined (Wi) and 2 ml of PBS containing lysozyme (1 mg/mL) and α-

amylase (150 U/L) were poured on the top of each sample and kept at 37 ºC. The solution 

was removed from the samples at certain time points and the weights were measured (Wt). 

By using Eq. 3 the weight percentages of the remaining gels were determined [1,13,14]. 

The degradation medium was changed two times per week and the experiments were 

repeated three times.   

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑔𝑒𝑙 (𝑤𝑡. %) =
𝑊𝑡

𝑊𝑖
× 100   .                                       (3) 
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8.1.Enzymatic degradation evaluations 

Both starch and chitosan degrade enzymatically in vitro and in vivo [1,13,14]. 

Degradation of chitosan occurs due to the enzymatic hydrolysis of glycosidic bonds of 

the acetylated residues in chitosan chains when they are exposed to lysozyme. About 0.5 

to 2 mg/mL of this protein can be found from the human cartilage ECM. Moreover, 

starch undergoes enzymatic degradation in the presence of enzymes such as α-amylase 

which is also found in human fluids (150 U/L). Consequently, to mimic the physiological 

environment in the degradation experiments, PBS containing 150 U/L α-amylase and 1 

mg/mL lysozyme was employed as the degradation solution [1,13,14]. On the other hand, 

HNTs are non-degradable at a neutral pH and 37 ºC [15], but as shown by previous in 

vivo tests [8], combination with degradable biomaterials such as chitosan and starch 

provides a suitable biodegradable platform. The hydrogel containing 6 w/v% HNTs 

(sample No. 4) exhibits a smaller degradation rate than the control (sample No. 1) [1]. 

Since HNTs act as physical crosslinkers, they increase the crosslinking density 

significantly and decrease the swelling and degradation rate. However, the 

nanocomposite thermogel (sample No. 6) shows faster degradation than the hydrogel 

containing only HNTs (sample No.4) due to the existence of the degradable starch 

particles in the structure [14]. The in vitro degradation trend of the nanocomposite 

thermogel (Figure S5) implies that it is not likely to be entirely degraded in one month 

and degradation occurs mainly through  the surface [1].  
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 Figure S5. Enzymatic degradation trend of (a) Chitosan hydrogel [1] (control, sample No. 1), (b) 

Hydrogel containing 6 w/v% HNTs (sample No. 4), and (c) Nanocomposite thermogel (sample 

No. 6).  
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